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ABSTRACT

Vaccination coverage varies between countries and over time. Using official databases, we extracted data
on 50 national-level immunization, socio-economic, demographic, healthcare, and cultural factors, and
the uptake of the third dose of diphtheria toxoid, tetanus toxoid, and pertussis vaccines (DTP3) and the
first dose of measles-containing vaccines (MCV1) for 61 countries between 1990 and 2019. The main
branch of the analysis included all covariates, while a secondary branch excluded life-expectancy and
child mortality. The statistical analysis was completed in three stages: a variable-selection stage via
random forests; multilevel multiple imputation for missing data in the reduced dataset; and generalized
estimating equations (GEE) over all imputed datasets with pooled results. Less than 20 covariates were
retained after variable-selection. Among a relatively small number of statistically significant (p-value <.05)
effects in the pooled GEE results of our main branch, under-5 mortality and long-term orientation culture
showed negative associations with both uptake outcomes and GDP per capita a positive association. For
MCV1, whether a second dose was integrated into routine immunization appeared as the overall
strongest negative correlate. In the secondary analytical branch, results were largely consistent, with
a few additional statistically significant effects emerging, mainly related to immunization and healthcare
system characteristics. These insights improve our understanding of the main factors influencing vaccine
uptake, some of which are broadly contextual (e.g., GDP, socio-cultural factors), requiring bespoke vaccine

ARTICLE HISTORY
Received 10 June 2022
Revised 19 August 2022
Accepted 8 September 2022

KEYWORDS

Vaccination; immunization;
diphtheria toxoid, tetanus
toxoid and pertussis vaccines
(DTP); measles-containing
vaccines (MCV); longitudinal;
multi-country

program approaches, in order to maximize childhood vaccine uptake over time.

Introduction

Vaccination has been lauded as one of the greatest achieve-
ments of public health."* The World Health Organization
(WHO) estimates that 2-3 million deaths are prevented yearly
thanks to immunization.” Benefits of vaccines go beyond pre-
vention of infection in the vaccinated and reduction of patho-
gens’ circulation in the broader community. Indeed, the
economic and societal impact has been shown to be far-
reaching: from saving healthcare costs and averting productiv-
ity losses, to better cognitive development, educational
achievement, and subsequent productivity and wealth,*”” as
well as greater health equity and social integration.® Despite
tremendous successes in recent decades (such as smallpox
eradication and regional polio elimination), outbreaks of vac-
cine-preventable diseases continue to occur even in countries
with relatively high vaccination coverage rates,” at least in part
due to the underimmunization of specific subgroups in the
population.”’® In order to maintain health, economic, and
societal gains, continued surveillance of vaccine uptake and
a better understanding of the drivers behind it are needed.
Much scientific research to date has focused on the topics of
vaccination status, immunization timeliness, and vaccine hes-
itancy. The latter has been identified among the top 10 threats

to global health by the WHO'' and, while generally more
common in wealthy nations,® this phenomenon has been
observed in both “developed” and “developing” countries.'”
Recent (systematic) reviews'>*° summarize empirical findings
with regard to a large number of vaccination determinants,
such as immunization program and logistics (e.g., vaccine
availability and storage, accessibility, affordability), as well as
child, parental (education, knowledge, attitudes), and family
(socio-economic status, location) characteristics. Using survey,
interview, or administrative data, previous research has inves-
tigated determinants and outcomes at the individual-level, with
multi-country studies, for the most part, focusing on low- and
middle-income countries (LMIC). The challenges in achieving
and maintaining high vaccination coverage differ fundamen-
tally between countries of completely different income levels. It
is therefore of interest to focus on countries within a limited
range of income variation. Indeed, important variations in
vaccination coverage are observed among relatively wealthy
countries, even within Europe. Despite many historical simila-
rities, European countries tend to fall into different groups of
sociocultural contexts *"*** and have made different choices in
the establishment of their health systems and implementation
of their vaccination programs. Since vaccination is widely
considered as one of the most important tools in public health,
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there is a continued need to examine which country and time-
dependent factors may influence childhood vaccination cover-
age the most. This need seems obvious: we can learn from
country differences to improve our understanding of the rela-
tive importance of different factors. Examining rich datasets to
investigate the influence of a wide array of potential determi-
nants of vaccination coverage rates in European and in other
predominantly wealthy countries over time should therefore be
of high interest to vaccine program managers and policy-
makers.

Materials & methods

We were interested in performing analyses on a diverse and
large sample of relatively wealthy countries that belong to
Europe or to the Organization for Economic Co-operation
and Development (OECD). Appendix A presents a table with
the rankings of the 61 countries included in this study accord-
ing to gross national income (GNI) for 2019, the last year we
considered. As per the World Bank’s classification by income
level” from the 1* of July 2020, all but one country fall either in
the “high income” or the “upper-middle income” brackets.
This selection was thought to allow us to collate a rich dataset
from existing databases for both the outcomes and potential
determinants, allowing for a thorough analytical approach.

Outcome variables

We considered the nation-wide coverage of the third dose of
diphtheria toxoid, tetanus toxoid, and pertussis vaccines
(DTP3) and the first dose of measles-containing vaccines
(MCV1) as outcomes, which are traditionally used as proxy
performance measures of childhood immunization
programs.”*”** Because of data-availability concerns and
COVID-19’s negative impact on routine immunization efforts
worldwide,*° we decided to take into consideration the
annual WHO and United Nations International Children’s
Emergency Fund (UNICEF) coverage estimates for these two
vaccines®' for the 30-year period leading up to 2019 (i.e., 1990~
2019). Figure 1 shows that among 2019 coverage rates for the
61 European or OECD member countries included in our
study, all but a few stand above the global average of 85%.°°
The interested reader can also find an interactive visualization
of the longitudinal national coverage profiles of the countries
included in Appendix B or at https://www.simid.be/software/
dtp3/.

