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Abstract 

Background Integrated vaccine delivery – the linkage of routine vaccination with provision of other essential health 
services – is a hallmark of robust primary care systems that has been linked to equitable improvements in population 
health outcomes.

Methods We gathered longitudinal data relating to routine immunization coverage and vaccination equity in 78 
low‑ and middle‑income countries that have ever received support from Gavi, the Vaccine Alliance, using multiple 
imputation to handle missing values. We then estimated several group‑based trajectory models to describe the rela‑
tionship between integrated vaccine delivery and vaccination equity in these countries. Finally, we used multinomial 
logistic regression to identify predictors of group membership.

Results We identified five distinct trajectories of geographic vaccination equity across both the imputed and non‑
imputed datasets, along with two and four trajectories of socioeconomic vaccination equity in the imputed and non‑
imputed datasets, respectively. Integration was associated with reductions in the slope index of inequality of measles 
vaccination in the countries analyzed. Integration was also associated with an increase in the percentage of districts 
reporting high measles vaccination coverage.

Conclusions Integrated vaccine delivery is most strongly associated with improvements in vaccination equity in set‑
tings with high baseline levels of inequity. Continued scholarship is needed to further characterize the relationship 
between integration and health equity, as well as to improve measurement of vaccination coverage and integration.

Background
Health systems research features a longstanding debate 
over the merits of vertical versus horizontal modes of 
health service delivery. Broadly, vertical programs are 
disease-specific, often freestanding initiatives with speci-
fied objectives to be achieved within a limited timeframe 
[1]. The Global Polio Eradication Initiative – a USD$20 
billion program that has eliminated poliomyelitis inci-
dence by 99.9% since its inception in 1988 – is a classic 
example of a vertical health program, as was the recent 
global COVID-19 vaccination effort [2]. By contrast, the 
World Health Organization (WHO) defines horizontal 
(i.e., “integrated”) approaches as “the process of bring-
ing together common functions within and between 
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organizations to solve common problems, developing a 
commitment to shared vision and goals and using com-
mon technologies and resources to achieve these goals” 
[3]. Systems for delivering comprehensive primary health 
care – including all preventive, curative, palliative, and 
rehabilitative services needed over a person’s lifetime – 
embody the ethos of integrated health service provision, 
which aims to “meet people’s health needs throughout 
their lives” [4].

The prevalence of vertical programs in resource-
constrained settings raises questions about conditions 
under which it is appropriate to transition a given verti-
cal program into an integrated, horizontal system – and, 
if appropriate, how best to facilitate this transition. A 
robust body of literature affirms the value of pursuing 
integrated approaches to delivering many routine health 
services, citing improvements in health system govern-
ance, program sustainability, community involvement, 
equitable provision of care, and access to and cover-
age of essential services [5–9]. Other studies, however, 
paint a murkier picture: several systematic reviews, for 
example, assert that the purported benefits of integra-
tion are highly variable across contexts or remain largely 
unproven in public health and healthcare practice, citing 
logistical challenges and unequal resource allocation as 
barriers to achieving desired levels of coverage [10–13]. 
Furthermore, some studies note that integration may risk 
undermining existing health services, including immu-
nization, and that the dearth of quality evidence on the 
benefits and drawbacks of integration makes it difficult to 
accurately assess its true impacts [11, 14, 15].

Though integrated delivery may not be appropriate 
for every health service, integrating routine vaccinations 
with other core health services may yield positive benefits 
for population health. Because immunization coverage is 
relatively high in many countries, vaccination programs 
are an attractive vehicle for concomitantly increasing 
coverage of other critical health services. For this reason, 
WHO’s Immunization Agenda 2030 (IA2030) explicitly 
emphasizes the importance of “building a strong national 
immunization infrastructure integrated into primary 
health care services, as a way to both achieve and sustain 
elimination and eradication goals,” as well as to ensure 
that all people benefit from immunization throughout 
the life-course [16]. For the purposes of this investigation, 
we extrapolate from this description to define integrated 
vaccine delivery as the linkage of routine vaccination ser-
vices with other core public health interventions within 
a primary healthcare system (versus standalone vertical 
programs), in alignment with Gavi’s description of inte-
grated delivery [17].

Some evidence suggests that linking immunization 
with other public health interventions and core health 

services (e.g., deworming, Vitamin A supplementation, 
bednet distribution) could reduce vaccination inequi-
ties in low- and middle-income countries (LMICs) [14, 
18–21]. For this reason, countries receiving financial 
and programmatic support from Gavi, the Vaccine Alli-
ance (“Gavi”) have implemented strategies aimed at both 
improving health equity and strengthening health sys-
tems [22]. WHO further notes that “integrated health 
services by design enhance equity; they encourage the 
selection of services based on the holistic needs of a 
given population and deliver many different types of care 
across the life course, from health protection and pro-
motion and disease prevention to diagnosis, treatment, 
disease management, long-term care, rehabilitation and 
palliative care” [23].

Despite the documented benefits and drawbacks of 
integrated vaccine delivery, its relationship with vacci-
nation equity has not, to our knowledge, been system-
atically studied across LMICs. Moreover, we have not 
identified any studies measuring the longitudinal impacts 
of integrated vaccine delivery on vaccination equity at the 
country level. Here, we examine the relationship between 
integrated vaccine delivery and vaccination equity in 
low- and middle-income countries by using longitudinal 
data to develop several group-based trajectory models.

Methods
Measuring integrated vaccine delivery & vaccination 
equity
First, we purposively examined the peer-reviewed and 
grey literature for existing measures of vaccination equity 
and integration. We found that studies of vaccination 
distribution and uptake in LMICs generally frame equity 
in terms of crude coverage within and across key dimen-
sions of vulnerability, including but not limited to age, 
sex or gender, race, wealth level, education level, citizen-
ship status, and geography (i.e., urban vs. rural setting) 
[24–29]. Crude coverage refers to the proportion of indi-
viduals within a population targeted for vaccination that 
actually receives said vaccination (by contrast with effec-
tive coverage, which describes the proportion of a target 
population that receives a given vaccination and subse-
quently undergoes seroconversion, thereby developing 
protective immunity) [30].

The crude coverage-based approach to measuring vac-
cination equity has been embraced by many public health 
practitioners, donors, and decision-makers, including 
Gavi. As part of its 2016-2020 strategy to support equi-
table immunization programs in lower-income coun-
tries, Gavi published a set of accompanying indicators 
to monitor progress toward its stated vaccine, systems, 
sustainability, and market-shaping goals.[17] Two equity 
measures described in the strategy include equity of 



Page 3 of 26Ravi et al. International Journal for Equity in Health            (2024) 23:5  

vaccination coverage by geography (i.e., the proportion 
of districts with coverage of the third dose of diphthe-
ria-pertussis-tetanus-containing vaccine [DTP3] ≥80%, 
across all Gavi countries, hereinafter referred to as “geo-
graphic equity”) and equity of coverage by poverty status 
(i.e., the difference in coverage of the third dose of penta-
valent vaccine between the richest and poorest quintiles, 
hereinafter referred to as “socioeconomic equity”) [17].

Arsenault et al. note that measuring absolute and rela-
tive coverage gaps between the wealthiest and poorest 
quintiles – the difference in coverage and the ratio of 
coverage, respectively – is an intuitive approach to quan-
tifying vaccination equity when only two subgroups of 
analysis are under consideration (e.g., urban vs. rural, 
male vs. female) [31]. However, applying this approach to 
poverty status could conceal important coverage dispari-
ties within and between mid-range wealth quintiles [31].

For this reason, we modified Gavi’s measures of geo-
graphic and socioeconomic equity to examine, respec-
tively, the proportion of districts within a given country 
to achieve ≥80% crude coverage of the first dose of mea-
sles-containing vaccine (MCV1) and the slope index of 
inequality (SII) of measles vaccination. WHO defines 
SII as “a complex, weighted measure of inequality that 
represents the absolute difference in estimated values 
of a health indicator between the most-advantaged and 
most disadvantaged (or vice versa for adverse health out-
come indicators), while taking into consideration all the 
other subgroups” [32]. In this analysis, we calculated 
SII from estimates of MCV1 coverage disaggregated by 
wealth quintile. Larger, positive SII values indicate that 
high MCV1 coverage is more prevalent among wealthier 
quintiles, while smaller, negative values reflect greater 
coverage in poorer quintiles. This measure enables con-
sideration of MCV1 coverage in mid-range wealth quin-
tiles that would otherwise be excluded by using the 
absolute difference in coverage or the ratio of coverage.

