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Declining trends in vaccine confidence across sub-Saharan Africa: A large-scale 
cross-sectional modeling study
A. de Figueiredoa, E. Temfackb, R. Tajudeenb, and H. J. Larsona,c

aDepartment of Infectious Disease Epidemiology, London School of Hygiene and Tropical Medicine, London, UK; bAfrica Centers for Disease Control 
and Prevention, African Union Commission, Addis Ababa, Ethiopia; cInstitute of Health Metrics and Evaluation, University of Washington, Hans 
Rosling Center, Seattle, WA, USA

ABSTRACT
Current WHO/UNICEF estimates of routine childhood immunization coverage reveal the largest sustained 
decline in uptake in three decades with pronounced setbacks across Africa. Although the COVID-19 
pandemic has induced significant supply and delivery disruptions, the impact of the pandemic on vaccine 
is less understood. We here examine trends in vaccine confidence across eight sub-Saharan countries 
between 2020 and 2022 via a total of 17,187 individual interviews, conducted via a multi-stage prob
ability sampling approach and cross-sectional design and evaluated using Bayesian methods. Multilevel 
regression combined with poststratification weighting using local demographic information yields 
national and sub-national estimates of vaccine confidence in 2020 and 2022 as well as its socio- 
demographic associations. We identify declines in perceptions toward the importance of vaccines for 
children across all eight countries, with mixed trends in perceptions toward vaccine safety and effective
ness. We find that COVID-19 vaccines are perceived to be less important and safe in 2022 than in 2020 in 
six of the eight countries, with the only increases in COVID-19 vaccine confidence detected in Ivory Coast. 
There are substantial declines in vaccine confidence in the Democratic Republic of Congo and South 
Africa, notably in Eastern Cape, KwaZulu-Natal, Limpopo, and Northern Cape (South Africa) and 
Bandundu, Maniema, Kasaï-Oriental, Kongo-Central, and Sud-Kivu (DRC). While over 60-year-olds in 
2022 have higher vaccine confidence in vaccines generally than younger age groups, we do not detect 
other individual-level socio-demographic associations with vaccine confidence at the sample sizes 
studied, including sex, age, education, employment status, and religious affiliation. Understanding the 
role of the COVID-19 pandemic and associated policies on wider vaccine confidence can inform post- 
COVID vaccination strategies and help rebuild immunization system resilience.
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Introduction

The latest World Health Organization (WHO) estimates of 
national immunization coverage depict worrisome trends. 
Compared to 2019, six million fewer children received a third- 
dose diphtheria, tetanus, and pertussis vaccine in 2021, with 
similar losses for other routine vaccines including those 
against measles, polio, and human papillomavirus (HPV).1 

Globally, few countries have managed to avoid losses in uptake 
rates of routine childhood immunization uptake, with low- 
and middle-income countries particularly affected. As coun
tries across Africa have emerged from pandemic restrictions, 
outbreaks of vaccine-preventable diseases are materializing 
across multiple settings,2–5 threatening to reverse disease elim
ination gains made over the past decades. Disruptions in 
vaccination supply chains, reallocation of limited but already 
stretched health-care resources to tackle the COVID-19 pan
demic, and travel restrictions have played a substantial role in 
lowering uptake of routine childhood immunizations.6,7 Yet 
the role of demand-side barriers – such as vaccine confidence – 

in modulating uptake routine childhood immunizations over 
the course of the COVID-19 pandemic is not well understood. 
Although many studies have probed African populations’ atti
tudes toward COVID-19 vaccines,8–10 we are unable to find 
evidence of studies tracking perceptions toward vaccines gen
erally over the COVID-19 pandemic in Africa. Without 
a quantitative understanding of vaccine confidence dynamics, 
plausibly impacted by the COVID-19 pandemic, its associated 
policies, or factors associated with the COVID-19 vaccine 
rollout on vaccine confidence, strategies to address declining 
uptake rates of childhood immunizations may be misdirected.