Covariates

A full list of the 50 covariates included in this study can be
found in Table 1. Ten WHO immunization coverage indicators
applicable to one or both of the vaccines of interest were taken
into account.’® In addition, we developed a new financial
variable in order to measure relative expenditure on immuni-
zation activities. For this purpose, we used the WHO indicator
“What is the total expenditure (from all sources) on routine
immunization?,” whose original values were reported either in
USD or in local currency (LCU). If reported in local currency,
values were first converted to USD according to the official

exchange rate (LCU per USD, period average) of the
International Monetary Fund, as reported by the World
Bank.”® All amounts were then divided by the respective coun-
try’s nominal GDP* in order to obtain a measure reflecting
immunization expenditure relative to GDP. Furthermore, 20
general economic, demographic, population health, political
stability, and healthcare system indicators were collected
from two World Bank databases,”** and data on the average
number of completed years of education was retrieved from the
United Nations Educational, Scientific and Cultural
Organization (UNESCO) Institute for Statistics (UIS).> The
World Values Survey (WVS) was used as a source of informa-
tion on social, political, cultural, economic, and religious
values. WVS is a widely used and cited noncommercial long-
term project investigating human beliefs and values across the
world. As of May 2022, the WVS has been executed in over 120
societies, in 7 waves. For the purposes of our study, we
extracted 12 aggregate indicators from the “WVS Wave 1 to 6
Key Aggregates” dataset.’® Finally, we also considered infor-
mation from the 6-dimensional Hofstede national culture
model.”” Inspired by an IBM International personnel survey
in the 1960s, this model has been continuously developed and
currently includes six indices, based on data from over 100
countries worldwide. The six dimensions of national culture
and their definitions,>® as conceived by Hofstede and collea-
gues, can also be found in Table 1.

Statistical analysis

Our initial dataset consisted of two outcome variables and 50
covariates, for 61 countries, over a 30-year time-span (1990-
2019). The dataset had a two-level structure, as the six Hofstede
cultural indices are considered time-invariant and thus have
just one value per country. The relationship between 48 and 49
covariates and DTP3 and MCV1 national vaccination rates,
respectively, was investigated separately for each outcome in
the main branch of the analysis. In an additional, secondary,
branch, we excluded life-expectancy at birth and under-5 mor-
tality, because of a possible bi-directional causal relationship,
leaving 46 covariates for DTP3 and 47 for MCV1.

The statistical analysis was completed in three stages, exe-
cuted in turn for each outcome in each branch (with and
without life-expectancy and under-5 mortality). In the first
stage, we employed the random forests (RF)* procedure as
a variable-selection technique. Fine-tuning model parameters,
we ran the procedure a total of 11 times (refer to Appendix
C for full details on the statistical methods employed). In
order to determine the most important covariates, we looked
at the variable importance indicator and ranked covariates
according to the number of times each appeared among the
“top 20” variable importance scores. For a reduction of over
60%, down from 48-49 to 18-19 covariates, only those with
a frequency of at least 8 out of 11 were retained for further
investigation. In the second stage of the analysis, we per-
formed multilevel multiple imputation in order to address
the issue of missing data. Missingness after variable selection
was 19% in the main branch and 24% in the secondary
branch, over the total of 42,090 data points in both reduced
dataset (30 time points for 61 countries for 23 variables).
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Figure 1. First dose measles-containing vaccine (MCV1) and third dose diphtheria-tetanus-pertussis (DTP3) vaccination coverage rates for the 61 countries included in

the study (only 2019 shown).

Before implementing multiple imputation, the arcsine trans-
formation was applied to the two coverage rates expressed as
proportions, and then all variables were standardized to have
a mean of 0 and a standard deviation of 1. Using multivariate
imputation by chained equations (MICE)* predictive mean

matching (PMM), we obtained 20 imputed datasets, which
were then analyzed individually using generalized estimating
equations (GEE),*' in the third stage of the analysis. Finally,
results from the 20 individual GEE models were pooled
together to get an estimate for each covariate’s effect. See
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Table 1. Initial list of covariates.