We chose to frame equity in terms of MCV1 rather 
than DTP3 or pentavalent vaccination coverage for sev-
eral reasons. First, DTP doses are administered almost 
exclusively through routine health programs, whereas 
measles vaccinations are delivered through both horizon-
tal and vertical pathways, even in settings with high cov-
erage [33]. Thus, considering MCV1 coverage enables us 
to discern whether equitable coverage varies by modality 
of vaccine delivery. Second, in many countries, the first 
three doses of DTP vaccines are typically administered 
at two, four, and six months of life, respectively (or at 6 
weeks, 10 weeks, and 14 weeks of life if using the penta-
valent vaccine) [34, 35]. MCV1, however, is not admin-
istered until at least 9 months of life to prevent maternal 
antibody interference with the live vaccine and subse-
quent vaccination failure [36]. Due to patient attrition 

often observed between DTP3 and MCV1 administration 
in resource-constrained settings, achieving and sustain-
ing high MCV1 coverage thus represents a stretch goal 
for health systems in LMICs [37, 38]. Finally, measles 
outbreaks function as proverbial “canaries in a coalm-
ine,” signaling poor health system functioning, persistent 
inequities in coverage, and challenges in immunization 
program implementation [37, 39–42]. Measles is also 
among the most contagious diseases, infecting and killing 
tens of thousands of children each year and leaving sur-
vivors with permanently weakened immune systems [43, 
44]. Thus, we felt that framing our measures in terms of 
MCV1 coverage would serve as more meaningful indica-
tors of vaccination equity in LMICs.

As part of its 2016-2020 strategy, Gavi utilized a meas-
ure of integrated vaccine delivery developed by WHO’s 
SAGE Decade of Vaccines Working Group (“the Work-
ing Group”). We chose to adopt this measure, which 
considers crude coverage of four core health services: 
DTP3, MCV1, protection at birth against neonatal teta-
nus (PAB), and at least one antenatal care visit (ANC1). 
If national co-coverage levels of these services are within 
ten percentage points of one another, and all four are 
greater than or equal to 70%, then the country in ques-
tion is considered to have achieved integrated vaccine 
delivery. Per the Working Group, weak coverage corre-
lation between these four services indicates poor inte-
gration, while the 70% threshold excludes weak health 
systems with poor service coverage across the board 
from being considered integrated [17]. This measure of 
integrated vaccine delivery is no longer a part of Gavi’s 
updated 2021-2025 strategy, but was in effect during the 
years in which our data was collected.

Data collection
From our purposive literature review, we identified sev-
eral studies by Arsenault et  al. that characterized coun-
try-level predictors of vaccination equity in countries 
supported by Gavi [31, 45, 46]. Drawing from these 
studies, we determined which variables to gather for 
our investigation. Next, we designed a collation tool in 
Google Forms, which we used to compile a dataset of 
these variables, which relate to routine health service 
coverage, socioeconomic conditions, and additional 
measures of health system performance for 78 countries 
that had ever received Gavi support, focusing on the 
years 2003-2019 (i.e., the period for which longitudinal 
routine immunization data from WHO were available). 
We excluded data from 2020 to avoid confounding effects 
on vaccine delivery due to the COVID-19 pandemic. We 
also excluded the years preceding 2008 in our geographic 
equity analysis due to unreliable district-level coverage 
estimates reported during those years. The complete 
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dataset is available in Appendix A, and a glossary of col-
lected indicators and their sources is available in Appen-
dix B.

Group‑based trajectory modeling
We applied group-based trajectory modeling (GBTM) 
to describe developmental trajectories of geographic 
and socioeconomic vaccination equity in Gavi countries 
between 2003 and 2019. GBTM was pioneered by Daniel 
S. Nagin and Kenneth C. Land, who first described the 
method in a landmark paper examining the relationships 
between age, rates of criminality, and differences between 
chronic and less-active criminal offenders [47]. GBTM 
has since been applied across a wide range of studies in 
psychology, sociology, criminology, and medicine [48–
51]. GBTM is a method for approximating distinct devel-
opmental trajectories of an outcome of interest, drawing 
from longitudinal data. It has been described as a form of 
latent class modeling, wherein a set of observed variables 
are related to a set of latent variables (i.e., variables that 
are not directly observed, but inferred from observed 
variables) [52]. GBTM is a useful method for character-
izing distinct longitudinal trends in a given outcome of 
interest, as well as for describing phenomena like vacci-
nation equity that may not follow a predictable trajectory 
[53–55].

Using GBTM to explore integration and equity
As a form of latent class analysis, GBTM lends itself to 
analyzing the relationship between integrated vaccine 
delivery and equity for several reasons. First, observ-
able variables – such as immunization coverage, wealth, 
and population – are often prone to measurement error 
and method variance, and latent variable methods can 
minimize potential systematic bias stemming from a sin-
gle variable [56]. Second, given significant heterogene-
ity within countries and the fact that countries develop 
and achieve equitable health outcomes at differing rates, 
classifying them based solely on observable characteris-
tics measured at the national level may not adequately 
explain longitudinal trends in equity. For example, 
though income level is strongly associated with vacci-
nation equity in LMICs, some countries (e.g., Nigeria, a 
lower-middle-income country) nevertheless report sig-
nificantly lower levels of MCV1 coverage across wealth 
quintiles compared to their peers (e.g., Zambia, another 
lower-middle-income country) and in some cases, even 
their poorer counterparts (e.g., Malawi, a low-income 
country) [57, 58]. Examining membership in unobserved 
classes could elucidate unexpected patterns in vaccina-
tion equity and help relate these patterns to observable 
variables [59].

Finally, both integration and equity manifest hetero-
geneously across countries. For example, infrastructural 
improvements may initially spark rapid increases in vac-
cination coverage, but these increases often plateau once 
coverage surpasses 80% [60]. Health service integration is 
also a highly dynamic phenomenon that may have vary-
ing effects on equity in different settings. Thus, given the 
possibility of diminishing equity returns in settings with 
already-high coverage and the heterogeneous effects 
associated with different forms of health service integra-
tion, grouping countries by their respective developmen-
tal equity trajectories may serve as a useful comparative 
device.

To the best of our knowledge, GBTM has not been pre-
viously applied in peer-reviewed health systems research 
focusing on vaccination, equity, or LMICs, though the 
method has been used to examine country-level phe-
nomena such as infant mortality and terrorism [61, 62]. 
We posit that GBTM could help chart the developmen-
tal trajectories of health system performance over time, 
thereby elucidating how health outcomes of interest (e.g., 
equitable vaccination coverage) evolve longitudinally. It 
may also help identify correlates of equity and facilitate 
comparison between high- and low-performing groups.

Model specification, diagnostics, and data analysis
All data analysis was performed using Stata 17 [63]. We 
used traj, a Stata plugin developed by Bobby Jones and 
Daniel Nagin, to estimate several group-based trajectory 
models of geographic and socioeconomic vaccination 
equity across the 78 countries in our sample [64]. We also 
used siilin, a command developed by the International 
Center for Equity in Health, to estimate SII for countries 
with publicly available MCV1 coverage estimates disag-
gregated by wealth quintile [65]. Accompanying Stata 
code and output for each analysis is provided in Appen-
dices C-F.

We first performed multivariate normal imputation to 
handle missing data in our sample, given a high degree 
of missingness in the variables required to measure inte-
gration (i.e., ANC1 and PAB), as well as those required to 
measure our equity outcomes (i.e., geographic equity, SII, 
and MCV1 coverage across each of the five wealth quin-
tiles). We performed 10 imputations across these 9 vari-
ables for all 78 countries. This created an imputed dataset 
of 14,586 observations, of which 2,140 were ultimately 
used in the imputation regression model (see Table  1 
for a summary of dropped observations). The analyses 
described hereinafter were conducted separately on both 
the imputed and non-imputed datasets. We chose to ana-
lyze both datasets to assess the extent to which our find-
ings were sensitive to imputation.
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Table 1 Observations omitted from the multiple imputation regression model

