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Introduction 
The UK COVID-19 vaccination programme began on 
Dec 8, 2020. As of June 1, 2022, the vaccine schedule 
recommended by the UK’s Joint Committee on 
Vaccination and Immunisation (JCVI) consisted of one 
dose for those aged 5–11 years, two for 12–15 years, three 
for 16–74 years, and four for 75 years and older.1,2 
Additional doses were offered to population subgroups 
in autumn, 2022,3 and spring, 2023.4

In the UK, uptake of the first vaccine dose was high; by 
January, 2022, more than 90% of the UK population 
older than 12 years had received a COVID-19 vaccine. 
However, as more doses have been offered, uptake has 
declined. In England, uptake of a second dose was lower 
among those older than 50 years, people of Black 

ethnicity, men, and those living in high deprivation and 
urban areas.5 Vaccine hesitancy has been reported within 
groups at higher risk of severe COVID-19 outcomes.5–7

Licensed COVID-19 vaccines have been shown in 
clinical trials to be causally effective against infection, 
hospitalisation, and death, and have been associated with 
a reduction in adverse COVID-19 outcomes in 
observational epidemiological studies.8–15 For example, 
a study from Israel found vaccine effectiveness of 76% 
(95% CI 72–79) against COVID-19 hospitalisation and 
77% (70–83) against death 14–21 days after receipt of the 
first dose of the BNT162b2 vaccine, rising to 98% (98–99) 
14 days or more after a second dose of BNT162b2.13 
A study in England found vaccine effectiveness of three 
doses relative to two doses of 85–95%.14 For long-term 
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COVID-19 outcomes in the UK over 4 months of follow-up associated with a counterfactual scenario in which 
everyone was fully vaccinated on June 1, 2022 as 210 (95% CI 94–326) in the 5–15 years age group, 1544 (1399–1689) 
in those aged 16–74 years, and 5426 (5340–5512) in those aged 75 years or older. aHRs for severe COVID-19 outcomes 
in the meta-analysis for the age group of 75 years or older were 2·70 (2·61–2·78) for one dose fewer than recommended, 
3·13 (2·93–3·34) for two fewer, 3·61 (3·13–4·17) for three fewer, and 3·08 (2·89–3·29) for four fewer. 

Interpretation Rates of undervaccination against COVID-19 ranged from 32·8% to 49·8% across the four UK nations 
in summer, 2022. Undervaccination was associated with an elevated risk of severe COVID-19 outcomes.
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care residents, receipt of a fourth vaccine dose was 
associated with strong protection of 40% (24–52) against 
severe COVID-19 outcomes compared with those who 
received a third dose 84 days or more previously.15 The 
Oxford-AstraZeneca COVID-19 vaccine was not routinely 
used in the UK beyond the first and second doses.

Research has been conducted on the factors influencing 
COVID-19 vaccine uptake and the effectiveness of 
recommended doses. However, there is a notable gap in 
our understanding of the characteristics and COVID-19 
outcomes of individuals who are undervaccinated 
(defined as having fewer than the number of doses 
recommended by the JCVI), and the association between 
undervaccination and severe COVID-19 outcomes. This 
knowledge is crucial to prevent exacerbation of existing 
inequalities and to provide insights for public health 
recommendations aimed at promoting vaccine uptake 
and improving health outcomes. The aim of this study, 
therefore, was to characterise factors associated with 
undervaccination and to investigate the association 
between undervaccination and severe COVID-19 
outcomes.