Last
Possible values Sources accessed
1. Number of adverse events following immunization (AEFI) reported numeric WHO*® 25.11.2021
2. Percentage of total expenditure on routine immunization financed by government funds* numeric (0-100) WHO* 25.11.2021
3. What percentage (%) of the cold chain equipment (at all sub-national levels of the system) is numeric (0-100) WHO*® 25.11.2021
equipped with electronic continuous temperature monitoring systems?*
4. Has the country a multi-year plan (MYP) for immunization? Yes/No WHO* 26.11.2021
5. Is Measles 2nd dose vaccine integrated into the routine immunization systems? Yes/No/Yes|[P] WHO* 29.11.2021
6. Vaccination services interrupted because of lack of vaccine for Measles?* Yes/No WHO* 25.11.2021
7. Vaccination services interrupted because of lack of vaccine for DTP?* Yes/No WHO* 25.11.2021
8. Have districts (or levels below) an electronic vaccine stock management system?* Yes/No WHO* 25.11.2021
9. Does the immunization programme have a dedicated immunization supply chain manager at Yes/No WHO* 25.11.2021
national level?*
10. Has the country a standing technical advisory group on immunization (NITAG)? Yes/No WHO® 24.11.2021
11. Immunization expenditure relative to GDP*A numeric WHO® 29.11.2021
Twe? 30.11.2021
12. GDP per capita, PPP (current international $) numeric TWB? 30.11.2021
13. Current health expenditure (% of GDP) numeric (0-100) TWB? 30.11.2021
14. Life-expectancy at birth, total (years) numeric TWB? 30.11.2021
15. Population, total numeric TWB? 30.11.2021
16. Unemployment, total* (% of total labor force) (modeled ILO estimate) numeric (0-100) TWB? 30.11.2021
17. Birth rate, crude* (per 1,000 people) numeric TWB? 30.11.2021
18. Births attended by skilled health staff (% of total) numeric (0-100) TWB? 30.11.2021
19. Community health workers* (per 1,000 people) numeric TWB? 30.11.2021
20. Hospital beds (per 1,000 people) numeric TwWB? 30.11.2021
21. Nurses and midwives (per 1,000 people) numeric TWB? 30.11.2021
22. Physicians (per 1,000 people) numeric TWB? 30.11.2021
23. Population ages 15-64* (% of total) numeric (0-100) TWB? 30.11.2021
24. Population ages 65 and above (% of total) numeric (0-100) TWB? 30.11.2021
25. Population growth* (annual %) numeric (0-100) TWB? 30.11.2021
26. Pregnant women receiving prenatal care* (%) numeric (0-100) TWB? 30.11.2021
27. Surface area (sq. km) numeric TWB? 30.11.2021
28. Specialist surgical workforce* (per 100,000 population) numeric TwWB? 30.11.2021
29. Mortality rate, under-5 (per 1,000 live births) numeric Twe? 30.11.2021
30. Urban population (% of total) numeric (0-100) TWB? 30.11.2021
31. Political stability and absence of violence/terrorism numeric (—2.5-2.5) TWB® 06.12.2021
32. Average number of completed years of education of a country’s population aged 25 years and numeric UNESCOf 24.11.2021
older, excluding years spent repeating individual grades.*
33. Emancipative values index* (national culture’s emphasis on freedoms in the domains of numeric (0-1) WVS9 24.11.2021
reproductive choice, gender equality, people’s voice, and personal autonomy)
34, Secular values index* (national culture’s secular distance to “sacred” sources of authority - religious, numeric (0-1) WVS? 24.11.2021
patrimonial, normative, and order institutions)
35. Social movement activities* (the extent to which the peaceful social movement activities of numeric (0-1) WVS9 24.11.2021
petitions, demonstrations, and boycotts are part of a national culture’s action repertoire)
36. Informational connectedness* (the diversity of information sources used by the average individual numeric (0-1) WVS? 24.11.2021
in a nation)
37. Liberal understanding of democracy* (the extent to which people’s understanding of democracy is numeric (0-1) Wvse 24.11.2021
liberal in the sense that they define it “correctly” by its liberal, including free elections, civil
liberties and equal rights)
38. Perceived democraticness of own country* numeric (0-1) Wvs? 24.11.2021
39. Perceived fairness of other people* numeric (0-1) WVS9 24.11.2021
40. Standard trust toward unspecified other people* numeric (0-1) Wvs? 24.11.2021
41. Associational activity* (in recreational/humanitarian/environmental, church/religious, political numeric (0-1) Wvs9 24.11.2021
parties/labor unions/professional associations)
42. Perceived health* numeric (0-1) WVS9 24.11.2021
43. Perceived choice in shaping one’s life* numeric (0-1) Wvs? 24.11.2021
44, Life satisfaction* numeric (0-1) WVS? 24.11.2021
45, Power distance (“the degree to which the less powerful members of a society accept and expect ~ numeric (0-100)  Hofstede 6-D model of 26.11.2021
that power is distributed unequally”) national culture®
46. Individualism (v Collectivism; “a preference for a loosely-knit social framework in which individuals  numeric (0-100)  Hofstede 6-D model of 26.11.2021
are expected to take care of only themselves and their immediate families”) national culture”
47. Masculinity (v Femininity; “a preference in society for achievement, heroism, assertiveness, and numeric (0-100)  Hofstede 6-D model of 26.11.2021
material rewards for success”) national culture”
48. Uncertainty avoidance (“the degree to which the members of a society feel uncomfortable with numeric (0-100)  Hofstede 6-D model of 26.11.2021

uncertainty and ambiguity”)

national culture”

(Continued)



Table 1. (Continued).
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Variable

Last

Possible values Sources accessed

49. Long-term orientation (v Short-term Orientation; the degree to which society holds the notion that  numeric (0-100)
the world “is in flux, and preparing for the future is always needed” as opposed to the view that

Hofstede 6-D model of 26.11.2021
national culture®

“the world is essentially as it was created, so that the past provides a moral compass”)

50. Indulgence (v Restraint; the extent to which society “allows relatively free gratification of basicand  numeric (0-100)

natural human drives related to enjoying life and having fun”)

Hofstede 6-D model of 26.11.2021
national culture”

*Variable not retained after the first, random forests, stage of the analysis.

ASee section Materials & methods (Covariates) for explanation on how this variable was derived.

“https://immunizationdata.who.int/listing.html.
9https://databank.worldbank.org/source/world-development-indicators.
“https://info.worldbank.org/governance/wgi/.
fhttp://data.uis.unesco.org/4.
Shttps://www.worldvaluessurvey.org/WVSNewsShow.jsp?ID=367&ID=367.
Phttps://geerthofstede.com/research-and-vsm/dimension-data-matrix/.

Abbreviations: WHO = World Health Organization; TWB = The World Bank; UNESCO = United Nations Educational, Scientific and Cultural Organization; WVS = World

Values Survey.

Figure 2 for a diagram of the main branch of the analysis (the
secondary one is identical, apart from the fact that it contains
two covariates less - life-expectancy and under-5 mortality).