Country Year Total

2003 2004 2005 2006 2007 2008 2009 2010 2011

Afghanistan 11 11 11 11 11 11 11 11 1 167

Albania 11 11 11 11 11 11 1 11 11 167

Angola 11 11 11 11 11 11 11 11 11 177

Armenia 11 11 1 11 11 11 11 1 11 167

Azerbaijan 11 11 11 1 11 11 11 11 11 177

Bangladesh 11 1 11 1 1 11 11 11 1 127

Benin 11 11 11 1 11 11 11 11 11 147

Bhutan 11 11 11 11 11 11 11 11 11 187

Bolivia 1 11 11 11 11 1 11 11 11 167

Bosnia & Herzegovina 11 11 11 1 11 11 11 11 11 167

Burkina Faso 1 11 11 1 11 11 11 1 11 157

Burundi 11 11 1 11 11 11 11 1 11 157

Cambodia 11 11 1 11 11 11 11 1 11 157

Cameroon 11 1 11 11 11 11 11 11 1 147

Central African Rep.. 11 11 11 1 11 11 11 1 11 157

Chad 11 1 11 11 11 11 11 1 11 147

China 11 11 11 11 11 11 11 11 11 187

Comoros 11 11 11 11 11 11 11 11 11 177

Cuba 11 11 11 11 11 11 11 11 11 187

Democratic People’s Republic of Korea 11 11 11 11 11 11 11 11 11 177

Democratic Republic of the Congo 11 11 11 11 1 11 11 1 11 147

Djibouti 11 11 11 11 11 11 11 11 11 187

Eritrea 11 11 11 11 11 11 11 11 11 187

Ethiopia 11 11 1 11 11 11 11 11 1 147

Gambia 11 11 11 1 11 11 11 1 11 147

Georgia 11 11 11 11 11 11 11 11 11 187

Ghana 1 11 11 1 11 1 11 11 1 127

Guinea 11 11 1 11 11 11 11 11 11 147

Guinea‑Bissau 11 11 11 1 11 11 11 1 11 147

Guyana 11 11 11 11 1 11 1 11 11 157

Haiti 11 11 11 1 11 11 11 11 11 157

Honduras 11 11 11 1 11 11 11 11 11 167

India 11 11 11 1 11 11 11 11 11 167

Indonesia 1 11 11 11 1 11 11 11 11 147

Ivory Coast 11 11 11 1 11 11 11 11 11 157

Kenya 1 11 11 11 11 11 1 11 11 157

Kiribati 11 11 11 11 11 11 11 11 11 177

Kyrgyzstan 11 11 11 11 11 11 11 11 11 157

Lao People’s Democratic Republic 11 11 11 1 11 11 11 11 1 157

Lesotho 11 1 11 11 11 11 1 11 11 147

Liberia 11 11 11 11 1 11 11 11 11 157

Madagascar 11 1 11 11 11 11 1 11 11 147

Malawi 11 1 11 1 11 11 11 1 11 137

Mali 11 11 11 1 11 11 11 1 11 137

Mauritania 11 11 11 11 1 11 11 11 1 157

Moldova 11 11 1 11 11 11 11 11 11 167

Mongolia 11 11 1 11 11 11 11 1 11 147

Mozambique 1 11 11 11 11 1 11 11 1 147
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Table 1 (continued)

Myanmar 11 11 11 11 11 11 11 1 11 167

Nepal 11 11 11 1 11 11 11 1 1 127

Nicaragua 11 11 11 11 11 11 11 11 11 187

Niger 11 11 11 1 11 11 11 11 11 167

Nigeria 1 11 11 11 1 1 11 11 1 117

Pakistan 11 11 11 11 1 11 11 11 11 157

Papua New Guinea 11 11 11 11 11 11 11 11 11 177

Republic of the Con.. 11 11 1 11 11 11 11 11 11 157

Rwanda 11 11 1 11 11 1 11 1 11 147

Sao Tome & Principe 11 11 11 1 11 11 1 11 11 147

Senegal 11 11 1 11 11 11 11 11 1 97

Sierra Leone 11 11 1 11 11 1 11 1 11 127

Solomon Islands 11 11 11 11 11 11 11 11 11 187

Somalia 11 11 11 1 11 11 11 11 11 177

South Sudan 11 11 11 11 11 11 11 11 11 187

Sri Lanka 11 11 11 11 11 11 11 11 11 187

Sudan 11 11 11 11 11 11 11 1 11 167

Syria 11 11 11 1 11 11 11 11 11 177

Tajikistan 11 11 1 11 11 11 11 11 11 157

Tanzania 11 11 1 11 11 11 11 1 11 157

Timor‑Leste 11 11 11 11 11 11 1 11 11 167

Togo 11 11 11 1 11 11 11 1 11 147

Turkmenistan 11 11 11 1 11 11 11 11 11 167

Uganda 11 11 11 1 11 11 11 11 1 157

Ukraine 11 11 11 11 11 11 11 11 11 177

Uzbekistan 11 11 11 1 11 11 11 11 11 177

Vietnam 11 11 11 11 11 11 11 11 1 167

Yemen 11 11 11 1 11 11 11 11 11 167

Zambia 11 11 11 11 1 11 11 11 11 157

Zimbabwe 11 11 11 1 11 11 1 11 1 127

Total 788 798 728 588 768 798 778 668 718 12,446

Country Year Total

2012 2013 2014 2015 2016 2017 2018 2019

Afghanistan 11 11 11 1 11 11 11 11 167

Albania 11 11 11 11 11 11 1 11 167

Angola 11 11 11 11 1 11 11 11 177

Armenia 11 11 11 11 11 11 11 11 167

Azerbaijan 11 11 11 11 11 11 11 11 177

Bangladesh 11 11 1 11 11 11 1 11 127

Benin 1 11 1 11 11 11 1 11 147

Bhutan 11 11 11 11 11 11 11 11 187

Bolivia 11 11 11 11 11 11 11 11 167

Bosnia & Herzegovina 1 11 11 11 11 11 11 11 167

Burkina Faso 11 11 11 11 11 11 11 11 157

Burundi 11 11 11 11 11 1 11 11 157

Cambodia 11 11 1 11 11 11 11 11 157

Cameroon 11 11 1 11 11 11 1 11 147

Central African Rep.. 11 11 11 11 11 11 11 1 157

Chad 11 11 11 1 11 11 11 1 147

China 11 11 11 11 11 11 11 11 187

Comoros 1 11 11 11 11 11 11 11 177
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Table 1 (continued)

