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Abstract
One year after the start of the COVID-19 vaccination programme in England, more than 43 million people older than 12 
years old had received at least a first dose. Nevertheless, geographical differences persist, and vaccine hesitancy is still a 
major public health concern; understanding its determinants is crucial to managing the COVID-19 pandemic and preparing 
for future ones. In this cross-sectional population-based study we used cumulative data on the first dose of vaccine received 
by 01-01-2022 at Middle Super Output Area level in England. We used Bayesian hierarchical spatial models and investi-
gated if the geographical differences in vaccination uptake can be explained by a range of community-level characteristics 
covering socio-demographics, political view, COVID-19 health risk awareness and targeting of high risk groups and acces-
sibility. Deprivation is the covariate most strongly associated with vaccine uptake (Odds Ratio 0.55, 95%CI 0.54-0.57; most 
versus least deprived areas). The most ethnically diverse areas have a 38% (95%CI 36-40%) lower odds of vaccine uptake 
compared with those least diverse. Areas with the highest proportion of population between 12 and 24 years old had lower 
odds of vaccination (0.87, 95%CI 0.85-0.89). Finally increase in vaccine accessibility is associated with COVID-19 vaccine 
coverage (OR 1.07, 95%CI 1.03-1.12). Our results suggest that one year after the start of the vaccination programme, there 
is still evidence of inequalities in uptake, affecting particularly minorities and marginalised groups. Strategies including 
prioritising active outreach across communities and removing practical barriers and factors that make vaccines less acces-
sible are needed to level up the differences.
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Introduction

Mass vaccination has been an essential tool to fight the 
global COVID-19 pandemic. The National Health Service 
(NHS) in England began the vaccination programme in 
early December 2020 [1, 2] and around 43 million people 
(total population  56 million) have received at least the first 
dose of the vaccine by the end of 2021 [3]. Nevertheless, 
the uptake varies across population subgroups; vaccine 

inequalities continue to be a major public health concern 
and understanding their determinants is crucial to managing 
the COVID-19 pandemic and to prepare for future ones [4].

Several studies have examined the determinants of 
COVID-19 vaccine hesitancy across the globe [5, 6]. A 
study in 138 countries reported income disparity to be 
strongly associated with vaccine inequality between middle-
income and high-income countries [7]. Higher distrustful 
attitudes towards vaccination were reported amongst indi-
viduals from ethnic minority backgrounds, with low educa-
tion, low annual income and lack of awareness of COVID-19 
health risks in Qatar, Israel, New Zealand and USA [8–11]. 
Similarly, in the UK there has been evidence of lower inten-
tion to vaccinate in participants from Black and South Asian 
communities compared with the White population [12–14]. 
Additionally, less affluent areas have been reporting lower 
uptake, after accounting for individual level demographics 
and health conditions [15–17]. Some studies assessed a link 
between political beliefs and COVID-19 vaccine uptake. For 
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example in the USA, people who identified themselves as 
Republicans or voted for the Republican party in the 2020 
presidential election were less likely to get the vaccine [18, 
19]. Inequality in vaccination-site accessibility was also 
identified as one of the challenges that recipients faced when 
attending vaccination appointments [20].

Certain methodological aspects of previous studies limit 
the generalisability of the results. Several earlier works 
are surveys, experiencing potential issues of statistical 
power and lack of population representativeness [5, 6, 18, 
21–24]. Additionally, scientific evidence to date focuses 
on determinants of vaccine hesitancy prior or at the early 
stages of the mass vaccination campaigns [12–14, 24, 25]. 
As vaccination-related interventions (e.g. COVID-19 pass 
in some countries) and scientific evidence about vaccine 
efficacy have changed over time, people’s attitude towards 
COVID-19 vaccination is expected to change [4, 26]. Only 
two population-based studies covered a longer time period 
[10, 15]. The first analysed data at county level in the US 
until 29 July 2021, nevertheless the geographical resolution 
available was low, aggravating the ecological bias (group 
level associations that do not reflect individual ones [27]). 
The second is a register-based study in England which cov-
ered the period from the start of the mass vaccination up to 
15 June 2021. However, due to the age prioritisation in the 
vaccine delivery by the NHS, its target population included 
only people aged 40 and over.