Results

Table 2 shows the covariates retained in the main branch of the
analysis, after completing the first, variable-selection, stage.
Covariates are listed according to the data source (i.e., in no
particular order) and the number of RF models (out of 11
possible) in which they had importance scores among the
“top 20” is shown as well, in case they were retained for

WHO World Bank WVS

10 covariates
59 countries

20 covariates
61 countries

1 derived covariate
59 countries

12 covariates
56 countries

a particular outcome. Nineteen covariates were retained for
DTP3, 16 of which were also among the 18 covariates retained
for MCV1. According to our established criterion, nurses and
midwives, political stability and absence of violence/terrorism,
and surface area turned out to be important only for DTP3,
while births attended by skilled health staff (and, naturally,
whether the second dose of the Measles vaccine is integrated
into the routine immunization system) were only to be
included with MCV1 as an outcome. Leaving life-expectancy
and under-5 mortality out in the second, additional, branch of
the analysis did not have a significant impact on the selection of
variables, as can be seen in Table 3. Eighteen covariates were

Hofstede

6 covariates
56 countries

UNESCO

1 covariate
58 countries

| dataset |

Random forests (RF) |

Multiple imputation (M) |

Generalized estimating
equations (GEE)

50 covariates total (48 for DTP3 / 49 for MCV1)
61 countries / time-span: 1990-2019

4

21 covariates kept (19 for DTP3 /18 for MCV1)

4

20 complete datasets

J

2 x 20 individual analyses

J

pooled results

Figure 2. Flow chart of analytical steps (example of the main branch).
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Table 2. Covariates retained in the main branch of the analysis based on variable
importance scores in the random forests (RF) procedure (if a covariate was
retained for a given outcome, its score here shows in how many of the 11 runs
of the RF procedure it was among the “top 20"*).

covariate DTP3 MCV1
Has the country a multi-year plan (MYP) for immunization? 9 10
Is Measles 2nd dose vaccine integrated into the routine 1
immunization systems?**

Births attended by skilled health staff 10
Current health expenditure 10 1
GDP per capita 10 1"
Hospital beds 10 10
Life-expectancy at birth 1 1
Nurses and midwives 8
Physicians 9 1
Political stability and absence of violence/terrorism 8
Population, total 11 1
Population ages 65 and above 1 9
Surface area 10
Under-5 mortality rate 11 1
Urban population 10 1
Individualism 10 1
Indulgence 11 1
Long-term orientation 1 1
Masculinity 1 10
Power distance 10 8
Uncertainty avoidance 10 8

*See detailed explanation in section Materials & methods (Statistical analysis).
**Covariate only included in the MCV1 analysis.

Table 3. Covariates retained in the branch of the analysis without life-expectancy
and under-5 mortality based on variable importance scores in the random forests
(RF) procedure (if a covariate was retained for a given outcome, its score here
shows in how many of the 11 runs of the RF procedure it was among the “top
20"%).

covariate DTP3 MCV1
Number of adverse events following immunization (AEFI) 9
reported?
Has the country a multi-year plan (MYP) for immunization? 1 10
Has the country a standing technical advisory group on 1
immunization (NITAG)?
Is Measles 2nd dose vaccine integrated into the routine 1
immunization systems?**
Births attended by skilled health staff 8 8
Current health expenditure 1 1
GDP per capita 1 10
Hospital beds 10 9
Nurses and midwives 11
Physicians 9 1
Political stability and absence of violence/terrorism 11 1
Population, total 1 1
Population ages 65 and above 11 1
Surface area 10 10
Urban population 11 1
Individualism 1
Indulgence 11 1
Long-term orientation 1 1
Masculinity 1" 9
Power distance 11
Uncertainty avoidance 1" 9

*See detailed explanation in section Materials & methods (Statistical analysis).
**Covariate only included in the MCV1 analysis.

retained for both DTP3 and MCV1. In comparison with the
main branch, surface area, political stability and absence of
violence/terrorism, number of adverse events following immu-
nization, and whether the country has a standing technical
advisory group on immunization were retained for the analysis
of MCV1 now, while individualism and power distance from

the Hofstede cultural indices were dropped. The only differ-
ence for the DTP3 selection in this branch compared to the
main one was the inclusion of births attended by skilled health
staft now.

Tables 4 and 5 show our final results for the main and
additional branches of the analysis, respectively, after pooling
the GEE effect estimates over the multiple imputed and sepa-
rately analyzed datasets. Starting with DTP3 in the main ana-
lysis (Table 4), we observe the strongest overall and strongest
negative statistically significant (at the conventional 0.05-level)
association with under-5 mortality (coefficient of —0.413).
The second strongest, this time positive, effect is that of
power distance (0.374), followed by GDP per capita (0.259)
and political stability and absence of violence/terrorism
(0.185), both positively related as well. Long-term orientation
(=0.165), surface area (—0.138), and whether the country has
a multi-year plan for immunization (coded as 0=no/l=yes;
coefficient of —0.097) all have smaller negative statistically
significant effects. With regard to MCV1, whether the second
dose of the vaccine is integrated into the routine immunization
system shows a very strong negative association (—0.924),
meaning that as the status of the second dose changes from
“not integrated,” to “partially integrated,” to “integrated,”
MCV1 coverage rates tend to decrease. Furthermore, under-5
mortality shows a negative effect (-0.428), very similar in
magnitude to the one we see for DTP3. Lastly, indulgence
(-0.323) and long-term orientation (-0.218) both exhibit
a negative relation to MCV1, while GDP (-0.319) and urbani-
zation (0.274) show a positive relation.

Examining the pooled estimates from the secondary analysis
(Table 5), we see a larger number of statistically significant
effects. The additional effects we found here can be assumed to
have been previously “absorbed” by those of life-expectancy
and under-5 mortality, which were included as covariates in
the main analysis. Overall, the results are consistent with those
of the main analysis, especially regarding the effects of the
Hofstede cultural indices, GDP per capita, and the indicator
pertaining to the second MCV dose. Births attended by skilled
health staff now show a statistically significant positive relation
with both outcomes (coefficient of 0.190 for DTP3 and 0.156
for MCV1), while, on the contrary, whether the country has
a multi-year immunization plan is no longer significant for
DTP3 (the effect was significant, but very small before). In
addition, the proportion of the population living in urban
areas now shows a positive effect on DTP3 (coefhicient of
0.223, being barely non-significant in the main analysis before
with a p-value of 0.06), while the density of nurses and mid-
wives exhibits a smaller, negative, association (-0.108). With
regard to MCV1, the indicator on whether the country has
a standing technical advisory group on immunization (not
selected for retention in the main analysis) shows a relatively
strong negative effect (—0.563), meaning that countries with
such an advisory group tend to have lower MCV1 coverage
rates. Finally, the current health expenditure and density of
physicians also showed a statistically significant negative, albeit
much weaker, relation (coefficients of —0.155 and —0.104,
respectively).
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Table 4. Pooled generalized estimating equations (GEE) results from the main branch of the analysis (statistically significant effects at the 0.05-level are shown in bold).