In this study, we harness data from sixteen national surveys 
and over 17,000 individuals across eight countries conducted 
in 2020 and 2022 to explore national and sub-national trends 
in and determinants of vaccine confidence. These eight coun
tries are the Democratic Republic of Congo (DRC), Ivory 
Coast, Kenya, Niger, Nigeria, Senegal, South Africa, and 
Uganda. Each of these settings is surveyed between October 
and December 202010 and again between January and 
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March 2022. In this study, we measure vaccine confidence, 
defined as perceptions toward vaccines themselves, rather than 
broader confidence in, for example, the systems and people 
that deliver vaccines (though we note that vaccine confidence 
is often defined in this expanded way).11 Thus, we measure 
perceptions toward the importance, safety, and effectiveness of 
vaccines, with the former of these two metrics now used in the 
WHO Behavioural and Social Drivers framework as the major 
elements of vaccine confidence.12 We do this for both percep
tions toward vaccines in general as well as the COVID-19 
vaccines specifically. A quantitative understanding the evolu
tion of vaccine confidence via large-scale data collection can 
shed a light onto vaccination barriers, prompt further discus
sion and research, and facilitate the design of new public health 
policies.

Methods

Data sources

Between October and December 2020, a total of 8,465 indivi
duals were surveyed across the eight study countries, with an 
additional 8,703 individuals surveyed between January and 
March 2022. In each wave of data collection, at least 1,000 
individuals were surveyed in each country via a cross-sectional 
design (see Table S1 for further survey information). All sur
veys were conducted via face-to-face interviews except for 
Kenya in 2022 which employed a computer-assisted telephone 
interview design (Table S1). (We note that while both face-to- 
face and telephone interview designs aim for nationally repre
sentative surveys, there may be a survey type bias in Kenya 
which may be a data collection limitation in this setting.) All 
face-to-face surveys used a stratified random household prob
ability sampling design that involved: (1) stratification of sub- 
national regions within each country by first administrative 
unit; (2) urban and rural stratification within administrative 
units to ensure sufficient representativeness of hard-to-reach 
rural communities; (3) selection of primary sampling units 
(PSUs) using simple random sampling; (4) random selection 
of households within each PSU; and (5) random selection of 
individuals within households imposing a quota of 50% male 
and 50% female. For each face-to-face survey, a sample of 
about 100 PSUs were selected in each country, with each 
PSU comprising approximately 10 interviews. Areas within 
PSUs were selected via probability proportional to size sam
pling. The study inclusion criteria for all surveys are all citizens 
aged 18 and over on the day of the survey interview and 
residents in private households of any type. Any sampled 
locations with restrictions such as nursing homes, military 
barracks, etc. were not eligible for study inclusion. All data 
was collected by ORB International and partners of the 
Worldwide Independent Network of Market Research (WIN) 
(www.orb-international.com and www.winmr.com).

Survey items

Seven vaccine confidence items are collected in each time 
point that relate to individual perceptions around the impor
tance, safety, effectiveness of vaccines generally as well as 

COVID-19 vaccines specifically (see response variables, 
Table 1). Each respondent is asked to report their level of 
agreement to each question on a Likert scale (response vari
ables). Individual data on sex, age, highest education level, 
religious affiliation, and employment status are also recorded 
(explanatory variables) as well as the first administrative unit 
in which the resident resides. These data permit an analysis of 
the socio-demographic determinants of vaccine confidence as 
well as an evaluation of how these determinants have shifted 
between 2020 and 2022. To avoid the loss of missing data in 
response variables, responses to the vaccine confidence items 
are recoded to a binary scale, where 1 represents agreement to 
each survey item (that is, agreement that vaccines are impor
tant, safe, and effective) and 0 represents non-agreement 
including missing data. To avoid the loss of missing data in 
explanatory data, non-responses are given their own separate 
category, which is included in the regression analysis. See 
Table 1 for all variable information and recodes and Table S2 
for a breakdown of respondents across all demographic groups 
for each country and survey year.

Model-based vaccine confidence estimates

A four-level Bayesian multilevel logistic regression model is 
implemented for each item. The four tiers comprise individuals 
nested within sub-national regions nested within country and 
then time (2020 or 2022). The inference goals are threefold: 
obtain individual-level probabilities of agreement to each survey 
item (to be post-stratified, see below); estimates for the strength 
of association between socio-demographic characteristics and 
each item; and estimates of the changing strength of association 
between socio-demographics and vaccine confidence over time. 
Letting Yq

ijct 2 0; 1f g denote whether individual i in sub-national 
region j in country c at time t either agrees (1) or disagrees (0) 
with the qth vaccine confidence survey item, then agreement 
to each item is modeled via a separate four-level Bayesian multi
level logistic regression model Yq