Methods
Study design and population 
We followed a prespecified statistical analysis plan 
(appendix pp 4–17). The datasets consisted of electronic 
health records with near whole-nation coverage in secure 
trusted research environments (TREs) in England, 
Northern Ireland, Scotland, and Wales (appendix p 18). 
In England, we accessed electronic health records 
through the National Health Service (NHS) England 
Secure Data Environment, via the British Heart 
Foundation (BHF) Data Science Centre’s CVD-COVID-
UK/COVID-IMPACT consortium. Datasets were linked 
using the NHS Digital Master Person Service,16 which 

aims to match records from different datasets with 99% 
accuracy for each person to a single unique identifier, the 
NHS number. This process involves checking NHS 
numbers present in the records against personal details, 
such as age, sex, and postcode, which were stored within 
the Personal Demographics Service. If the NHS number 
was successfully verified, no further processing was 
undertaken. In cases where the NHS number could not 
be verified or was absent, the Master Person Service 
attempted to match the records to a single NHS number 
recorded in the Personal Demographics Service using 
details provided in the submitted data file with 
information stored in the Personal Demographics 
Service, yielding a match confidence score.17 We did not 
have access to this score. In Northern Ireland and 
Scotland, the data were deterministically linked using 
unique patient identifiers—Health and Care Number in 
Northern Ireland, and Community Health Index in 
Scotland. In Wales, a combination of deterministic 
linkage based on NHS number and probabilistic linkage 
based on personal identifiers was used.18 In Northern 
Ireland and Wales, we used the Secure Anonymised 
Information Linkage Databank.18,19 In Wales, 80% of the 
population is linked to the databank. In Scotland, we 
used the Early Pandemic Evaluation and Enhanced 
Surveillance of COVID-19 platform.20 These datasets 
contained linked primary care, secondary care, mortality, 
vaccination, and virological testing data from Pillar 1 
(laboratory testing within NHS facilities) as well as 
Pillar 2 (community test facilities set up during the 
pandemic). A data linkage diagram for each of the four 
nations of the UK, along with further information on 
how study variables were obtained from the datasets, is 
in the appendix (p18).

Cohort follow-up started on June 1, 2022, and ended on 
Sept 30, 2022. The cohorts for England, Wales, and 

Research in context

Evidence before this study
We searched PubMed, medRxiv, and SSRN on May 22, 2023, 
using the terms “COVID-19 vaccine uptake” and “COVID-19 
under vaccination” with no time restrictions. Several previous 
papers have studied vaccine uptake in the UK, broadly 
concluding that younger age, higher socioeconomic 
deprivation, and non-White ethnicities were associated with 
lower levels of vaccine uptake. We did not identify any 
population-level studies in the UK examining the association 
between undervaccination and severe COVID-19 outcomes.

Added value of this study
We found that undervaccination (receiving fewer than the 
recommended number of SARS-CoV-2 vaccine doses) was 
associated with increased risks of severe COVID-19 outcomes 
across all age groups studied. Our modelling allowed us to 
estimate that full vaccination (receiving the recommended 

number of SARS-CoV-2 vaccine doses) at the start of the study 
period would have been associated with a reduction of 
7180 severe COVID-19 outcomes from a total of 40 393 severe 
events. To our knowledge, this is the first epidemiological 
analysis using individual-level electronic health records 
covering the entire population of the UK (aged 5 years or older).

Implications of all the available evidence
Our UK-wide analysis suggests that improved vaccination 
coverage during the pandemic would have been associated 
with fewer COVID-19 hospitalisations and deaths in the UK. 
Achieving target COVID-19 vaccination rates has the potential 
to reduce the incidence of severe COVID-19 outcomes in the 
future. The UK’s health data environment now has—for the first 
time—the potential to support the undertaking of analyses on 
its entire population.

For the British Heart 
Foundation Data Science 
Centre’s CVD-COVID-UK/
COVID-IMPACT consortium see 
https://bhfdatasciencecentre.
org/areas/cvd-covid-uk-covid-
impact/ 

See Online for appendix

https://bhfdatasciencecentre.org/areas/cvd-covid-uk-covid-impact/
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Northern Ireland included all individuals registered with a 
general practitioner or family doctor. The cohort for 
Scotland included individuals registered with a general 
practitioner and with recent previous contact with health 
services via secondary care, lateral flow test or PCR testing, 

prescribing, vaccinations, or who died during follow-up. 
Anyone under the age of 5 years at the cohort start date 
was excluded. We could not carry out a single pooled 
analysis due to restrictions on individual-level data sharing 
between national TREs. Therefore, we carried out separate 