Covariate

DTP3
effect (std error; p-value)

MCV1
effect (std error; p-value)

Has the country a Multi-Year Plan (MYP) for immunization?
Is Measles 2nd dose vaccine integrated into the routine immunization systems?*
Births attended by skilled health staff

Current health expenditure

GDP per capita

Hospital beds

Life-expectancy at birth

Nurses and midwives

Physicians

Political stability and absence of violence/terrorism
Population

Population ages 65 and above

Surface area

Under-5 mortality rate

Urban population

Individualism

Indulgence

Long-term orientation

Masculinity

Power distance

Uncertainty avoidance

-0.097 (0.039; 0.016)
n/a
n/a
—0.118 (0.060; 0.058)
0.259 (0.056; <0.0001)
0.049 (0.050; 0.338)
—0.141 (0.091; 0.130)
—0.049 (0.052; 0.350)
0.056 (0.041; 0.181)
0.185 (0.045; 0.0001)
0.080 (0.042; 0.064)
—0.049 (0.058; 0.398)
-0.138 (0.040; 0.001)
-0.413 (0.065; <0.0001)
0.170 (0.088; 0.062)
0.127 (0.069; 0.065)
—0.135 (0.118; 0.260)
-0.165 (0.063; 0.013)
—0.052 (0.056; 0.361)
0.374 (0.080; <0.0001)
0.065 (0.071; 0.377)

—0.054 (0.044; 0.230)
-0.924 (0.408; 0.028)
0.056 (0.049; 0.263)
—0.085 (0.073; 0.252)
0.319 (0.065; <0.0001)
0.026 (0.063; 0.681)
—0.278 (0.141; 0.060)
n/a
—0.066 (0.047; 0.163)
n/a
0.003 (0.042; 0.935)
—0.032 (0.070; 0.654)
n/a
-0.428 (0.092; <0.0001)
0.274 (0.093; 0.006)
—-0.215 (0.122; 0.092)
-0.323 (0.125; 0.016)
-0.218 (0.063; 0.001)
0.081 (0.084; 0.347)
0.103 (0.097; 0.297)
—0.079 (0.096; 0.413)

*Covariate only included in the MCV1 analysis.

Table 5. Pooled generalized estimating equations (GEE) results from the branch of the analysis without life-expectancy and under-5 mortality (statistically significant

effects at the 0.05-level are shown in bold).

Covariate

DTP3
effect (std error; p-value)

MCV1
effect (std error; p-value)

Has the country a Multi-Year Plan (MYP) for immunization?

Has the country a standing technical advisory group on immunization (NITAG)?
Is Measles 2nd dose vaccine integrated into the routine immunization systems?*
Number of adverse events following immunization (AEFI) reported?
Births attended by skilled health staff

Current health expenditure

GDP per capita

Hospital beds

Nurses and midwives

Physicians

Political stability and absence of violence/terrorism

Population

Population ages 65 and above

Surface area

Urban population

Individualism

Indulgence

Long-term orientation

Masculinity

Power distance

Uncertainty avoidance

-0.037 (0.054; 0.504)
n/a
n/a
n/a
0.190 (0.034; <0.0001)
—0.092 (0.060; 0.134)
0.281 (0.050; <0.0001)
0.040 (0.052; 0.449)
-0.108 (0.051; 0.038)
0.051 (0.057; 0.377)
0.168 (0.055; 0.005)
0.068 (0.044; 0.131)
—0.027 (0.061; 0.655)
-0.142 (0.039; 0.0004)
0.223 (0.072; 0.003)
0.152 (0.106; 0.162)
—0.144 (0.094; 0.134)
-0.135 (0.059; 0.027)
—0.094 (0.071; 0.197)
0.402 (0.072; <0.0001)
0.020 (0.099; 0.839)

0.074 (0.040; 0.069)
-0.563 (0.118; <0.0001)
-0.996 (0.353; 0.006)
—0.066 (0.034; 0.055)
0.156 (0.044; 0.001)
-0.155 (0.064; 0.021)
0.166 (0.055; 0.004)
—0.063 (0.049; 0.204)
n/a
-0.104 (0.043; 0.020)
0.010 (0.060; 0.870)
0.053 (0.041; 0.193)
0.049 (0.052; 0.344)
0.058 (0.032; 0.075)
0.190 (0.071; 0.012)
n/a
-0.343 (0.076; <0.0001)
-0.151 (0.055; 0.008)
0.040 (0.053; 0.455)
n/a
—0.004 (0.049; 0.940)

*Covariate only included in the MCV1 analysis.

Discussion

With the present study, we attempted to uncover national-level
determinants of vaccination coverage among a large number of
factors related to immunization and healthcare system organi-
zation, economics, demographics, politics, culture, finances,
and societal values in European states and OECD member
countries. This study provides a marked expansion of most
previous research, as we considered a large array of data for
over 60 countries simultaneously, over the span of 30 years. We
applied rigorous statistical methods to select variables, correct
for missing data, and, finally, estimate longitudinal effects. Our
results point to a number of interesting findings.