ijct,Binomialðπq
ijctÞ, where 

logitðπq
ijctÞ ¼ Xjctb

q
jct , βq

ljct,Nðγq
lct; τ

q
lctÞ, and γq

lct,Nðδq
lt; τ

q
ltÞ, 

where πq
ijct ¼ PðYq

ijct ¼ 1jXjctÞ is the probability of agreement 
to question q, Xjct is a matrix of dummy-coded explanatory 
variables (Table 1) with baselines incorporated into an intercept, 
and l is an index corresponding to each column in Xjct . The 
following prior distributions are specified, δq

lt,N 0; 0:1ð Þ, 
τq

lct,Gamma 0:5; 0:5ð Þ, τq
ct,Gamma 0:5; 0:5ð Þ, where τ repre

sents the precision of the normal distribution (that is, τ ¼ σ� 2) 
and the gamma distribution is defined in terms of the shape r 
and rate λ, Gamma x; λ; rð Þ / λrxr� 1exp � λxð Þ. To evaluate 
whether a socio-demographic determinant has changed in it is 
association with vaccine confidence over time with respect to 
a baseline group, the statistic Tq

lc;γq
lc2 � γq

lc1is used, which is 
a difference in log-odds ratios for country-level effects between 
t ¼ 1 (2020) and t ¼ 2(2022). If Tq

lc > 0 (< 0) then the associa
tion between an explanatory variable and its respective baseline 
group has increased (decreased) over time.

The probabilities of agreement πq
ijct for each surveyed indi

vidual are reweighted by poststratification weights obtained as 
the ratio of the proportion of the number of adults in each 
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country belonging to the same age, sex, and administrative 
region strata to the corresponding proportion in that country’s 
sample. The expected strata counts for each country are 
obtained from two data sources that provide sub-national 
demographic information: the United States census bureau 
(https://www.census.gov/geographies/mapping-files/time-ser 
ies/demo/international-programs/subnationalpopulation. 
html) and City Population (www.citypopulation.de). This 
post-stratification step provides an additional layer of robust
ness to the multistage cluster sampling design.

In total, seven independent multilevel regressions as 
described above are fit to the data, one for each of the vaccine 
confidence response variables in Table 1. All model outputs are 
reported as either a percentage point change (vaccine confi
dence) or as log odds ratios (socio-demographic determinants) 
together with a 95% highest posterior density interval (HPDI). 
Throughout, associations between socio-demographic drivers 
and confidence items are considered “significant” when the 
95% HPDI excludes zero. All analyses are implemented in 
R version 4.2.2. Bayesian model inference is performed using 
the RJAGS library which computes posterior distributions via 
Gibbs sampling.13 All data and code used in this study is freely 
available at https://osf.io/wbx3h/.

Results

National trends

We report on the largest increases and decreases in vaccine 
confidence between 2020 and 2022. All raw and model-based 
estimates of national vaccine confidence levels can be found in 
Table S3 in the supplementary materials, while sub-national 
estimates can be found in the supplementary data file.

We find an overall reduction in the percentage of respon
dents agreeing that vaccines are important for children across 
all eight countries between 2020 and 2022. The biggest falls in 
agreement that vaccines are important for children are in DRC 
(−20·0% points, 95% HPDI, −23·9 to −15·8), Uganda (−14·0, 
−18·0 to −10·1), and Nigeria (−10·5, −13·6 to −7·5) 
(Figure 1(a)). In Nigeria and DRC there are also substantial 
decreases in confidence in vaccine safety (Nigeria: −8·6, −11·6 
to −5·6; DRC: −13·2, −18·0 to −8·7) and effectiveness (Nigeria: 
−6·2, −9·4 to −3·1; DRC Congo: −17·2, −21·7 to −12·7) percep
tions (Figure 1(a)). Agreement that vaccines are important for 
people of all ages has decreased in Ivory Coast, Kenya, Nigeria, 
South Africa, and Uganda, while they have increased in 
Senegal (Figure 1(a)). In Ivory Coast, Kenya, and Senegal, 
vaccine safety perceptions have also improved (Figure 1(a)).

Table 1. Study data. All survey items are shown with possible responses (including recodes, if any) for response and explanatory variables, and baselines used in the 
multilevel logistic regressions as described in the main text.