England Northern Ireland Scotland Wales

Age group

5–11 4 593 030 (92·5%) 171 850 (97·4%) 306 239 (79·6%) 168 230 (86·3%)

12–15 2 058 315 (71·1%) 846 60 (82·2%) 123 103 (53·1%) 64 490 (54·6%)

16–17 1 256 235 (91·9%) 44 790 (94·5%) 88 850 (83·0%) 39 200 (70·4%)

18–24 3 277 455 (63·8%) 110 180 (68·3%) 187 288 (49·6%) 82 380 (46·8%)

25–29 2 703 100 (60·8%) 80 570 (66·4%) 183 160 (54·4%) 65 180 (46·4%)

30–34 2 708 990 (56·9%) 84 900 (62·6%) 184 350 (50·3%) 70 390 (44·9%)

35–39 2 348 295 (51·2%) 80 650 (56·5%) 157 143 (43·2%) 61 100 (38·9%)

40–44 1 858 920 (43·4%) 65 790 (47·6%) 122 816 (35·3%) 47 880 (31·6%)

45–49 1 348 475 (35·3%) 50 850 (39·2%) 91 012 (27·3%) 37 080 (25·0%)

50–54 1 090 775 (26·5%) 40 410 (29·4%) 71 811 (18·8%) 32 070 (18·3%)

55–59 855 225 (21·0%) 31 870 (23·4%) 53 338 (13·6%) 25 920 (14·2%)

60–64 610 570 (17·0%) 22 390 (18·6%) 35 290 (10·0%) 17 480 (10·6%)

65–69 395 455 (13·4%) 13 870 (14·2%) 21 782 (7·3%) 10 880 (7·7%)

70–74 258 235 (9·7%) 8980 (10·8%) 14 206 (5·3%) 7 630 (5·5%)

75–79 828 490 (35·2%) 20 850 (29·8%) 29 957 (14·8%) 19 210 (16·7%)

80–84 365 730 (24·7%) 13 000 (29·1%) 19 379 (14·8%) 11 880 (16·2%)

≥85 428 280 (27·7%) 12 820 (31·6%) 20 062 (17·5%) 12 850 (18·9%)

BMI

<18·5 1 669 840 (72·8%) ·· 30 430 (47·8%) 13 750 (47·9%)

18·5–25 4 047 195 (37·5%) ·· 145 841 (28·1%) 76 120 (26·1%)

25–30 2 812 845 (28·4%) ·· 115 725 (17·9%) 62 220 (17·9%)

30–35 1 415 140 (26·8%) ·· 64 384 (15·5%) 37 010 (16·4%)

35–40 575 395 (26·4%) ·· 29 732 (15·5%) 17 090 (16·5%)

>40 369 195 (26·4%) ·· 19 573 (15·1%) 9210 (16·3%)

Missing 16 095 960 (59·2%) ·· 1 304 101 (43·1%) ··

Ethnicity

White 18 005 235 (39·6%) ·· 997 853 (30·3%) 672 460 (30·8%)

Asian 3 352 065 (59·8%) ·· 53 737 (43·2%) 27 350 (43·5%)

Black 1 834 835 (74·6%) ·· 19 222 (61·0%) 9770 (60·5%)

Mixed 893 990 (67·9%) ·· 18 226 (56·3%) 15 630 (59·2%)

Other 1 510 010 (66·9%) ·· 16 146 (57·5%) 10 670 (52·4%)

Unknown 1 389 435 (71·9%) ·· 604 602 (40·8%) 37 980 (77·9%)

IMD quintile

1—Most deprived 7 341 955 (60·4%) 224 330 (60·0%) 469 291 (46·1%) 217 590 (43·7%)

2 6 444 300 (52·0%) 207 750 (53·4%) 371 911 (37·6%) 170 490 (35·3%)

3 5 167 530 (43·5%) 193 540 (50·1%) 309 956 (31·9%) 147 230 (32·2%)