To begin with, one of the most stable effects observed in our
analysis was that of GDP per capita. Often used as a proxy for
development and wealth, this is the most widely studied and
established positive determinant of general population
health.** It is reasonable to expect nations experiencing eco-
nomic prosperity to be more successful in the organization and
financing of their healthcare systems, and, thus, immunization
activities, by extension. However, when GDP per capita is
already high, the marginal gains of rising GDP as
a contributor to basic healthcare and health correlate are
expected to decrease. Yet, we find that even among relatively
wealthy countries with already relatively high vaccination cov-
erage, GDP per capita still emerges, on average, as an



e2123883-8 (&) V.VARBANOVA ET AL.

important determinant for vaccination coverage differences
between countries and over time. Political stability and armed
conflict would clearly be factors that undermine immunization
efforts, as vaccination logistics then become more difficult to
maintain and deploy. Indeed, the political stability and absence
of violence/terrorism covariate in our analysis showed an
important and persistent positive effect on DTP3 vaccination
coverage — a finding also supported by other research.*>**

Another pair of determinants with anticipated observed
effects in our study is that of surface area and urbanization.
A larger territory (as in Canada, Russia, the USA, and
Australia) means that remote areas are harder to reach and
therefore likely underserved by routine immunization pro-
grams, and that healthcare and other policies may be more
diverse and fragmented within the country compared to smal-
ler-area countries. The negative effect of surface area in our
analysis was statistically significant only for DTP3, perhaps due
to the difference in age at vaccination relating to access to
vaccination and ease of travel (typically, DTP3 is administered
at around 16 weeks, and MCV1 at around 12-15 months of
age). In accord, a number of individual-level studies in high-
income countries have reported parents stating practical bar-
riers as reasons for not vaccinating their children.'® On the
other hand, high levels of urbanization affect vaccination cov-
erage rates in a positive way. The relationship is apparent in
countries like Belgium, Israel, Japan, and Luxembourg, for
example, where more than 90% of the population live in
urban areas and where coverage rates have been very high in
recent years (evidence from other, single-country, studies
speaks of the same phenomenon).'” Naturally, immunization
activities are easier to organize in urban areas, they reach
a much larger proportion of the population more efficiently,
and provide for greater overall accessibility to vaccination.

A determinant deserving special mention in our discussion
is that of under-5 mortality, considered indicative of the per-
formance of healthcare services in general.*” Its negative rela-
tionship with vaccination coverage suggests that, on average,
the impact of lower vaccination coverage causing higher dis-
ease burden dominates upward pressure on vaccination cover-
age through an expected higher willingness to accept
vaccination when the disease burden it would prevent is higher
(referring to the so-called prevalence elasticity of vaccine
demand).*® That is, causality from lower vaccination coverage
to increased mortality under 5 seems to dominate potential
reverse causality of higher mortality leading to higher vaccina-
tion coverage. The observed effect in our analysis was relatively
large, for both vaccines. When under-5 mortality was taken out
of the equation in the secondary branch of our analysis, the
proportion of births attended by skilled health staft came to the
forefront as a statistically significant positive determinant. This
indicator can be seen as a proxy to overall maternal and post-
natal care organization, indicating that a lower threshold -
both in access to information and logistics to facilitate actual
access to vaccination - is important in order to improve vacci-
nation coverage.”’

With regard to immunization and healthcare system indi-
cators other than births attended by skilled health staff, our
analysis yielded more puzzling results, at least at first glance.
Current health expenditure, density of physicians, density of

nurses and midwives, whether the country had a multi-year
plan (MYP) or a standing technical advisory group (NITAG)
for/on immunization, or if the second dose of the Measles
vaccine was integrated into the routine immunization system,
all showed statistically significant negative effects, mostly for
MCV1 and mostly in the absence of under-5 mortality (i.e., in
the secondary branch of the analysis). One possible explanation
for that could be that structures like MYP and NITAG were put
in place when and where vaccination coverage rates were low,
and MCV2 was relatively more included in routine immuniza-
tion (both as a booster dose and as a “catch-up” opportunity)
in countries where, or in periods when, relatively more chil-
dren missed MCV1. Furthermore, if we consider factors like
health expenditure and medical personnel availability to be
indicative of well-organized and functioning healthcare sys-
tems with a focus on cure rather than prevention, and we
know these are more characteristic of high-income countries,
we come to suspect vaccine hesitancy to be the underlying
factor behind some of our observed effects. The point that
demand-related issues are at the core of low coverage rates in
“developed” countries (as opposed to availability issues in
“developing” nations) has already been put forward in the
literature.'®** With vaccine-preventable disease burden less
visible, the subsequent undervaluation of prevention, the exist-
ing safety net of good healthcare, and the easier spread of
misinformation (the most well-known and cited example of
MMR vaccine scare),” it should not be surprising that strong
hesitancy attitudes have emerged in recent decades. For
instance, Larson et al.> suggested links between higher GDP,
total health spending, births attended by skilled health staff,
access to healthcare, and mean years of schooling on the one
hand, and lower positive vaccine sentiments on the other. If we
accept that these individual-level sentiments translate directly
into lower national vaccination rates, our findings provide
congruent complementary information to these observations.
Lastly, based on our results, we would like to draw attention
to the concept of national culture, as a possible important player
when it comes to childhood vaccination. The six Hofstede
indices of national culture that we considered were consistently
identified among the most important covariates during the
variable-selection phase of our analysis, across the multiple RF
models we ran. Power distance, or a population’s tendency to
accept the existing uneven distribution of power, showed
a relatively strong statistically significant positive effect in both
branches of the analysis for DTP3. These results may be attrib-
uted to a general acceptance of and trust in the immunization
practices authorities have implemented. At the same time,
indulgence, or the tendency to “allow relatively free gratification
of basic and natural human drives related to enjoying life and
having fun,” showed a negative effect of similar size for MCV1,
perhaps alluding to a desire to avoid non-pleasurable activities
without immediate gratification, such as vaccination. A more
curious observation though was the negative effect of long-term
orientation, statistically significant for both vaccines and in both
branches of the analysis. Higher long-term orientation stands
for easier adaptation to changing conditions, a strong inclina-
tion to save and invest, and perseverance in achieving results.
That long-term orientation would negatively affect vaccination
coverage may again be pointing in the direction of vaccine



hesitancy and possible vaccine safety concerns. While we did not
account for vaccine hesitancy explicitly, we did include
a number of country-level attitudinal covariates relating to
trust, perceived fairness and democracy, and information con-
nectedness, for example, which concepts may be assumed linked
to hesitancy to some degree. None of those indices survived the
variable-selection phase of the analysis, though, while, again, all
cultural factors did. To our knowledge, no other study to date
has investigated national culture characteristics in the context of
vaccination, unlike individual-level attitudes and hesitancy
toward vaccines, that have received considerable attention. It is
conceivable that different cultures are susceptible to vaccine
hesitancy to a different degree, and therefore this may be
a research route worth exploring in the future. Some approaches
may have different effects in one cultural context, as opposed to
another. Another topic of further study may be the interplay of
different cultural traits and the communication and implemen-
tation strategies adopted by vaccinating authorities.