Survey question Values (recodes in parenthesis) Baseline

Response variables 
(vaccine confidence)

[2020 and 2022] How strongly do you agree or 
disagree with the following statements about 
vaccines in general?

(1) Vaccines are important for people of all ages
(2) Vaccines are important for children
(3) Overall, vaccines are safe
(4) Overall, vaccines are effective

Strongly agree (1), tend to agree (1), tend to disagree 
(0), strongly disagree (0), do not know or no response 
provided (0)

n/a (response 
variables)

[2020] If there is a COVID-19 vaccine developed in the 
next 6–12 months, how strongly would you agree or 
disagree with the following statements?

(1) A new COVID-19 vaccine would be important
(2) A new COVID-19 vaccine would be safe
(3) A new COVID-19 vaccine would be effective

[2022] Thinking about the COVID-19 vaccines in 
development over the past few months, how strongly 
would you agree or disagree with the following 
statements?

(1) COVID-19 vaccines would be important
(2) COVID-19 vaccines would be safe
(3) COVID-19 vaccines would be effective

Covariates sex male and female male
age integer value mapped to 18–29, 30–44, 45–59, and 60+ 18–29
highest educational attainment no formal education 

primary education 
secondary education 
university or tertiary (university) 
Masters/PhD (university) 
vocational post-secondary (other) 
do not know or refused

no formal education

religious affiliation Christian 
Muslim 
other religion or refused

Muslim

work status working full-time (employed) 
working part-time (employed) 
unemployed, seeking employment (unemployed) 
unemployed, not seeking employment (unemployed) 
unemployed, but volunteering (unemployed) 
student 
stay-at-home parent 
disabled (other) 
retired (other) 
do not know or refused

employed
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Perceptions around the importance of the COVID-19 vac
cine have fallen in all countries, except for Ivory Coast, where 
no change is detected (Figure 1(b)). The largest falls in percep
tions of the importance of COVID-19 vaccines are in DRC 
(−12·0, −16·6 to −7·1), Nigeria (−10·2, −13·9 to −6·8) and South 
Africa (−6·3, −11·3 to −1·1). Compared to 2020, perceptions 
around the safety of the COVID-19 vaccine have remained 
consistent in all countries, except Ivory Coast, where confi
dence in COVID-19 vaccine safety and effectiveness has 
improved (Figure 1(b)). However, respondents in DRC, 
Kenya, Niger, Senegal, and Nigeria currently perceive the 
COVID-19 vaccine to be less effective compared to 2020 
(Figure 1(b)).

Sub-national trends

To summarize sub-national changes in vaccine confidence, we 
list regions with increases or decreases (where the 95% HPDI 
excludes zero) in vaccine confidence across at least four of the 
seven survey items. In total, there are 17 sub-national regions 
with decreases in at least four of the seven survey items. In DRC, 
there are five regions: Bandundu, Maniema, Kasaï-Oriental, 
Kongo-Central, and Sud-Kivu. In South Africa there are four: 
Eastern Cape, KwaZulu-Natal, Limpopo, and Northern Cape. 
There are three in Nigeria: Borno, Kano, and Federal Capital 
Territory. In Niger, there are two: Diffa and Zinder. In Ivory 
Coast, Kenya, and Uganda there are one in each: Savanes, Rift 

Figure 1. Declining trends in vaccine confidence across the sub-Saharan countries DRC, Ivory Coast, Kenya, Niger, Nigeria, Senegal, South Africa, and Uganda. The 
estimated percentage of respondents for each country agreeing that vaccines in general (a) and the COVID-19 vaccine specifically (b) are important, safe, and effective 
in 2020 and 2022. Percentages are only shown if the 95% highest posterior density interval for the change in agreement over time excludes zero.
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Valley, and Northern Region (respectively) (see Figures 2(a–d) 
and 3(a–c)). There are increases in confidence on at least four of 
the seven survey items in only six sub-national regions: 
Équateur (D.R. Congo); Bas-Sassandra and Lacs (Ivory Coast); 
Tahoua (Niger); Dakar (Senegal); and Gauteng (South Africa) 
(Figures 2(a–d) and 3(a–c)).