Cuba 11 11 11 11 11 11 11 11 187

Democratic People’s Republic of Korea 11 11 11 11 11 1 11 11 177

Democratic Republic of the Congo 11 11 1 11 11 11 1 11 147

Djibouti 11 11 11 11 11 11 11 11 187

Eritrea 11 11 11 11 11 11 11 11 187

Ethiopia 11 11 11 11 1 11 11 1 147

Gambia 11 1 11 11 11 11 1 11 147

Georgia 11 11 11 11 11 11 11 11 187

Ghana 11 11 1 11 11 11 1 11 127

Guinea 1 11 11 11 1 11 1 11 147

Guinea‑Bissau 11 11 1 11 11 11 11 1 147

Guyana 11 11 1 11 11 11 11 11 157

Haiti 1 11 11 11 11 1 11 11 157

Honduras 1 11 11 11 11 11 11 11 167

India 11 11 11 11 1 11 11 11 167

Indonesia 1 11 11 11 11 1 11 11 147

Ivory Coast 1 11 11 11 1 11 11 11 157

Kenya 11 11 1 11 11 11 11 11 157

Kiribati 11 11 11 11 11 11 11 1 177

Kyrgyzstan 1 11 1 11 11 11 1 11 157

Lao People’s Democratic Republic 11 11 11 11 11 1 11 11 157

Lesotho 11 11 1 11 11 11 1 11 147

Liberia 11 1 11 11 1 11 11 11 157

Madagascar 1 11 11 11 11 11 1 11 147

Malawi 11 11 1 11 1 11 11 11 137

Mali 11 1 11 1 11 11 1 11 137

Mauritania 11 11 11 1 11 11 11 11 157

Moldova 1 11 11 11 11 11 11 11 167

Mongolia 11 11 1 11 11 11 1 11 147

Mozambique 11 11 11 1 11 11 11 11 147

Myanmar 11 11 11 11 1 11 11 11 167

Nepal 11 11 1 11 1 11 11 1 127

Nicaragua 11 11 11 11 11 11 11 11 187

Niger 1 11 11 11 11 11 11 11 167

Nigeria 11 1 11 11 11 1 1 11 117

Pakistan 11 1 11 11 11 11 1 11 157

Papua New Guinea 11 11 11 11 11 11 1 11 177

Republic of the Con.. 1 11 11 1 11 11 11 11 157

Rwanda 11 11 11 1 11 11 11 11 147

Sao Tome & Principe 11 11 1 11 11 11 11 1 147

Senegal 11 1 1 1 1 1 1 1 97

Sierra Leone 11 1 11 11 11 1 11 1 127

Solomon Islands 11 11 11 11 11 11 11 11 187

Somalia 11 11 11 11 11 11 11 11 177

South Sudan 11 11 11 11 11 11 11 11 187

Sri Lanka (former) 11 11 11 11 11 11 11 11 187

Sudan 11 11 1 11 11 11 11 11 167

Syria 11 11 11 11 11 11 11 11 177

Tajikistan 1 11 11 11 11 1 11 11 157

Tanzania 11 11 11 11 1 11 11 11 157

Timor‑Leste 11 11 11 11 1 11 11 11 167
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Next, we specified censored normal distribution 
models for each outcome of interest – geographic and 
socioeconomic vaccination equity – given that they are 
continuous measures with discrete minimum and maxi-
mum values. We then determined the optimal number 
of trajectory groups to include in each model: holding 
all other parameters constant, we estimated models 
with two, three, four, and five groups and found that a 
five-group model produced high Bayesian information 
criterion (BIC) and entropy values for the geographic 
equity model, while four-group and two-group specifica-
tions proved optimal for the non-imputed and imputed 
socioeconomic equity models, respectively. For com-
parison, Appendices C-F (containing our Stata output), 
also include diagnostics for the other models considered. 
Using procedures described by Soper, Cohen, and West-
land, we estimated that a minimum of 1,599 observations 
would be required for the five-group geographic equity 
model to detect a small association (0.1) between inte-
gration and equity at 80% statistical power (p = 0.05), 
150 observations to detect a medium association (0.3), 
and 38 observations to detect a large association (0.5). 
To achieve the same level of statistical power, the four-
group socioeconomic equity model would require 1,454 
observations to detect small associations, 137 observa-
tions to detect medium associations, and 34 observa-
tions to detect large associations [66–68]. The two-group 
socioeconomic equity model would require 947, 90, and 
23 observations to detect small, medium, and large asso-
ciations, respectively. Therefore, we concluded that the 
large number of observations across countries would suf-
ficiently power our analysis to at least detect large asso-
ciations over the study period.

To determine whether equity trajectories depend on 
integration in addition to time, we included integration 
as a time-varying covariate in all models. We then tog-
gled the polynomial order of the imputed five-group 
geographic equity model and found that a linear speci-
fication for all groups produced high BIC and entropy 

values. A combination of intercept and linear polynomi-
als produced a robust, non-imputed, four-group socio-
economic equity model, while linear polynomials alone 
proved sufficient in the imputed, two-group socioeco-
nomic equity model. We used parametric bootstrap sam-
pling to estimate group size confidence intervals. Next, 
we performed several diagnostic checks for each model: 
calculating average posterior probabilities of group 
assignment, determining the odds of correct group clas-
sification, and conducting a visual inspection of confi-
dence intervals in resultant trajectory plots (Table 2) [69]. 
Finally, we performed multinomial logistic regression to 
identify predictors of group membership.

As it did not qualify as human subjects research, this 
investigation was deemed exempt from full review by 
the Institutional Review Board at the Johns Hopkins 
Bloomberg School of Public Health (FWA #00000287).

Results
Country characteristics
Our sample consisted of 78 countries that have ever 
received Gavi support. The majority of the countries in 
the sample reside in sub-Saharan Africa (n = 40, 51.3%), 
per the World Bank’s regional classification scheme, 
while 12 countries reside in East Asia and the Pacific 
(15.4%), 11 in Europe and Central Asia (14.1%), 6 in Latin 
America and the Caribbean (7.7%), 2 in the Middle East 
and North Africa (2.6%), and 7 in South Asia (9%). Addi-
tionally, the World Bank classifies 28 countries (35.9%) in 
the sample as low-income, 40 (51.3%) as lower-middle-
income, and 10 (12.8%) as upper-middle-income. Across 
both the imputed and non-imputed datasets, mean 
geographic and socioeconomic equity were highest in 
Europe & Central Asia and lowest in sub-Saharan Africa. 
Furthermore, upper-middle-income countries reported 
the highest mean levels of equity across both datasets, 
while low-income countries reported the lowest mean 
levels. Complete demographic details for the countries, 
along with mean geographic and socioeconomic equity 

Table 1 (continued)

Togo 11 11 1 11 11 1 11 11 147

Turkmenistan 11 11 11 11 1 11 11 11 167

Uganda 11 11 11 11 1 11 11 11 157

Ukraine 1 11 11 11 11 11 11 11 177

Uzbekistan 11 11 11 11 11 11 11 11 177

Vietnam 11 11 1 11 11 11 11 11 167

Yemen 11 1 11 11 11 11 11 11 167

Zambia 11 11 1 11 11 11 1 11 157

Zimbabwe 11 11 1 1 11 11 11 1 127

Total 708 778 648 768 718 758 678 758 12,446
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measures disaggregated by region and income level, are 
summarized in Table 3.

Integrated vaccine delivery
Countries demonstrated varying levels of integrated 
vaccine delivery (hereinafter referred to as “integra-
tion,” as defined by the Gavi and the Working Group’s 
metric for integrated vaccine delivery) over the study 
period. Among low-income countries, 11 (out of 28 
total, 39.3%) demonstrated integration of all four core 
services at various points between 2003 and 2019, 
compared to 20 (50%) lower-middle-income countries 
and 1 (10%) upper-middle-income country. Integrated 

vaccine delivery also varied geographically: 5 countries 
in East Asia and the Pacific (41.7% of all countries in 
the region), 3 (50%) countries in Latin America and the 
Caribbean, 5 (55.6%) countries in South Asia, and 19 
(47.5%) countries in sub-Saharan Africa demonstrated 
integration at least once during the study period. By 
contrast, there were 46 countries that never demon-
strated integration during the study period. Most of 
these countries reside in sub-Saharan Africa (n = 21), 
followed by Europe and Central Asia (n = 11), East Asia 
and the Pacific (n = 7), Latin America and the Carib-
bean (n = 3), the Middle East and North Africa (n = 2), 

Table 2 Group‑based trajectory model diagnostics

This table presents several diagnostics for each of our group-based trajectory models. Per Nagin, Bayesian information criterion values and entropy values should be 
as large as possible, average posterior probabilities should be at least 0.7, and the odds of correct classification should ideally be 5 or greater

Geographic Equity (non‑
imputed model)

Geographic Equity 
(imputed model)

Socioeconomic Equity 
(non‑imputed model)

Socioeconomic 
Equity (imputed 
model)

Model Diagnostics
Bayesian information criterion ‑3786.16 ‑44042.75 109.11 1089.08

Entropy 0.951 0.896 0.701 0.735

Average posterior probability of group 
assignment

Group 1: 0.995
Group 2: 0.967
Group 3: 0.962
Group 4: 0.974
Group 5: 0.959

Group 1: 0.998
Group 2: 0.941
Group 3: 0.928
Group 4: 0.978
Group 5: 0.932

Group 1: 0.783
Group 2: 0.838
Group 3: 0.919
Group 4: 0.887

Group 1: 0.908
Group 2: 0.935

Odds of correct group classification Group 1: 1419.48
Group 2: 135.58
Group 3: 70.24
Group 4: 91.29
Group 5: 159.73

Group 1: 2992.39
Group 2: 72.95
Group 3: 34.12
Group 4: 117.37
Group 5: 73.70

Group 1: 3.99
Group 2: 14.98
Group 3: 37.65
Group 4: 195.76

Group 1: 3.45
Group 2: 41.16

Table 3 Summary of country characteristics

This table reflects regional and income level classifications as specified by the World Bank in 2022. Geographic equity refers to the proportion of districts within a 
country that have achieved 80% MCV1 coverage or greater. Socioeconomic equity refers to the slope index of inequality (SII) based on MCV1 coverage by wealth 
quintile. Larger SII values indicate that higher MCV1 coverage is more prevalent among wealthier quintiles

Total Non‑Imputed Dataset Imputed Dataset

Countries N (%) Mean geographic 
equity (SD)

Mean 
socioeconomic 
equity (SD)

Mean 
geographicequity 
(SD)

Mean 
socioeconomic 
equity (SD)

Region
 East Asia and the Pacific 12 (15.4) 67.71 (31.72) 0.193 (0.160) 67.4 (31.88) 0.193 (0.157)

 Europe and Central Asia 11 (14.1) 92.8 (19.0) ‑0.0053 (0.102) 88.1 (25.53) ‑0.0053 (0.0998)

 Latin America and the Caribbean 6 (7.7) 75.56 (29.16) 0.0923 (0.150) 75.78 (29.09) 0.0923 (0.143)

 Middle East and North Africa 2 (2.6) 47.36 (24.29) 0.273 (0.164) 48.19 (23.8) 0.273 (0.136)

 South Asia 7 (9) 75.68 (20.49) 0.214 (0.187) 74.64 (21.4) 0.214 (0.182)

 Sub‑Saharan Africa 40 (51.3) 62.36 (26.64) 0.246 (0.189) 62.11 (26.87) 0.246 (0.188)

Income Level
 Low‑income 28 (35.9) 63.74 (26.51) 0.222 (0.167) 63.43 (26.81) 0.222 (0.166)

 Lower‑middle‑income 40 (51.3) 65.99 (29.01) 0.223 (0.202) 65.32 (29.46) 0.223 (0.202)

 Upper‑middle‑income 10 (12.8) 95.32 (12.46) 0.011 (.134) 94.5 (14.78) 0.011 (0.13)
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and South Asia (n = 2). Table 4 summarizes integration 
scores earned by each country during the study period.