Before concluding, we need to acknowledge a few sta-
tistical and conceptual limitations to our study. Firstly,
although we used only widely accepted authoritative
international databases for both the determinants and
the vaccination coverage data and many variables are
measured in the same manner for all countries using
international standards, there is always the possibility
that some countries’ and/or time period data are less
reliable than others. It is impossible for us to determine
whether this occurs, and if so, how this would influence
our findings since there is no telling which and how
many of the variables are potentially impacted and
whether this affects some countries more than others. If
data would be unreliable due to fraud, one can speculate
that this occurs more for country-reported data in coun-
tries where there is more corruption, and then it could
have the effect that the influence of variables expressing
corruption is underestimated, especially if vaccination
coverage outcome data are more subject to this type of
data unreliability than the other variables we used.
Secondly, with regard to the presence of missing data in
our dataset, while we would have liked to estimate effects
for all of the 50 covariates we initially had, multiple
imputation, as the “state-of-the-art” technique to apply,
was just technically impossible to implement with that
many variables relative to the 61 clusters, or countries,
that we had. However, the consistency we saw in the
results of the different runs of the RF procedure, regard-
less of the different model specifications, gave reassurance
that, indeed, the most important covariates were identi-
fied. Next, we were, unfortunately, unable to provide
direct interpretation of the size of the effects we found,
due to the necessary data transformations. Conversely, as
variables were now on the same scale, we were able to
compare effects and speak of stronger or weaker associa-
tions in relative terms. Mild to moderately strong correla-
tions were present in the dataset, as can be expected with
so many related variables. Dealing with longitudinal data,
we did not have the option of applying a well-established
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dimension-reduction technique eliminating multicolli-
nearity (such as principal components, for example),
even if the subsequent decrease in interpretability would
have been deemed acceptable. We, therefore, have to
emphasize that results from this study should be read
with due caution. Additionally, there are inevitable limita-
tions of using national-level vaccination coverage rates by
a certain age as an outcome of interest — these are not
sensitive to vaccination timeliness’’ and ignore possible
sub-national and regional coverage differences.
Nevertheless, we believe that the macro-level insights
obtained in this study constitute a significant contribution
toward a greater understanding of the main factors influ-
encing vaccination uptake. Understanding the mechan-
isms and determinants of vaccine uptake remains
important, given the indisputable public health impact
of higher vaccination coverage, which also reverts back
to some of the covariates that may explain it, like GDP
per capita. What is striking in this analysis is the identi-
fication of a relatively small subset of determinants that is
influential to explain between-country differences in
childhood vaccine uptake. This may guide politicians
and public health authorities to develop the circumstances
in which these determinants can be most effective in
achieving high vaccination coverage. Clearly, this task is
easier to achieve for the more specific determinants than
for the more contextual determinants our analysis identi-
fied as influential.
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Appendix A

Table A1. Ranking of selected countries according to gross national income (GNI) per capita (in current USD) for 2019
(data not available for Andorra, Liechtenstein, Monaco, San Marino). The World Bank's classification by income level
from the 1° of July 2020 shown is based on GNI per capita for 2019*.

Ranking Country GNI
high income(>$12,535)
1 Switzerland $84,260
2 Norway $81,640
3 Luxembourg $77,040
4 Iceland $72,900
5 USA $65,970
6 Denmark $63,460
7 Ireland $63,230
8 Sweden $56,410
9 Australia $54,910
10 Netherlands $53,180
1 Austria $50,960
12 Finland $49,940
13 Germany $49,140
14 Belgium $48,010
15 Canada $46,550
16 Israel $43,540
17 UK $43,460
18 New Zealand $42,870
19 France $42,510
20 Japan $42,330
21 Italy $34,870
22 South Korea $33,860
23 Spain $30,350
24 Cyprus $28,600
25 Malta $28,340
26 Slovenia $25,950
27 Estonia $23,250
28 Portugal $23,170
29 Czech Republic $22,110
30 Greece $19,650
31 Slovakia $19,230
32 Lithuania $19,050
33 Latvia $17,790
34 Hungary $16,520
35 Poland $15,360
36 Croatia $15,320
37 Chile $14,990
38 Romania $12,620
upper-middle income (54,046 -$12,535)
39 Costa Rica $12,090
40 Russia $11,250
41 Turkey $9,690
42 Bulgaria $9,500
43 Mexico $9,470
44 Montenegro $9,130
45 Kazakhstan $8,820
46 Serbia $7,040
47 Colombia $6,570
48 Belarus $6,370
49 Bosnia and Herzegovina $6,180
50 North Macedonia $5,890
51 Albania $5,230
52 Georgia $4,690
53 Armenia $4,660
54 Kosovo $4,640
55 Moldova $4,580
56 Azerbaijan $4,510
lower-middle income (51,036 -$4045)
57 Ukraine $3,310

*https://blogs.worldbank.org/opendata/new-world-bank-country-classifications-income-level-2020-2021.
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Appendix C. Statistical analysis

® Data preparation

Based on data availability for different countries and time periods over the selection of data sources, we considered data for 61 European or Organisation
for Economic Co-operation and Development (OECD) member countries for the years between 1990 and 2019. The main branch of our analysis included
two outcome variables (DTP3 and MCV1 coverage rates) and 50 covariates in total, 48 for DTP3 and 49 for MCV 1, as three covariates were only applicable
to one vaccination rate or the other. As an additional, secondary, branch of the analysis, we also ran the whole procedure excluding life-expectancy at birth
and under-5 mortality, because of a possible strong bi-directional causal relationship with the outcomes (thus having 46 remaining covariates for DTP3
and 47 for MCV1).