Socio-demographic associations

An evaluation of the socio-demographic determinants of vac
cine confidence averaged across all countries for all seven 
items (that is γq

lct in Methods) reveals that only age in 2022 
holds a significant association with vaccine confidence, with 
over 60s more likely than 18–29-year-olds to agree that vac
cines in general are safe, effective, and important for children 
(Figure 4(a,b)). An assessment of the change in socio- 
demographic determinants of vaccine confidence between 
2020 and 2022 in each country reveals that 30–44-year-olds 
in Ivory Coast have become less confident in the importance of 
vaccines for people of all ages, while unemployed respondents 
in DRC and stay-at-home parents in Uganda have become less 

confident in the safety of vaccines (Figure 4(c)). University- 
educated respondents in Ivory Coast have become less con
fident in the safety, importance, and effectiveness of the 
COVID-19 vaccine (Figure 4(d)).

Discussion

The findings of this study reveal the state of vaccine confidence 
at national and sub-national levels across eight countries in 
sub-Saharan Africa. To our knowledge, this is the first multi- 
country study examining temporal trends in vaccine confi
dence at sub-national levels across the sub-Sahara. Our study 
reveals broad declines in perceptions toward the importance of 
vaccines, with perceptions toward the importance of vaccines 
for children falling across all eight countries studied. There 
were notable falls in confidence in DRC and Nigeria, especially 
with regard to perceptions of vaccine safety and effectiveness. 
At a sub-national level, there were notable vaccine confidence 
falls in Bandundu, Maniema, Kasaï-Oriental, Kongo-Central, 
and Sud-Kivu (DRC) and Eastern Cape, KwaZulu-Natal, 
Limpopo, and Northern Cape (South Africa).

Figure 2. Subnational estimates of temporal changes in vaccine confidence from 2020 to 2022. Model-based estimates of the sub-national changes in vaccine 
confidence from 2020 to 2022 given as a difference in percentage points. Estimates are provided for these differences in perceptions toward vaccine importance (a,b), 
safety (c), and effectiveness (d). Blue colors denote a decrease in confidence since 2020, while pink colors denote an increase. Grey colors signify that no samples were 
collected in that region in either 2020 or 2022 and so a difference cannot be computed.
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A recent study by Lazarus and colleagues explored trends in 
vaccine acceptance across 23 countries between 2010 and 2021, 
and found decreases in intent to accept a COVID-19 among 
South African and Nigerian respondents between 2020 and 
June 2021, consistent with the findings of this study.14 A multi- 
country COVID-19 vaccine acceptance study conducted in 
2021 in sub-Saharan settings by Anjorin and colleagues 
found high rates of vaccine hesitancy in DRC with only 47% 
of respondents indicating that they might accept a COVID-19 
vaccine, with South Africa, Nigeria, and Kenya reporting lower 
rates of hesitancy.15 Another multi-country COVID-19 accep
tance study in sub-Saharan Africa by Kanyanda and colleagues 
found relatively high rates of COVID-19 vaccine acceptance in 
Nigeria in 2021,9 aligning with the earlier wave of data collec
tion in this study. High rates of COVID-19 vaccine hesitancy 
have also been found among medical students in Uganda.15

Recent reviews of COVID-19 vaccine hesitancy across Africa 
have found consistent themes emerge around the drivers of low 
acceptance that include vaccine safety concerns,8,16–18 low-risk 
perception,8,16,18 as well as distrust of pharmaceutical compa
nies and exposure to misinformation.8 Males and individuals 

with higher education levels are also found to be consistent 
predictors of lower vaccine hesitancy,14,16,17,19 results that are 
not consistent with our findings. These discrepancies may be 
due to the differing measurement instruments surrounding 
vaccine hesitancy or confidence, variable rates of hesitancy 
over time, or the national scope of our surveys in contrast to 
highly region- or group-specific surveys, for example studies 
that investigated health-care workers,20–22 rural communities,18 

or other small qualitative samples.23,24 Many studies do find that 
younger age groups are more hesitant and less willing to accept 
COVID-19 vaccination than older adults, consistent with our 
findings.25–27

A review into the determinants of COVID-19 vaccine 
acceptance in South Africa by Cooper and colleagues found 
a range of factors associated with acceptance, including urba
nicity, with individuals in more rural regions less likely to 
accept the vaccine.28 An expert opinion by the authors con
cludes that “COVID-19 has substantially increased vaccine 
concerns and potential hesitancy predispositions in South 
Africa,” which strongly aligns with our findings.28 A separate 
study in Limpopo found that the presence of visits by 