This is the first nationwide cross-sectional investigation 
of vaccine uptake in England during the entire 2021, cov-
ering the population aged 12 and older. We estimate the 
vaccine coverage and evaluate its determinants at a high 
geographical resolution. We extracted the reported cumu-
lative data of COVID-19 vaccine as of the 1st of January 
2022 in each area. To overcome the selection bias due to 
the age-based prioritisation programme of the government 
[28] we focus on the first dose of the vaccine. We consider 
community-level characteristics to cover socio-demograph-
ics, awareness of COVID-19 health risks and targeting of 
high risk groups, political views and vaccine accessibility. 
We account for spatial autocorrelation across neighboring 
areas and estimate the degree of geographical variability in 
vaccine uptake explained by the community-level charac-
teristics considered.

Methods

Study area and variable of interest

We retrieved COVID-19 vaccination data at the Middle 
Layer Super Output Areas (MSOA) from the UK govern-
ment dashboard [29]. MSOA is an administrative geography 
characterised by an average population of 7500 residents 

(varying between 5000 and 15000 )[30]. We considered the 
2011 geography, which comprises of 6791 MSOAs in Eng-
land. To measure the vaccination uptake we considered the 
number of people aged 12 years and older in each MSOA, 
who had received at least one dose of COVID-19 vaccine 
since the beginning of the vaccination programme until the 
1st January 2022. The total population for the same age 
group in each MSOA was used as the denominator. Overall 
by 1st January 2022, 43,516,101 have had at least the first 
dose according to the UK COVID-19 vaccination dashboard.

Community‑level characteristics

To examine the determinants of vaccine uptake at high spa-
tial resolution, we considered covariates related with socio-
demographics, political-opinion, COVID-19 mortality dur-
ing 2020, mental and physical chronic health conditions as 
well as vaccine accessibility (see Table 1). The aforemen-
tioned domains were selected based on a literature search 
[8–20] and the final list of variables was driven by data 
availability for England at the required spatial granularity. 
To characterise the socio-demographic profile of each area 
we used percentage of Black and Minority ethnic (BME), 
index of multiple deprivation (IMD), percentage of 12-24 
years old and percentage of over 65 years old in each MSOA. 
We classified each MSOA based on its level of urbanicity 
(Predominantly Urban (PU), Urban with Significant Rural 
(UR), and Predominantly Rural (PR)). To characterise the 
political-opinion of an area, we used the percentage who 
voted to leave the EU at the 2016 referendum and the results 
from the 2019 General election. To describe the awareness 
of the COVID-19 health risks and the targeting of high risk 
groups, we included the COVID-19 mortality rates during 
2020 [31], covering the pre-vaccination campaign period, 
as well as the prevalence of asthma, high blood pressure, 
diabetes, and depression. The COVID-19 vaccine accessibil-
ity was estimated based on the distance between vaccination 
sites and MSOA population weighted centroids (see sec-
tion S1 and Figure S1 in Supplementary Material for more 
details).

Information on the data sources and spatial resolution are 
presented in Table 1. All variables are included in the model 
in quintiles, except for urbanicity that has three categories. 
The shapefiles of England and MSOAs boundaries were 
obtained from the UK-data-service website [32].