Trajectory analysis
Tables 5 and 6 present the maximum likelihood estimates 
for each model’s parameters, Tables  7 and 8 display the 
confidence intervals for each model’s equity estimates, 
Table  9 lists countries by group assignment, Tables  10 
and 11 describe predictors of group membership, and 

Table 4 Integrated vaccine delivery by country, 2003‑2019

Country Integration 
Score

Total 
Observations

0 1

Afghanistan 17 0 17

Albania 17 0 17

Angola 17 0 17

Armenia 17 0 17

Azerbaijan 17 0 17

Bangladesh 17 0 17

Benin 17 0 17

Bhutan 15 2 17

Bolivia 16 1 17

Bosnia & Herzegovina 17 0 17

Burkina Faso 15 2 17

Burundi 16 1 17

Cambodia 16 1 17

Cameroon 14 3 17

Central African Republic 17 0 17

Chad 17 0 17

China 17 0 17

Comoros 16 1 17

Cuba 17 0 17

Democratic People’s Republic of Korea 15 2 17

Democratic Republic of the Congo 17 0 17

Djibouti 16 1 17

Eritrea 16 1 17

Ethiopia 17 0 17

Gambia 14 3 17

Georgia 17 0 17

Ghana 11 6 17

Guinea 17 0 17

Guinea‑Bissau 17 0 17

Guyana 14 3 17

Haiti 17 0 17

Honduras 15 2 17

India 16 1 17

Indonesia 17 0 17

Ivory Coast 17 0 17

Kenya 17 0 17

Kiribati 15 2 17

Kyrgyzstan 17 0 17

Lao People’s Democratic Republic 17 0 17

Lesotho 15 2 17

Liberia 17 0 17

Madagascar 17 0 17

Malawi 16 1 17

Mali 17 0 17

Mauritania 17 0 17

Moldova 17 0 17

Mongolia 17 0 17

Table 4 (continued)

Country Integration 
Score

Total 
Observations

0 1

Mozambique 15 2 17

Myanmar 16 1 17

Nepal 15 2 17

Nicaragua 17 0 17

Niger 17 0 17

Nigeria 17 0 17

Pakistan 16 1 17

Papua New Guinea 17 0 17

Republic of the Congo (Brazzaville) 17 0 17

Rwanda 15 2 17

Sao Tome & Principe 14 3 17

Senegal 13 4 17

Sierra Leone 16 1 17

Solomon Islands 17 0 17

Somalia 17 0 17

South Sudan 17 0 17

Sri Lanka 14 3 17

Sudan 16 1 17

Syria 17 0 17

Tajikistan 17 0 17

Tanzania 15 2 17

Timor‑Leste 17 0 17

Togo 15 2 17

Turkmenistan 17 0 17

Uganda 17 0 17

Ukraine 17 0 17

Uzbekistan 17 0 17

Vietnam 14 3 17

Yemen 17 0 17

Zambia 17 0 17

Zimbabwe 16 1 17

Total 1,263 63 1326
*  This table displays the number of years in which a country earned a given 
integration score (0 or 1) over the course of the 17-year study period (2003-
2019).

1: coverage of at least one of the four services is at or above 70%, and 
co-coverage levels are within 10 percentage points of each other.

0: The country did not meet the criteria for a score of “1.”
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Figures  1, 2, 3 and 4 illustrate the trajectories of geo-
graphic and socioeconomic equity over time. The geo-
graphic equity model produced five distinct trajectories 

across both the imputed and non-imputed datasets: a 
“low-increasing” curve (Group 1, blue) representing 
countries with relatively few districts with high MCV1 

Table 5 Maximum likelihood estimates: geographic equity

Non‑Imputed Dataset Imputed Dataset

Group Parameter Estimate Probability > |t| Estimate Probability > |t|

1 ("Low‑increasing") Intercept ‑3726.42 0.00 ‑3828.30 0.00

Linear 1.86 0.00 1.91 0.00

Integration ‑7.71 0.39 8.32 0.00

2 ("Middle‑increasing") Intercept 2864.77 0.0001 3404.92 0.00

Linear 1.40 0.0001 ‑1.67 0.00

Integration 9.01 0.21 7.90 0.00

3 ("Middle‑stable") Intercept 8.82 0.99 40.05 0.84

Linear 0.034 0.91 0.018 0.85

Integration 3.87 0.30 4.60 0.00

4 ("High‑stable") Intercept ‑368.32 0.50 ‑498.04 0.006

Linear 0.23 0.40 0.29 0.001

Integration 1.75 0.61 1.58 0.018

5 ("High‑stable") Intercept ‑6808.17 0.00 ‑5519.41 0.00

Linear 3.41 0.00 2.77 0.00

Integration ‑5.38 0.41 1.72 0.17

Group Membership
 1 ("Low‑increasing") 13.04% 0.009 12.07% 0.00

 2 ("Middle‑increasing") 17.62% 0.0001 17.45% 0.00

3 ("Middle‑stable") 27.05% 0.00 26.44% 0.00

 4 ("High‑stable") 29.68% 0.00 28.23% 0.00

 5 ("High‑stable") 12.61% 0.002 15.80% 0.00

Table 6 Maximum likelihood estimates: socioeconomic equity

Non‑Imputed Dataset Imputed Dataset

Group Parameter Estimate Probability 
> |t|

Group Parameter Estimate Probability > |t|

1 ("Low‑
inequity")

Intercept 14.12 0.008 1 ("Low‑stable") Intercept 8.93 0.00

Linear ‑0.01 0.008 Linear ‑0.0044 0.00

Integration 0.03 0.26 Integration ‑0.0054 0.00

2 ("Medium‑
decreasing")

Intercept 9.46 0.09 2 ("High‑stable") Intercept ‑4.48 0.04

Linear ‑0.005 0.10 Linear 0.0024 0.026

Integration 0.06 0.10 Integration ‑0.12 0.000

3 ("Medium‑
stable")

Intercept 0.38 0.00

Integration ‑0.012 0.84

4 ("High‑
inequity")

Intercept 0.72 0

Integration ‑0.53 0.0001

Group Membership
 1 ("Low‑inequity") 39.33% 0.00 1 ("Low‑stable") 68.85% 0.00

 2 ("Medium‑decreasing") 30.01% 0.0001 2 ("High‑stable") 31.15% 0.00

 3 ("Medium‑stable") 26.53% 0.00

 4 ("High‑inequity") 4.12% 0.14
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coverage across the study period; a “middle-decreasing” 
curve (Group 2, red) representing countries with mid-
dling proportions of districts with high MCV1 coverage; 
a “middle-stable” curve (Group 3, dark green) represent-
ing countries with fairly high and consistent proportions 
of districts with high MCV1 coverage; a “high-stable” 
curve (Group 4, orange) representing countries with 
the highest consistent proportions of districts with high 
MCV1 coverage; and a “middle-increasing” curve (Group 
5, light green) representing countries with middling pro-
portions of districts with high MCV1 coverage that grad-
ually increased over the study period. In the non-imputed 

dataset, Groups 1-5 included roughly 13%, 18%, 27%, 
30%, and 13% of the countries in our sample, respectively. 
The model based on the imputed dataset assigned 12%, 
17%, 26%, 28%, and 16% of the countries to Groups 1-5, 
respectively.

The non-imputed socioeconomic equity model pro-
duced four distinct trajectories: a “low-inequity” curve 
(Group 1, blue) representing countries with high MCV1 
coverage among poorer wealth quintiles; a “medium-
decreasing” curve (Group 2, red) representing countries 
with slightly lower MCV1 coverage levels among poorer 
quintiles; a “medium-stable” curve (Group 3, green) 

Table 7 Parametric bootstrap sampling confidence interval estimates: geographic equity

Non‑Imputed Dataset Imputed Dataset

Group Parameter Observed 
Coefficient

Probability > |z| 95% Confidence 
Interval (Bias 
Corrected)

Observed 
Coefficient

Probability > |z| 95% Confidence 
Interval (Bias 
Corrected)

1 ("Low‑increasing") Intercept ‑3726.40 0.06 (‑9566.50, ‑874.15) ‑3828.3 0.00 (‑4910.96, ‑2069.20)

Linear 1.86 0.053 (0.45, 4.77) 1.91 0.00 (1.04, 2.45)

Integration ‑6.34 0.98 (‑12.20, 17.89) 8.32 0.00 (4.82, 11.31)

2 ("Middle‑decreas‑
ing")

Intercept 2864.78 0.016 (830.46, 5644.19) 3404.92 0.00 (2790.18, 4177.75)