Figure 3. Subnational estimates of temporal changes in COVID-19 vaccine confidence from 2020 to 2022. Model-based estimates of the sub-national changes in COVID-19 
vaccine confidence from 2020 to 2022 given as a difference in percentage points. Estimates are provided for these differences in perceptions toward vaccine importance 
(a), safety (b), and effectiveness (c). Blue colors denote a decrease in confidence since 2020, while pink colors denote an increase. Grey colors signify that no samples were 
collected in that region in either 2020 or 2022 and so a difference cannot be computed.
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traditional healers was more common in COVID-19 unvacci
nated than vaccinated.29 Our findings add to this literature 
base: the largest falls in vaccine confidence in South Africa 
appear to be in predominantly rural provinces, including 
Limpopo, Eastern Cape, and Kwazulu Natal. Confidence losses 
in these regions should be carefully monitored, especially as 
they may translate to childhood immunizations which – cur
rently – appear to be relatively homogeneous across South 
Africa.30 While COVID-19 vaccine confidence appears higher 
in urban areas in South Africa, the reverse seems to be true in 

Senegal where evidence suggests vaccine refusal is higher in 
large cities.31 As only two sub-national regions of Senegal are 
considered in this study, evaluating whether refusal is higher in 
urban areas has not been possible.

An examination of temporal trends in COVID-19 vaccine 
confidence in Nigeria by Sato found that COVID-19 vaccine 
hesitancy had increased between 2020 and 2021 in line with 
this study. In Kenya, however, a recent study by Rego and 
colleagues32 found that COVID-19 vaccine refusal – as mea
sured via the question “would you agree to be vaccinated if the 

Figure 4. Socio-demographic determinants of vaccine confidence in sub-Saharan Africa. Socio-demographic associations across all countries are shown in (a) and (b) for 
general and COVID-19 vaccine confidence (respectively) for 2022 data only. (All log-odds ratios in 2020 had 95% highest posterior density intervals – HPDI – that 
included zero, and these results are not displayed. A filled dot denotes that the 95% HPDI excludes zero.) Changes in socio-demographic associations with vaccine 
confidence are shown in (c) and (d) where log-odds ratios less (greater) than one signify that the socio-demographic group has become less (more) confident over time 
with respect to the baseline category: only log-odds ratios whose 95% highest posterior density interval excludes zero are shown. Colours represent country-question 
combinations and are indicated in the legend below the four plots.
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vaccine was available at no cost” – decreased from 24% to 9% 
between February and October 2021, which is perhaps con
trary to the findings of our study, as we find a decrease in 
COVID-19 vaccine confidence, although our second wave was 
conducted in 2022. Despite possible decreases in perceptions 
toward the importance and effectiveness of the COVID-19 in 
Kenya, perceptions toward the safety and effectiveness of vac
cines in general have increased.

In conclusion, our study paints a worrying picture of 
declining vaccine confidence trends across many sub- 
national regions in sub-Saharan Africa, notably in DRC 
where confidence losses are particularly large. While sub- 
national estimates and modeling of local vaccination rates 
exist across Africa,30,33,34 there is limited evidence of routinely 
collected vaccine confidence data across Africa at national or 
sub-national levels. While Sato,35 Rego et al.,32 and Lazarus 
et al.14 have collected temporal data on COVID-19 trends, we 
currently lack a thorough investigation of whether losses in 
confidence in COVID-19 vaccines will translate to other 
immunization programs. As there is precedent for vaccine 
confidence losses in one vaccine to trigger confidence losses 
in others,36 the losses in confidence in COVID-19 vaccines 
found in this study may be a cause for concern with respect to 
childhood immunizations, especially if the losses witnessed are 
related to institutional distrust, a key factor associated with 
uptake of routine immunizations for children.37 Early warning 
signals of confidence losses – such as those detected in this 
study – can provide time to respond, in case of other epi
demics, pandemics, or other emerging crises. Confidence 
monitoring at sub-national resolutions can also provide clearer 
signals to the regions and groups facing confidence losses and 
can better prepare policymakers and stakeholders for potential 
losses in vaccine uptake. Regional losses in confidence – such 
as those established in this study – can translate to an increased 
clustering of non-vaccinated individuals, which may pose chal
lenges for herd immunity goals.38
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