Statistical analysis

We specified a hierarchical Bayesian spatial model to 
investigate the association of COVID-19 vaccine uptake 
and community-level characteristics. We considered yi to 
be the number of people who have received the first dose 
of COVID-19 vaccine and ni the number of eligible people 
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to receive the vaccine for each MSOA (i = 1,… , 6791) . 
We assumed a Binomial distribution for the number of 
vaccinations and modeled the proportion pi as follows:

where �0 is the overall vaccination uptake across England, 
Xikm is the dummy variable for the kth(k = 1,… ,K) covariate 
in the mth category ( m = 2,… , 5 , except for urbanicity where 
m = 2, 3 ) and � are the corresponding effects. Additionally, 
bi represents the weighted average of a spatially structured 
and unstructured random effect, so that the model borrows 
strength from the other areas across the entire study region, 
as well as from the neighbouring ones [43, 44]. The ran-
dom effects are modeled using a re-parametrisation of the 
Besag-York-Molliè conditional autoregressive prior distri-
bution [45]:

where vi ∼ N(0, 1) accounts for overdispersion and u∗
i
 is a 

scaled spatially structured component. The hyperparam-
eter � measures the proportion of the marginal variance 
explained by the structured spatial effect, with values close 
to 0 implying that the majority of the observed variation 
comes from the unstructured (overdispersion) component 
(and values close to 1 the opposite). The hyperparameter � is 

(1)
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the precision of the random effect (1/variance). More details 
about the prior specification are included in Section S2 of 
Supplementary Material.

We report maps of the posterior median of vaccination 
uptake and highlight the patterns across the four largest 
cities. The effects of the covariates are reported as median 
odds ratios (OR) and 95% credible intervals (95%CI). We 
show and contrast the profiles based on the community-level 
characteristics included in the analysis for the areas in the 
lowest and highest quintile of vaccination uptake. We also 
report maps of posterior probability that the area-level odds 
ratio of vaccination is lower than the national average. This 
highlights the residual spatial variability, over and above that 
explained by the community-level characteristic profiles. 
Finally, we estimate the median and 95%CI for the propor-
tion of total variance explained by the covariates. All analy-
sis were conducted using the R statistical software and the 
INLA package [46]. Code and data to reproduce the results 
are available at https://​github.​com/​Georg​es3/​COVID_​19-​
Vacci​neUpt​ake.

Results

We report the results of the fully adjusted model, while those 
from the univariate models are showed in Supplementary 
Material (Figure S7, Table S5-S7 in Supplementary mate-
rial). We estimated a national posterior mean of vaccine 
uptake of 81.1% (95%CI 80.2-81.9%), varying from 37.6% 
(95%CI 36.6-38.6%) in Leeds city in Yorkshire to 93.9% 

Table 1   Community-level characteristics considered in the analysis

Variable Description Source Spatial resolution

Black and minority ethnic (BME) Proportion of BME population Public health England [33] Middle super
Output area

Index of multiple deprivation (IMD) Measure of deprivation across multiple 
domains

Ministry of Housing, Communities and
Output Area

Lower super
Output area

Young age population Proportion of 12-24 years old eligible for 
vaccine

Office for National Statistics [35] Middle super
Output area

Old age population Percentage of over 65 years old eligible for 
vaccine

Office for National Statistics [35] Middle super
Output area

COVID-19 awareness Rates of COVID-19 mortality Office for National Statistics [36] Local
Authority District

Urbanicity Rural and urban classification Office for National Statistics [37] Middle super
Output area

General election Votes for Labours and Conservatives House of Commons Library [38] Constituency
EU referendum Votes to leave the EU House of Commons Library [39] Constituency
Pre-existing health conditions Asthma, blood pressure, diabetes, depression National Health Service [40] MSOA
Vaccine accessibility Estimated based on distance between 

vaccination sites and MSOA population 
weighted centroids

National Health Service [41] Office for 
National Statistics [42]

Middle Super
Output Area

https://github.com/Georges3/COVID_19-VaccineUptake
https://github.com/Georges3/COVID_19-VaccineUptake
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(95%CI 93.4-94.5%) in Northumberland, a rural area in the 
North East. We observe large geographical discrepancies 
in the vaccination coverage, with the lowest values in the 
large urban centres (Fig. 1, left). Focusing on the four most 
populated cities, a high degree of heterogeneity can be seen, 
with lower vaccination uptake in the city centres (Fig. 1, 
right). Spatial variability is also visible in the maps of the 
covariates, which are included in Supplementary Material 
(Figures S2 to S4).