Linear ‑1.40 0.018 (‑2.78, ‑0.39) ‑1.67 0.00 (‑2.05, ‑1.36)

Integration 8.88 0.74 (‑0.94, 29.86) 7.89 0.00 (5.46, 10.23)

3 ("Middle‑stable") Intercept 8.82 1.00 (‑1935.68, 11040.6) 40.05 0.93 (‑777.67, 968.02)

Linear 0.033 0.97 (‑5.44, 0.997) 0.02 0.94 (‑0.44, 0.42)

Integration 3.87 0.99 (‑2.42, 7.85) 4.60 0.00 (2.50, 6.30)

4 ("High‑stable") Intercept ‑368.32 0.45 (‑1181.89, 874.43) ‑498.04 0.001 (‑787.43, ‑212.46)

Linear 0.23 0.34 (‑0.42, 0.63) 0.29 0.00 (0.15, 0.44)

Integration 1.75 0.18 (‑1.20, 4.04) 1.58 0.00 (0.83, 2.60)

5 ("Middle‑increasing") Intercept ‑6808.17 0.014 (‑11790.93, ‑1102.48) ‑5519.41 0.00 (‑9723.36, ‑3875.15)

Linear 3.41 0.013 (0.58, 5.88) 2.77 0.00 (1.95, 4.85)

Integration ‑5.41 0.996 (‑644.69, 287.75) 1.72 0.55 (‑2.45, 9.01)

Table 8 Parametric Bootstrap sampling confidence interval estimates: socioeconomic equity

Non‑Imputed Dataset Imputed Dataset

Group Parameter Observed 
Coefficient

Probability > |z| 95% Confidence 
Interval (Bias 
Corrected)

Parameter Observed 
Coefficient

Probability > |z| 95% Confidence 
Interval (Bias 
Corrected)

1 Intercept 14.12 0.022 (‑1.22, 23.94) Intercept 8.93 0.00 (5.42, 11.71)

Linear ‑0.007 0.022 (‑0.012, 0.00054) Linear ‑0.004 0.00 (‑0.006, ‑0.003)

Integration 0.031 0.43 (‑0.05, .10) Integration ‑0.05 0.00 (‑0.08, ‑0.04)

2 Intercept 9.46 0.29 (‑12.91, 22.51) Intercept ‑4.48 0.005 (‑7.48, ‑1.21)

Linear ‑0.005 0.30 (‑0.011, 0.007) Linear 0.0024 0.002 (0.0008, 0.004)

Integration ‑0.061 0.33 (‑0.26, 0.018) Integration ‑0.12 0.00 (‑0.17, ‑0.08)

3 Intercept 0.38 0.00 (0.33, 0.47)

Integration ‑0.011 0.90 (‑0.35, 0.09)

4 Intercept 0.72 0.00 (0.41, 0.74)

Integration ‑0.53 0.012 (‑0.87, ‑0.25)
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Table 10 Predictors of group membership: geographic equity

Non‑Imputed Dataset Imputed Dataset

Group Predictor of Group Membership Relative Risk P>|z| 95% Confidence Interval Relative Risk P>|z| 95% Confidence Interval
1 (base outcome)
2 Income 1.23E‑06 0.036 (3.65E‑12, 0.4159266) 3.74E‑06 0 (1.58E‑07, 0.000089)

Region 4.44E‑06 0.021 (1.24E‑10, 0.1587821) 0.0000608 0 (6.75E‑06, 0.00055)

Female education 1.525187 0.022 (1.06, 2.19) 1.407719 0 (1.29, 1.54)

Political stability 3.07E+07 0.019 (18.00, 5.25E+13) 578528.8 0 (36110.48, 9268656)

Government effectiveness 1308098 0.091 (0.11, 1.61E+13) 608730 0 (14035.65, 2.64E+07)

Corruption 6.60E‑07 0.015 (7.29E‑12, 0.06) 5.59E‑06 0 (4.32E‑07, 0.000072)

Gender inequality 5.50E+10 0.113 (0.003, 1.04E+24) 1.15E+08 0 (202035.3, 6.53E+10)

Out‑of‑pocket health expenditures 2.00891 0.014 (1.15, 3.51) 1.756889 0 (1.57, 1.97)

Government expenditures on health 1.021184 0.043 (1.00, 1.04) 1.018376 0 (1.01, 1.02)

External resources for health per 
capita

1.140063 0.055 (0.997, 1.30) 1.089446 0 (1.05, 1.13)

Land area 1.000014 0.07 (1.00, 1.00) 1.000011 0 (1.00, 1.00)

Linguistic fractionalization 1.68E+19 0.014 (9140.60, 3.08E+34) 2.45E+14 0 (1.59E+11, 3.77E+17)

Distance 0.3060222 0.007 (0.13, 0.72) 0.3788097 0 (0.32, 0.46)

Integration 1.971843 0.872 (0.0005, 7573.06) 2.739571 0.036 (1.07, 7.04)

Group Predictor of Group Membership Relative Risk P>|z| 95% Confidence Interval Relative Risk P>|z| 95% Confidence Interval
3 Income 1.32E‑08 0.006 (2.89E‑14, 0.0060) 1.30E‑07 0 (5.32E‑09, 3.18E‑06)

Region 1.46E‑07 0.003 (3.83E‑12, 0.006) 2.73E‑06 0 (2.98E‑07, 0.000025)

Female education 1.41196 0.062 (0.98, 2.03) 1.322125 0 (1.21, 1.45)

Political stability 5.05E+07 0.016 (26.09, 479464.5 0 (29547.59, 7780204)

Government effectiveness 2.59E+09 0.011 (137.61, 4.86E+16) 2.05E+08 0 (4576649, 9.19E+09)

Corruption 0.0000239 0.066 (2.78E‑10, 2.06) 0.0001559 0 (0.000012, 0.002)

Gender inequality 1.58E+12 0.074 (0.069, 3.62E+25) 1.47E+09 0 (2501470, 8.66E+11)

Out‑of‑pocket health expenditures 2.144334 0.008 (1.22, 3.78) 1.840724 0 (1.64, 2.07)

Government expenditures on health 0.9566394 0.006 (0.93, 0.99) 0.9690138 0 (0.96, 0.98)

External resources for health per 
capita

1.223744 0.003 (1.07, 1.40) 1.146691 0 (1.11, 1.18)

Land area 1.000021 0.008 (1.00, 1.00) 1.000016 0 (1.00, 1.00)

Linguistic fractionalization 7.57E+13 0.067 (0.10, 5.57E+28) 8.38E+10 0 (6.00E+07, 1.17E+14)

Distance 0.251116 0.002 (0.11, 0.60) 0.323638 0 (0.27, 0.39)

Integration 6.282047 0.652 (0.0021, 18556.93) 6.276409 0 (2.49, 15.84)

Group Predictor of Group Membership Relative Risk P>|z| 95% Confidence Interval Relative Risk P>|z| 95% Confidence Interval
4 Income 1.73E‑07 0.018 (4.21E‑13, 0.071) 6.08E‑07 0 (2.52E‑08, 0.0000147)

Region 2.40E‑07 0.005 (6.37E‑12, 0.0090) 7.78E‑06 0 (8.53E‑07, 0.0000709)

Female education 1.490188 0.033 (1.03, 2.15) 1.328794 0 (1.21, 1.45)

Political stability 1073.834 0.335 (0.00073, 1.58E+09) 564.8665 0 (34.28, 9308.02)

Government effectiveness 5.32E+12 0.001 (153471.1, 1.85E+20) 3.67E+10 0 (7.56E+08, 1.78E+12)

Corruption 0.013079 0.445 (1.94E‑07, 883.11) 0.0259146 0.004 (0.0021, 0.32)

Gender inequality 4.04E+13 0.05 (1.01, 1.62E+27) 5.66E+09 0 (7951203, 4.03E+12)

Out‑of‑pocket health expenditures 2.444354 0.003 (1.36, 4.38) 2.030428 0 (1.80, 2.29)

Government expenditures on health 1.029165 0.003 (1.01, 1.05) 1.023285 0 (1.02, 1.03)

External resources for health per 
capita

1.329672 0 (1.15, 1.53) 1.205292 0 (1.17, 1.25)

Land area 0.999959 0.001 (1.00, 1,00) 0.9999704 0 (1,00, 1.00)

Linguistic fractionalization 5.90E+22 0.004 (1.95E+07, 1.78E+38) 6.95E+15 0 (4.34E+12, 1.11E+19)

Distance 0.2893782 0.004 (0.12, 0.68) 0.3631924 0 (0.30, 0.44)

Integration 13.21398 0.521 (0.005, 34832.43) 5.877308 0 (2.32, 14.91)

Group Predictor of Group Membership Relative Risk P>|z| 95% Confidence Interval Relative Risk P>|z| 95% Confidence Interval
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representing countries with consistently middling levels 
of MCV1 coverage among poorer quintiles; and a “high-
inequity” curve (Group 4, orange) representing countries 
with very low MCV1 coverage among poorer quintiles. 
Groups 1-4 included roughly 39%, 30%, 27%, and 4% of 
the countries in our sample, respectively. By contrast, 
the imputed model produced two trajectories: a “low-
stable” curve (Group 1, blue) consisting of 69% of coun-
tries in the sample, and a “high-stable” curve (Group 2, 
red) that included 31% of countries. The Group 1 curve 
represents countries with high levels of MCV1 coverage 
among poorer quintiles, while the Group 2 curve repre-
sents those with MCV1 coverage skewed toward wealth-
ier quintiles.