4 4 326 475 (37·8%) 178 210 (46%) 277 580 (28·1%) 123 720 (28·0%)

5—Least deprived 3 705 315 (33·3%) 134 610 (38·6%) 260 468 (26·4%) 114 810 (23·9%)

Number of risk groups

0 23 152 160 (50·4%) 728 740 (63·6%) 1 411 655 (39·6%) 548 450 (38·0%)

1 2 637 180 (32·2%) 94 760 (35·2%) 237 198 (23·5%) 161 240 (27·6%)

2 657 245 (24·6%) 49 870 (27·8%) 40 213 (14·7%) 42 990 (21·2%)

3 266 075 (23·2%) 27 530 (23·2%) 12 857 (13·5%) 12 750 (16·8%)

4 135 145 (24·5%) 17 110 (22·0%) 5088 (14·5%) 5000 (15·6%)

≥5 137 770 (27·5%) 20 390 (21·5%) 2775 (16·5%) 3420 (16·1%)

(Table 1 continues on next page)
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cohort studies of undervaccination and severe COVID-19 
outcomes in each nation, and combined these results in a 
fixed-effect meta-analysis using inverse variance weighting.

Exposure
Vaccine deficit was defined as the number of doses 
recommended by the JCVI minus the number of doses 
received. This included COVID-19 vaccines of any type 
licensed in the UK, ie, Pfizer-BioNTech (BNT162b2), 
Oxford-AstraZeneca (ChAdOx1), and Moderna 
(mRNA-1273). The standard recommended vaccine 
schedule during the study period was one dose for the age 
group 5–11 years, two doses for 12–15 years, three doses 
for 16–74 years, and four doses for 75 years and older 
(appendix p19). A small proportion of individuals were 
offered more vaccine doses than normal due to being in 
higher-risk clinical or demographic groups defined by the 
JCVI.1 However, we could not reliably identify these 
individuals in our datasets. Therefore, we took vaccine 
deficit to be the standard number of doses recommended 
by age group minus the number of doses received.

Outcomes
Full vaccination was defined as having received the 
standard JCVI recommended vaccine schedule and 
undervaccination was defined as not having received the 
standard JCVI recommended vaccine schedule.

A severe COVID-19 outcome was defined as COVID-19 
hospitalisation or death. COVID-19 hospitalisation was 
defined as hospitalisation with International Classifi
cation of Diseases version 10 codes for COVID-19 (U07.1, 
U07.2) recorded as the first cause of admission and the 
admission recorded as an emergency in the secondary 
care records. COVID-19 death was defined as death with 
International Classification of Diseases version 10 codes 
for COVID-19 recorded as the underlying cause of 
death.

Statistical analysis
The following variables were included as covariates in 
the common adjustment analysis: age group in years 

(5–11, 12–15, 16–17, 18–24, and then 5-year bands until 
85 or older), sex, ethnicity (White, Black, Asian, Mixed, 
Other, Unknown), urban or rural classification (defined 
by different methodologies in each nation), quintiles of 
index of multiple deprivation (English Index of Multiple 
Deprivation,21 Northern Ireland Multiple Deprivation 
Measure,22 Scottish Index of Multiple Deprivation,23 and 
Welsh Index of Multiple Deprivation24), and number of 
QCovid risk groups (0, 1, and ≥2 in those aged 5–15 years, 
and 0, 1, 2, 3, 4, and ≥5 in those aged ≥16 years).25 Brief 
descriptions of the QCovid risk groups can be found in 
the appendix (pp 14–17).

Additional covariates included in the extended 
adjustment analysis differed by nation depending on 
data availability. These included categorical variables for: 
health board or region, last positive COVID-19 PCR test 
(no positive test, 0–13 weeks, 14–26 weeks, or ≥27 weeks), 
whether the individual had ever been on the shielding 
list, whether someone in the individual’s household had 
ever been on the shielding list, number of people in the 
household (1, 2, 3–5, 6–10, or ≥11), number of COVID-19 
PCR tests in the last 6 months (0, 1, 2, 3, 4–9, or ≥10), 
number of positive COVID-19 PCR tests in the last 
6 months (0, 1, or ≥2), whether the individual had ever 
had a COVID-19 hospitalisation, and non-COVID-19 
hospitalisation as a time-dependent variable taking 
a value of 1 if there was an admission, and 0 otherwise.