In Fig. 2 we characterise the areas with the lowest esti-
mates of vaccine uptake (in the first quintile). We visualise 
(a) their covariate profiles and (b) the posterior 95%CI of 
their vaccination uptake. Generally the least compliant areas 
share some characteristics: they tend to be more deprived 
and located in urban settings; the have high proportions of 
young residents and some of the highest proportions of non-
White population. Based on the last general election, they 
are more inclined to vote for the Labour party. They also 
have the lowest prevalence of chronic conditions such as 
asthma, high blood pressure and depression. In contrast, the 
areas in the highest quintile of vaccine coverage are charac-
terised by an older population, higher prevalence of asthma 
and blood pressure and vote mainly for the Conservative 
party (Figure S5 Supplementary Material).

While Fig. 2 provides a descriptive characterisation 
of the areas with low and high vaccination uptake, Fig. 3 
visualises the strength of the relationship between commu-
nity-level characteristics and vaccination uptake in Eng-
land, by means of OR and 95%CI. The index of multiple 
deprivation is the covariate most strongly associated with 

low vaccine coverage; the odds of being vaccinated when 
living in the most deprived areas are 0.55 (95%CI 0.54-
0.57) times those in the least deprived ones. Similarly the 
most ethnically diverse areas (highest quintile of BME 
population) have a 38% (95%CI 36-40%) lower odds of 
vaccine uptake compared with the least ethnically diverse. 
Additionally, areas with a higher proportion of population 
between 12 and 24 years old had lower odds of vaccination 
uptake (OR 0.87, 95%CI 0.85-0.89). Areas voting for con-
servatives at the 2019 general elections have higher vac-
cine coverage (OR 1.09, 95%CI 1.04-1.14), while there is 
not enough evidence of an association for the proportion of 
people voting labour and for the Brexit referendum. There 
is also insufficient evidence of an association between 
urbanicity with COVID-19 vaccine uptake in the multi-
variable setting, despite a negative association seen in the 
univariate model, likely due to the correlation with the 
percentage of BME population, Figure S6 in Supplemen-
tary Material. Disease awareness and targeting of high risk 
groups, represented by the COVID-19 mortality rates and 
prevalence of pre-existing conditions show a relationship 
with vaccine coverage. In particular, areas having suffered 
the highest COVID-19 related mortality before the start 
of the vaccination campaign have higher odds (OR 1.08, 
95%CI 1.05-1.11); similarly for areas with high prevalence 
of asthma or high blood pressure the ORs are 1.20, (95%CI 
1.16-1.24) and 1.10 (95%CI 1.07-1.14) respectively. For 
diabetes and depression the link is less clear, and could 
potentially be affected by their correlation with the other 
health variables (Kendall’s tau is 0.33 between quintiles 

Fig. 1   Posterior median of vaccine uptake up until 01-01-2022 in each Middle Layer Super Output Area in England (left) and for the most popu-
lated cities accounting for a total 11 212 813 population [47] (right)
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of diabetes and blood pressure and 0.43 between asthma 
and depression, see Figure S6 in Supplementary Material). 
Finally, vaccine accessibility is associated with COVID-19 
vaccine coverage (OR 1.07, 95%CI 1.03-1.12).

The community-level characteristics included in the 
model explain 66% (95% CI 63-69%) of the total variance 
of vaccination uptake. Figure 4 maps the posterior prob-
ability that the area-level odds of vaccination are lower 
than the national average, after accounting for the selected 
covariates. There is strong evidence (posterior probabil-
ity higher than 0.8) that certain areas have lower odds of 
vaccination coverage due to unknown spatial covariates. 
The region around Manchester and Liverpool as well as 
the South East including London and part of the South 
West around Bristol show the highest probability of hav-
ing lower odds (in yellow). Some level of geographical 
discrepancy is also visible in the 4 most populated cities 

in England, revealing unmeasured spatial confounding also 
in the large urban centers.