We did not detect a statistically significant associa-
tion between integrated vaccine delivery and geographic 
equity using the non-imputed dataset, or in Groups 1-3 
in the non-imputed socioeconomic equity model. How-
ever, there was a significant association between the two 
in countries belonging to Group 4 (high-inequity) in the 
non-imputed socioeconomic equity model, both groups 
in the imputed socioeconomic equity model, and Groups 
1-4 in the imputed geographic equity model. In the 
non-imputed dataset, integration was associated with a 
0.53-unit reduction in SII in Group 4 (high-inequity). In 
Groups 1-4 in the imputed dataset, it was associated with 
8.3-, 7.9-, 4.6-, and 1.6-percentage point increases per 
one-unit change in integration score, respectively, in the 
proportion of districts reporting greater than 80% MCV1 

coverage. In this same dataset, integration was associated 
with a 0.054-unit reduction in SII in Group 1 (low-sta-
ble) countries and a 0.12-unit reduction in SII in Group 2 
(high-stable) countries.

Predictors of group membership
Tables  10 and 11 summarize results from our multino-
mial logistic regression analyses, whereby we identi-
fied predictors of group membership for each trajectory 
model. In the non-imputed geographic equity dataset, 
we identified several predictors of membership in each 
group: in Group 2 (middle decreasing), income level, 
region, female education, political stability, corruption, 
out-of-pocket health expenditures, government expen-
ditures on health, linguistic fractionalization, and dis-
tance (i.e., the proportion of the population more than 
60 minutes by foot away from the nearest health facil-
ity); in Group 3 (middle-stable), income, region, politi-
cal stability, government effectiveness, out-of-pocket 
health expenditures, government expenditures on health, 
external resources for health per capita, land area, and 
distance; in Group 4 (high-stable), income level, region, 
female education, government effectiveness, gender ine-
quality, out-of-pocket health expenditures, government 
expenditures on health, external resources for health per 
capita, land area, linguistic fractionalization, and dis-
tance; and in Group 5 (middle-increasing), region, female 
education, political stability, gender inequality, land 
area, linguistic fractionalization, and distance. Notably, 

Table 10 (continued)

Non‑Imputed Dataset Imputed Dataset

5 Income 0.0001449 0.169 (4.84E‑10, 43.33) 0.0002009 0 (8.08E‑06, 0.005)

Region 2.37E‑06 0.014 (7.49E‑11, 0.075) 0.000014 0 (1.56E‑06, 0.0001)

Female education 1.525957 0.023 (1.06, 2.196961) 1.362198 0 (1.25, 1.49)

Political stability 2064366 0.043 (1.61, 2.65E+12) 59958.64 0 (3924.66, 916013)

Government effectiveness 6816403 0.064 (0.39, 1.18E+14) 1431966 0 (31764.32, 6.46E+07)

Corruption 0.0347788 0.548 (5.98E‑07, 2021.75) 0.3779067 0.446 (0.031, 4.63)

Gender inequality 9.55E+09 0.141 (0.00050, 1.81E+23) 2.74E+08 0 (456180.3, 1.65E+11)

Out‑of‑pocket health expenditures 2.179092 0.007 (1.24, 3.83) 1.873801 0 (1.67, 2.10)

Government expenditures on health 0.9757595 0.168 (0.94, 1.010422) 0.9727223 0 (0.96, 0.98)

External resources for health per 
capita

1.04877 0.534 (0.90, 1.22) 1.040898 0.035 (1.00, 1.08)

Land area 1.000016 0.043 (1.00, 1.00) 1.000013 0 (1.00, 1.00)

Linguistic fractionalization 1.13E+23 0.005 (1.33E+07, 9.61E+38) 9.93E+16 0 (5.17E+13, 1.91E+20)

Distance 0.361731 0.018 (0.16, 0.84) 0.4262153 0 (0.36, 0.51)

Integration 1.393845 0.935 (0.00045, 4306.50) 3.268299 0.017 (1.23, 8.66)
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integration was not a significant predictor of member-
ship in any of the five groups. Using the imputed dataset, 
however, we found that all of the variables included in the 
regression model were significant predictors of member-
ship in Groups 1-4. Except for corruption, these variables 
were also significant predictors of Group 5 (middle-
increasing) membership.

In the non-imputed socioeconomic equity dataset, 
we identified several significant predictors of Group 2 
(medium-decreasing) membership, including female 
education, gender inequality, government expenditures 

on health, external resources for health per capita, and 
land area. Female education, gender inequality, out-of-
pocket health expenditures, government health expendi-
tures, external resources for health per capita, land area, 
linguistic fractionalization, and distance were also sig-
nificant predictors of membership in Group 3 (medium-
stable). Integration was not a significant predictor of 
membership in any group, nor did we identify any sig-
nificant predictors of Group 4 (high-inequity) member-
ship using the non-imputed dataset. Using the imputed 
dataset, however, we found that with the exception of 

Fig. 1 Geographic equity (non‑imputed)

Fig. 2 Socioeconomic equity (non‑imputed)
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geographic region, every variable in the model – includ-
ing integration – was a significant predictor of Group 2 
(high-stable) membership.

Discussion
In this investigation, we applied GBTM to examine the 
relationship between integrated vaccine delivery and vac-
cination equity in 78 LMICs that had ever received Gavi 
support. Using our non-imputed longitudinal dataset, we 
constructed models of geographic and socioeconomic 

equity consisting of five and four distinct equity trajec-
tories (i.e., groups), respectively. Though integration was 
not a statistically significant predictor of group member-
ship in either model, we identified several other impor-
tant predictors (see Tables 10 and 11). Using our imputed 
dataset, we developed a second five-group geographic 
equity model, as well as a two-group socioeconomic 
equity model. With the exception of corruption, all of the 
variables included in the multinomial logistic regression 
– including integration – were significant predictors of 

Fig. 3 Geographic equity (imputed)

Fig. 4 Socioeconomic equity (imputed)
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group membership in the geographic equity model. Inte-
gration, along with all variables except geographic region, 
was also a significant predictor of membership in Group 
2 (high-stable) of the imputed socioeconomic model.

The statistically significant association between inte-
gration and Groups 1-4 in the imputed geographic equity 
model carries important implications for public health 
policy and practice. This finding suggests that integrated 
vaccine delivery is most strongly associated with equity 
improvements in settings with chronically high levels 
of inequity (i.e., Group 1, low-increasing), followed by 
those reporting decreasing levels of equity over time (i.e., 
Group 2), and finally, in settings in which geographic 
equity has largely plateaued (i.e., Groups 3 and 4). How-
ever, it may have a weaker association with equitable 
vaccination coverage in settings like Group 5 (middle-
increasing) countries, whose developmental trajectory 
commences at a middling level of equity and increases 
more rapidly than its counterparts in Groups 1-4. In the 
imputed model, integration was also a predictor of mem-
bership in all but the lowest-performing group (Group 
1, low-increasing), further suggesting that integration 
is associated with high geographic equity achievement. 
Due to our small sample of countries, we were unable 
to ascertain whether integration might have had small- 
or medium-sized associations with geographic equity in 
groups in which we detected no statistically significant 
associations between the two. Nevertheless, given that 
measles risk is often spatially clustered, this finding may 
still be relevant for countries pursuing measles elimina-
tion as part of a national or multi-district mitigation or 
elimination strategy [70].

In the non-imputed model, integration showed a sig-
nificant association with socioeconomic equity in Group 
4 (high-inequity) countries: a 0.53-unit reduction in SII. 
In the imputed model, integration with associated with 
two additional statistically significant reductions in SII: a 
0.054-unit drop in Group 1 (low-stable) and a 0.12-unit 
drop in Group 2 (high-stable). This suggests that inte-
grated vaccine delivery may be most strongly associated 
with equity improvements in settings with high vaccina-
tion inequity at baseline. In this vein, we found that the 
relative risk of a country being assigned to Group 2 (high-
inequity) would decrease by a factor of 0.49 if the country 
in question demonstrated integration (see Table  11). In 
settings with lower levels of socioeconomic inequity (i.e., 
Group 1 countries, low-inequity), integration may still 
have positive, albeit diminishing associations with equi-
table vaccination coverage.