QCovid risk groups were derived from general 
practitioner data. Some QCovid risk groups were not 
available in England, Scotland, and Wales. In Scotland, 
this included: whether the individual had undergone 
a bone marrow or stem cell transplant in the last 
6 months; whether they had received radiotherapy in 
the last 6 months; whether they had been prescribed 
immunosuppressants, oral steroids, or anti-leukotriene 
or long-acting β-2 agonists four or more times in the 
last 6 months; whether they had irritable bowel 
syndrome; and whether they had received a solid organ 
transplant. In England, the chemotherapy and housing 
category QCovid risk groups were not available. In 
Wales, QCovid risk groups for HIV/AIDS were not 

England Northern Ireland Scotland Wales

(Continued from previous page)

Sex

Female 12 808 520 (43·4%) 438 460 (46·8%) 780 972 (31·0%) 359 650 (30·3%)

Male 14 177 050 (48·1%) 499 960 (52·7%) 928 814 (37·5%) 414 200 (35·3%)

Urban or rural classification

Urban 23 794 645 (48·2%) 594 650 (50·4%) 1 292 039 (36·3%) 573 540 (34·0%)

Rural 3 190 925 (32·9%) 343 780 (48·7%) 397 167 (28·6%) 200 310 (29·9%)

Total 26 985 570 (45·8%) 938 420 (49·8%) 1 709 786 (34·2%) 773 850 (32·8%)

Data are n (%). Data were collected on the cohort start date of June 1, 2022. Number of risk groups in Northern Ireland was based on number of different British National 
Formulary paragraphs prescribed. Counts are rounded to the nearest 5 in England, and to the nearest 10 in Northern Ireland and Wales. Denominators for subgroups are not 
reported for concision. IMD=index of multiple deprivation.

Table 1: Numbers and proportions of undervaccinated people by nation
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available. For QCovid risk groups that were unavailable, 
everyone in the cohort was assigned to be absent of the 
risk group. Ethnicity and general practitioner data 
(appendix p 18) were not available in Northern Ireland. 
The number of chapters of the British National 
Formulary (BNF)26 from which individuals received 
repeat prescriptions before the vaccination programme 
was used as a proxy for comorbidity. To be included in 

the BNF prescription count, a medicine had to be 
prescribed in each of the two 3-month periods in the 
6 months before the study time period. Medications 
related to contraceptives26 were removed as these do not 
indicate an illness. This method was adapted from an 
approach validated in other multimorbidity studies 
using administrative data.27 In Scotland, a small 
proportion (0·4%) of people did not have data available 

England Northern Ireland Scotland Wales Meta-analysis

Ethnicity, age 5–11 years

White Reference ·· Reference Reference Reference

Asian 0·78 (0·77–0·79) ·· 0·55 (0·53–0·57) 0·57 (0·54–0·61) 0·75 (0·75–0·76)

Black 2·25 (2·19–2·30) ·· 1·11 (1·03–1·20) 0·88 (0·78–1·01) 2·06 (2·02–2·11)

Mixed 1·21 (1·19–1·23) ·· 1·17 (1·11–1·24) 0·94 (0·87–1·00) 1·19 (1·17–1·21)

Other 1·10 (1·08–1·12) ·· 1·15 (1·05–1·26) 1·18 (1·04–1·34) 1·11 (1·09–1·13)

Number of risk groups, age 5–11 years

0 Reference Reference Reference Reference Reference

1 0·68 (0·67–0·68) 0·42 (0·38–0·46) 0·74 (0·72–0·77) 0·64 (0·61–0·66) 0·68 (0·68–0·69)

≥2 0·38 (0·37–0·39) 0·19 (0·17–0·21) 0·48 (0·42–0·54) 0·39 (0·36–0·43) 0·39 (0·38–0·39)