Discussion

In this study we modelled the variability of COVID-19 
vaccine coverage in England at high spatial resolution a 
year after the mass vaccination started. We investigated 
the role of a range of community-level characteristics 
covering socio-demographics, awareness of COVID-19 
health risks and targeting of high risk groups, political 
view and vaccine accessibility. Our model suggests that 
MSOAs with low COVID-19 vaccine uptake are the most 
deprived, ethnically diverse and with a higher proportion 
of young people. Awareness of COVID-19 health risk and 
accessibility to vaccine centres are also strongly associated 

Fig. 2   Covariate profiles for the areas characterised by the posterior median of vaccination uptake in the first quintile (left) and 95%CI vaccine 
uptake rates (right)
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Fig. 3   Posterior median odd ratios and 95%CI for the middle super output areas (MSOAs) characteristics and COVID-19 vaccination uptake
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with increased COVID-19 vaccine uptake. Areas where 
the majority of people voted for the Conservative party in 
the 2019 general election show higher uptake.

Our findings add to previously reported evidence high-
lighting the role of age, ethnicity and socio-economic fac-
tors on vaccination refusal or delay, at the individual (e.g. 
[15, 48]) and aggregated level in England and internation-
ally (e.g. [10, 49]). Additionally, in line with [50], who 
found that people with a physical health condition before 
the pandemic were more likely to take up the offer of vac-
cination, we also highlighted that areas more aware of the 
health risk due to COVID-19 are characterised by higher 
uptake. We also show that areas around the largest cities are 
more likely to be hesitant to the vaccination, in line with 
[51], a cross-sectional spatial modelling study in the UK 
conducted prior to the mass vaccination campaign, which 
revealed that London, Greater Manchester and Liverpool 
regions and minority ethnic groups were more resistant 
towards a new vaccine. Accessibility is found to have an 
impact on vaccination coverage, despite having a negative 
correlation with urbanicity. This is in line with [20] which 
showed that degree of urbanicity and population density 
had impact on vaccination site accessibility. Note that all 
the covariate effects are assumed to be the same through-
out the study region for two reasons: (i) a spatially-varying 
coefficient model would have resulted in a large number of 
coefficients to estimate, leading to increased computational 
burden and at the same time making the interpretation less 
straightforward. Additionally we had no prior hypotheses 

that the effect of the selected covariates would be different 
in certain regions.

The main strength of our study is that it is the first to 
cover the entire population over 12 years old in England. As 
we focused on the first dose of the vaccine and considered 
the entire 2021, every individual over that age will have had 
the opportunity to receive the vaccine. In addition, as pub-
lic health policies (nationally and internationally) regard-
ing vaccination have changed and awareness was raised, 
people’s behaviour and attitude towards vaccination might 
have changed throughout 2021. Hence, using data cover-
ing an extended period makes our results generalisable and 
more relevant for population based public health policies. 
We considered a wide range of characteristics to capture 
vaccination inequalities and scepticism stemming from the 
different socio-demographic characteristics, political opin-
ions, awareness of COVID-19 health risks and the targeting 
of high risk groups, and accessibility. Considering a high 
spatial resolution minimises ecological bias; at the same 
time the inclusion of spatial random effects ensures that we 
account for spatial variation due to unmeasured variables. 
As we showed in our results, there was still 30% unexplained 
variability in vaccination uptake, proving that it is necessary 
to consider spatial residuals in order to avoid potential biases 
in the inference.