With the exception of the six Hofstede cultural indices that are considered time-invariant and thus consist of just one value per country (or region), all
other data came in the form of annual entries, which gave our dataset a two-level structure. We considered only national values for the cultural indices and
ignored any sub-country divisions. In the case of Germany, the World Values Survey (WVS) reported separate values for East and West Germany for all
waves of the survey. In order to obtain a single national value, we used a weighted average based on the year-specific population size.”> For this set of 12
WYVS covariates, we disregarded the original wave-based structure of the obtained data and instead considered the year in which data for a particular
country was collected, for the purposes of data integration across the different databases we utilized. This, in addition to the fact that some of the countries
of interest had only participated in one or two waves of the survey, or never at all, resulted in pronounced data sparsity for the WVS indicators, which was
treated as other missing data (see more below).

® Random forests (RF)

As a first step in both branches of the analysis — with and without life-expectancy and under-5 mortality, we employed the random forests statistical
procedure as a variable-selection technique, using SAS. Random forests® is a well-known and widely used supervised machine-learning technique
primarily used for predictive modeling. It builds an ensemble of decision trees introducing randomness at two different points in the process of developing
each individual tree. On the one hand, tree training is done using only a fraction of the original data (in-bag fraction) selected via bootstrap sampling
(without replacement, in our case), while the rest of the data is set aside for model validation. On the other hand, the split-variable for each split on each
tree is selected from a random sample of the original covariates, thus reducing correlations between the trees. The procedure has great efficiency and is very
robust. It is also well suited to handle missing data. In addition to all covariates, we included a country indicator in order to account for the clustering in
the data. We ran multiple models for both outcomes in both branches of the analysis, varying three parameters in the model - the number of trees to grow
(100 or 200), the number of variables to choose from for splitting (6 values at approximately equal intervals between 2 and the total number of covariates),
and the in-bag fraction (0.4, 0.6, or 0.8). In order to determine the most important covariates of DTP3 and MCV1 vaccination coverage rates, we looked at
the variable importance indicator calculated based on the loss reduction,® and took a count of the number of times each covariate appeared among the
“top 20” variable importance scores. Top-scoring covariates were then retained for the next phase of the analysis.

® Multiple imputation (MI)

Initially, the dataset for the main branch of the analysis showed 51% overall missingness, while the dataset for the secondary branch showed 53%
missingness. After variable-selection, these numbers were reduced to 19% and 24%, respectively. In order to address this remaining issue, we performed
multilevel multiple imputation (in R) with the reduced dataset obtained in the previous analytical step. Multiple imputation® is the current “state-of-the-
art” approach to dealing with missingness, as it accounts for the inherent uncertainty when imputing, which is ignored by single imputation techniques.
Under the missing-at-random (MAR) assumption, we implemented the multivariate imputation by chained equations (MICE) algorithm,*® also known as
fully conditional specification (FCS). MICE does not assume a multivariate distribution for the data, but instead uses a set of conditional densities.
Imputation is done on a variable-by-variable basis, iterating over a conditionally specified imputation model for each incomplete variable. We used the
predictive mean matching (PMM) method, which entails first calculating predictions for each entry of the target variable, whether observed or missing in



€2123883-14 V. VARBANOVA ET AL.

reality. For each missing entry, then, a small number of “candidate donors” among the observed cases are selected, based on proximity between the
predictions. At the end, one donor from the group is randomly selected, and its observed value is imputed for the missing entry. Some of the advantages of
this method are as follows: it ensures that the imputed value is always within the plausible range as it is based on observed data; it has the ability to handle
all types of variables (our dataset contained both continuous and categorical ones); and it is robust to transformations. As our outcome variables were
proportional, the data ranged between 0 and 1. Roughly 75% of all vaccination coverage rates, in fact, lie between 0.90 and 0.99, which necessitated
applying the variance-stabilizing arcsine transformation. In addition, we standardized all variables to have a mean of 0 and a standard deviation of 1. We
implemented the simplest proper imputation model, where for the imputation of a target variable we used only variables that were going to be included
together with it in the same substantive model (in the next step). In order to minimize convergence issues, we ran the MICE procedure multiple times
(with different seeds) generating a smaller number of imputations at a time, for a total of 20 imputed datasets — a number considered sufficient with 18-19
covariates included in the model.

® Generalized estimating equations (GEE)

In the final stage of the analysis, we applied (again in SAS) the generalized estimating equations technique*' to each imputed dataset obtained in the
previous step individually, considering the covariates that were previously selected as most important via the random forests procedure (see above). GEE is
a well-known semi-parametric approach to analyzing longitudinal data. It belongs to the marginal models family, which treats the within-subject (in our
case, within-country) covariance structure as a nuisance and focuses on the mean, or population-averaged, response. The procedure has the advantages of
being relatively simple computationally and avoiding distributional assumptions. It iteratively calculates re-weighted least squares using a pre-specified
working correlation matrix for the weights. In the presence of time-dependent covariates, our only valid choice for this working correlation matrix was
that of independence among the responses.”” The normal distribution with the identity link function was used for our standardized arcsine-transformed
vaccination coverage rates. All inferences were based on the robust, “sandwich estimator,” standard errors. Lastly, for each of the four scenarios
separately — DTP3 and MCV1 in the main branch, and DTP3 and MCV1 in the branch without life-expectancy and under-5 mortality, results from
the 20 individual GEE models were pooled together according to Rubin’s.>