Sex, age 5–11 years

Female Reference Reference Reference Reference Reference

Male 1·02 (1·01–1·02) 0·92 (0·86–0·97) 1·02 (1·00–1·03) 1·02 (1·00–1·05) 1·02 (1·01–1·02)

IMD quintile, age 5–11 years

1—Most deprived Reference Reference Reference Reference Reference

2 0·73 (0·73–0·74) 0·78 (0·70–0·87) 0·79 (0·77–0·81) 0·83 (0·79–0·86) 0·75 (0·74–0·76)

3 0·59 (0·59–0·60) 0·63 (0·56–0·70) 0·63 (0·61–0·64) 0·82 (0·78–0·86) 0·61 (0·60–0·62)

4 0·51 (0·51–0·52) 0·47 (0·43–0·53) 0·54 (0·53–0·56) 0·71 (0·68–0·74) 0·53 (0·52–0·53)

5—Least deprived 0·41 (0·41–0·42) 0·30 (0·27–0·33) 0·41 (0·40–0·42) 0·48 (0·47–0·50) 0·42 (0·41–0·42)

Urban or rural classification, age 5–11 years

Urban Reference Reference Reference Reference Reference

Rural 0·84 (0·83–0·85) 1·14 (1·06–1·21) 1·16 (1·14–1·18) 1·45 (1·41–1·5) 0·92 (0·92–0·93)

Ethnicity, age 12–15 years

White Reference ·· Reference Reference Reference

Asian 1·19 (1·18–1·20) ·· 0·81 (0·77–0·85) 0·78 (0·73–0·83) 1·17 (1·16–1·18)

Black 2·99 (2·95–3·04) ·· 1·40 (1·28–1·53) 1·76 (1·55–2·00) 2·89 (2·85–2·94)

Mixed 1·57 (1·55–1·59) ·· 1·37 (1·27–1·47) 1·48 (1·38–1·59) 1·56 (1·54–1·58)

Other 1·69 (1·66–1·72) ·· 1·78 (1·60–1·99) 1·21 (1·09–1·35) 1·68 (1·66–1·71)

Number of risk groups, age 12–15 years

0 Reference Reference Reference Reference Reference

1 0·86 (0·85–0·87) 0·67 (0·63–0·71) 0·87 (0·84–0·89) 0·91 (0·88–0·94) 0·86 (0·86–0·87)

≥2 0·71 (0·69–0·73) 0·49 (0·45–0·53) 0·68 (0·61–0·75) 0·78 (0·72–0·84) 0·71 (0·70–0·73)

Sex, age 12–15 years

Female Reference Reference Reference Reference Reference

Male 1·03 (1·02–1·04) 1·07 (1·04–1·11) 1·06 (1·04–1·08) 1·08 (1·05–1·10) 1·04 (1·03–1·04)

IMD quintile, age 12–15 years

1—Most deprived Reference Reference Reference Reference Reference

2 0·71 (0·70–0·71) 0·73 (0·69–0·77) 0·72 (0·70–0·74) 0·73 (0·71–0·76) 0·71 (0·71–0·72)

3 0·53 (0·53–0·54) 0·62 (0·58–0·65) 0·53 (0·51–0·54) 0·65 (0·63–0·68) 0·54 (0·54–0·54)

4 0·42 (0·42–0·43) 0·45 (0·42–0·47) 0·41 (0·40–0·42) 0·55 (0·53–0·57) 0·43 (0·42–0·43)

5—Least deprived 0·33 (0·32–0·33) 0·29 (0·28–0·31) 0·03 (0·29–0·31) 0·38 (0·37–0·4) 0·32 (0·32–0·33)

Urban or rural classification, age 12–15 years

Urban Reference Reference Reference Reference Reference

Rural 0·84 (0·83–0·84) 0·98 (0·95–1·01) 0·98 (0·96–1·00) 1·03 (1·00–1·06) 0·86 (0·86–0·87)