Our study has some limitations: some of the community-
level covariates considered are not up-to-date; for instance 
information on BME population are related to the 2011 
Census, hence we are implicitly assuming that the ethnic 

Fig. 4   Posterior probability that the area-level odds of vaccination coverage are lower than the national average in England (left) and in the four 
largest cities (right)
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composition at MSOA level remains the same in the last dec-
ade. Furthermore, some variables are available at a coarser 
spatial resolution: COVID-19 mortality is at Local Author-
ity districts (LAD), while political views are available at 
constituency level. In the analysis we assign the same value 
to all the MSOAs within the same LAD or constituency, 
leading to an underestimate of the variability at MSOA level 
and potentially a reduction in the association with those vari-
ables. Focusing on December 2020-January 2022 to ensure 
population representativeness means that we were not able 
to incorporate a time dimension in the analysis, due to the 
vaccine prioritization programme. Furthermore, the above-
mentioned setting does not allow us to inform vaccination 
policies dynamically, but focuses on geographical determi-
nants that do not change across the year. Finally, the ecologi-
cal nature of the study means that we cannot infer causal 
links between covariates and vaccination uptake [27].

Despite the good coverage of COVID-19 vaccine uptake 
at the national level, our results suggest that a year after the 
start of the vaccination campaign there are still substantial 
inequalities, most importantly related to deprivation and 
ethnicity. These have been highlighted from the beginning 
of the campaign (e.g. [14]) and have been later linked to 
general distrust in vaccines, low perception of risk as well 
as cultural/religious barriers [12, 52]. As they persist while 
the pandemic evolves, it is necessary to prioritise engage-
ment through relevant figures, such as general practitioners, 
scientists and a wide spectrum of role models coming from 
these target communities [14]. As it has been highlighted 
previously in [53, 54], results for HPV and childhood vac-
cination have shown that dialogue-based interventions 
were the most effective, nevertheless as vaccine hesitancy 
is very complex, intervention should be tailored to the tar-
get population and their reasons for hesitancy. For instance 
in the UK, the “Black Women in Heath”, an organization 
of general practitioners of minority background, managed 
to successfully address COVID-19 vaccine hesitancy and 
increase the vaccination uptake among minorities at commu-
nity level, through webinars, podcasts and communication 
efforts in different languages and dialects [55].

The lower uptake in areas characterised by younger 
population should also be addressed. Several mechanisms 
have been investigated to encourage vaccinations among 
youngsters, focusing on highlighting the social benefit for 
the wider community [56]. As they generally perceive lower 
risk from the disease, it is important to stress the potential 
long-term impact. Additionally, education towards vaccina-
tion should provide clear messages and make use of trust-
worthy and similar messengers (for instance social media 
influencers,[57])

Accessibility remains a crucial underlying determi-
nant for vaccination coverage and has a strong interplay 
with other variables: while the effort in expanding the 

vaccination centres network have substantially benefited 
the suburban and more rural areas in England [20], urban 
centers are still showing some of the lowest uptake, despite 
having a better access to vaccination points. As large cities 
are generally characterised by younger and more ethni-
cally diverse populations it is crucial to tailor the access 
to vaccination to reach these subgroups, for instance using 
familiar locations such as schools, universities, community 
and language centres [52, 57].

The residual variability in the vaccination coverage 
could be attributed to variations that the community-
level characteristics cannot adequately represent, either 
due to data availability/quality (older data or at coarser 
geographical resolution) or definitions (for instance the 
definition of accessibility). In addition, it could reflect 
covariates we might have missed, such as occupation, as 
for instance health and social workers had more pressure to 
get vaccinated and their distribution is non uniform across 
geographical areas. Finally, it could reflect area-level vac-
cine skepticism, which might be prevalent across various 
socioeconomic, cultural, ethnic and religious backgrounds 
and be the result of social exclusion, poor experiences 
at health services, false information, or a lack of trust in 
authorities and institutions [58].

To conclude, in our study we found that there are still 
marked geographical variations in vaccine uptake in Eng-
land. We highlighted the role of community-level char-
acteristics in explaining this variability, and showed how 
deprivation, ethnicity, age structure and accessibility are 
the most relevant. We also observed strong unknown spa-
tial confounding which might reflects, at least in part, 
community-level vaccine scepticism. In order to level up 
the inequalities in vaccination uptake, actions are neces-
sary to engage marginalised communities by implementing 
active outreach and using trusted sources such as general 
practitioners, scientists and influencers to respond to con-
cerns about vaccine safety and efficacy.
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