Importantly, groups identified via GBTM are unob-
servable, latent constructs, and observed trajectories 
are not immutable. Rather, in this analysis, grouping 
is an aggregated strategy for summarizing trends in 

vaccination equity across highly heterogenous settings. 
As such, neither the groups nor their estimated trajec-
tories can predict future equity outcomes in any single 
country. The number of resultant trajectories and their 
associated paths will likely evolve as data availabil-
ity improves for outcome measures, and as additional 
years’ worth of data are incorporated, particularly with 
respect to socioeconomic equity. Though integration 
was not a significant predictor of membership in every 
group, our analyses do suggest an overall positive asso-
ciation between integrated vaccine delivery and both 
geographic and socioeconomic vaccination equity in 
LMICs that have ever received Gavi support. This find-
ing resonates with calls to integrate standalone routine 
immunization programs into broader systems of care 
[60, 71–73].

Whether by reducing opportunities for missed vacci-
nation or providing a “one-stop shop” for immunization 
and other essential health services, integrated vaccine 
delivery mechanisms may play important roles in shaping 
health equity [71]. Our finding that integration is most 
strongly associated with equity improvements in set-
tings characterized by high baseline levels of geographic 
or socioeconomic inequity aligns with previous studies 
demonstrating that integrated health platforms can help 
resource-constrained settings achieve equitable health 
outcomes [14, 74–76]. Encouragingly, these findings also 
comport with health worker experiences delivering and 
patient experiences receiving integrated care. Reporting 
on focus groups held in four African countries, for exam-
ple, Ryman et  al. note that integration afforded patients 
greater convenience and access to needed services, 
reduced transportation times and costs, increased health 
service utilization and health worker efficiency, and 
reduced reporting requirements [77]. In this vein, our 
imputed dataset indicates that countries were likelier to 
belong to Group 2 (high-stable) if they reported a signifi-
cant degree of linguistic fractionalization (RR: 2.27 [CI: 
1.45, 3.56]), high levels of gender inequality (RR: 3.34 [CI: 
1.92, 5.82]), or long distances to the nearest health facility 
(RR: 1.02 [CI: 1.02, 1.03]). Thus, demand-side interven-
tions targeting these factors might play an important role 
in improving vaccination equity in LMICs.

This analysis does have several limitations, most of 
which relate to the quality and availability of our data. 
Our socioeconomic equity trajectories had wider con-
fidence intervals and fluctuated over the study period, 
reflecting the paucity of vaccination coverage data dis-
aggregated by wealth quintile. However, given that our 
results did not meaningfully vary between the imputed 
and non-imputed datasets, our finding that integration 
is associated with reductions in inequity likely still holds 
true.
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Additionally, our measures of geographic equity and 
vaccination coverage were extracted from the WHO-
UNICEF Joint Reporting Forms (JRF) on Immunization 
and WHO-UNICEF Estimates of National Immunization 
Coverage (WUENIC) at the global level. Previous studies 
suggest that while the accuracy and completeness of JRFs 
improves over time and with greater familiarity, critical 
immunization data are still often missing [78]. In some 
cases, data provided in response to JRF questions draw 
from in-country assessments of unknown quality and 
rigor [79]. WUENIC, in turn, are created from JRF esti-
mates, national administrative coverage estimates (which 
may be biased by inaccurate numerators or denomina-
tors), survey estimates (e.g., Demographic and Health 
Surveys [DHS] and Multiple Indicator Cluster Surveys 
[MICS]), and other sources [80]. Furthermore, our meas-
ures of socioeconomic equity were calculated from DHS 
and MICS estimates of vaccination coverage by wealth 
quintile, which are available only for select years in a 
handful of countries. Policymakers and decision-makers 
in LMICs could thus support improved monitoring activ-
ities in LMICs by investing in stronger vaccination data 
collection capacities, systems, and workforces. Addi-
tionally, newer measures of equity – such as the Vac-
cine Economics Research for Sustainability and Equity 
composite vaccination equity assessment metric – offer 
more a more sophisticated approach to accounting for 
the structural factors underpinning observed disparities 
in coverage between wealth quintiles or other axes of vul-
nerability [81].

Despite the large number of observations per country 
and positive model diagnostics, our sample was relatively 
small, which prevented detection of small and medium 
associations between integration and equity, especially 
in our non-imputed dataset. This challenge has also been 
documented in other GBTM analyses examining coun-
try-level phenomena [62]. Loughran and Nagin do report 
that robust GBTM analyses are possible with as few as 
500 study subjects when using Poisson-based models, but 
whether this threshold applies to other models (e.g., cen-
sored normal, binary logit) and the absolute minimum 
sample size required to apply GBTM remain unknown 
[82]. Further work is therefore needed to determine how 
best to model developmental trajectories in inherently 
small samples. Fortunately, our analysis was still able to 
capture diverging trends in group membership.

Another limitation relates to the measurement of inte-
gration itself. The Working Group’s measure is read-
ily determined from publicly available data collected 
on a routine basis across all countries; thus, its primary 
value lies in its convenience and accessibility. Concep-
tually, however, it is a flawed metric because it does not 
account for the heterogeneity of integrated health service 

delivery and structural barriers that might impede a 
well-integrated system – for example, one with low but 
near-equal coverage across all services – from raising 
coverage. Therefore, this measure likely underestimates 
the number of countries to have demonstrated integra-
tion. Furthermore, health system integration may be 
understood as a continuum ranging from highly vertical 
programs (e.g., the Global Polio Eradication Initiative) to 
robust horizontal systems (e.g., those that provide com-
prehensive primary care) [1]. A quantitative measure of 
integration, therefore, should ideally exist on a continu-
ous scale, unlike the Working Group’s dichotomous met-
ric. A potential alternative (though, to our knowledge, 
one that is not publicly reported or readily computable) 
is the proportion of children under 5 who receive mea-
sles vaccinations via primary health programs versus 
vertical supplemental immunization activities, such as 
campaigns. Another option, albeit more complex, is to 
build a composite index that accounts for immuniza-
tion program financing, workforce structure, modes 
of delivery, effective coverage, and barriers to vaccine 
access. Notably, the IA2030 Monitoring and Evaluat-
ing Framework includes integrated vaccine delivery as a 
strategic objective, but many of the prescribed country-
level indicators are not routinely made public [83]. This 
framework does suggest using the composite coverage 
index (CCI) – a weighted average of eight preventive and 
curative interventions – but these values are currently 
only reported for select Countdown 2030 countries and 
are not reported longitudinally [16, 83]. Furthermore, 
because CCI is comprised of eight different indica-
tors, we would have likely obtained a very small sample 
of countries with enough data to compute CCI, which 
would have further reduced the power of our study and 
our ability to detect associations between integration and 
equity.

Despite these limitations, findings from this analysis 
could nevertheless inform efforts to monitor integrated 
vaccine delivery in LMICs – an endeavor of particular 
significance as more LMICs transition away from Gavi 
support. Our findings could also support future studies 
of integration and vaccination equity. Follow-on qualita-
tive case studies, for example, might compare and con-
trast processes of integration between countries in the 
low-increasing and high-stable geographic equity groups, 
identify barriers to integrated vaccine delivery among 
countries following a trajectory marked by high socioec-
onomic inequity, examine integration and equity trends 
at subnational levels in large heterogeneous countries, or 
consider potential demand-side interventions targeting 
mid-range wealth quintiles in the middle-increasing and 
-decreasing groups. These follow-on analyses, in turn, 
could inform decision-making and resource allocation 
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to improve vaccination equity in LMICs. Further work 
is also needed to explore potential causal mechanisms 
underpinning the associations identified in this inves-
tigation, particularly in the context of universal health 
coverage provision. In this vein, future analyses might 
examine whether countries with integrated vaccine deliv-
ery programs are more likely to offer health packages or 
insurance schemes that subsidize the cost of vaccination, 
thereby incentivizing uptake increasing coverage.

Conclusion
Amid ongoing calls for universal health coverage and 
considering the persistent threat of vaccine-preventable 
diseases in resource-constrained settings, ensuring equi-
table vaccination remains an urgent public health imper-
ative. The findings from this analysis – which applied 
GBTM to examine longitudinal trends in geographic and 
socioeconomic vaccination equity in 78 LMICs – suggest 
a positive association between integrated vaccine deliv-
ery and vaccination equity. Though continued scholar-
ship is needed to further characterize the relationship 
between integration and health equity, this investigation 
constitutes a first step toward summarizing these com-
plex phenomena at the country level.
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