(Table 2 continued on next page)
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England Northern Ireland Scotland Wales Meta-analysis

(Continued from previous page)

Age group, age 16–74 years

18–24 years Reference Reference Reference Reference Reference

16–17 years 7·70 (7·65–7·75) 8·26 (7·93–8·61) 6·01 (5·90–6·12) 2·84 (2·78–2·90) 6·95 (6·91–6·99)

25–29 years 0·84 (0·84–0·84) 0·92 (0·91–0·94) 1·02 (1·01–1·03) 0·97 (0·95–0·98) 0·85 (0·85–0·86)

30–34 years 0·73 (0·73–0·73) 0·79 (0·77–0·80) 0·84 (0·83–0·85) 0·9 (0·89–0·91) 0·74 (0·74–0·74)

35–39 years 0·58 (0·58–0·58) 0·62 (0·61–0·63) 0·63 (0·63–0·64) 0·67 (0·66–0·68) 0·59 (0·58–0·59)

40–44 years 0·43 (0·43–0·43) 0·45 (0·45–0·46) 0·46 (0·46–0·47) 0·48 (0·47–0·48) 0·43 (0·43–0·43)

45–49 years 0·31 (0·31–0·31) 0·34 (0·34–0·35) 0·33 (0·32–0·33) 0·34 (0·33–0·35) 0·31 (0·31–0·31)

50–54 years 0·21 (0·21–0·21) 0·23 (0·23–0·24) 0·22 (0·22–0·22) 0·23 (0·23–0·23) 0·21 (0·21–0·22)

55–59 years 0·16 (0·16–0·16) 0·18 (0·18–0·18) 0·16 (0·16–0·16) 0·17 (0·17–0·17) 0·16 (0·16–0·16)

60–64 years 0·13 (0·13–0·13) 0·14 (0·14–0·15) 0·12 (0·11–0·12) 0·12 (0·12–0·13) 0·13 (0·13–0·13)

65–69 years 0·11 (0·11–0·11) 0·11 (0·11–0·11) 0·08 (0·08–0·09) 0·09 (0·09–0·09) 0·10 (0·10–0·10)

70–74 years 0·08 (0·08–0·08) 0·09 (0·08–0·09) 0·06 (0·06–0·06) 0·06 (0·06–0·07) 0·08 (0·08–0·08)

Ethnicity, age 16–74 years

White Reference ·· Reference Reference Reference

Asian 1·61 (1·61–1·62) ·· 1·3 (1·28–1·32) 1·42 (1·39–1·45) 1·60 (1·60–1·61)

Black 3·74 (3·73–3·76) ·· 2·32 (2·26–2·39) 2·85 (2·74–2·96) 3·71 (3·7–3·72)

Mixed 1·96 (1·95–1·97) ·· 1·43 (1·39–1·48) 1·82 (1·76–1·88) 1·95 (1·94–1·96)

Other 2·31 (2·30–2·32) ·· 2·14 (2·08–2·21) 2·03 (1·96–2·10) 2·31 (2·30–2·31)

Number of risk groups, age 16–74 years

0 Reference Reference Reference Reference Reference

1 0·64 (0·64–0·64) 0·54 (0·53–0·55) 0·82 (0·82–0·83) 0·98 (0·97–0·99) 0·67 (0·67–0·67)

2 0·58 (0·58–0·58) 0·49 (0·48–0·50) 0·77 (0·76–0·79) 0·96 (0·95–0·98) 0·61 (0·61–0·61)

3 0·59 (0·58–0·59) 0·47 (0·46–0·48) 0·80 (0·77–0·83) 0·94 (0·91–0·96) 0·61 (0·61–0·62)

4 0·62 (0·62–0·63) 0·44 (0·43–0·45) 0·85 (0·80–0·90) 0·98 (0·94–1·03) 0·65 (0·64–0·65)

≥5 0·67 (0·66–0·68) 0·40 (0·39–0·41) 0·85 (0·76–0·94) 1·00 (0·93–1·07) 0·68 (0·67–0·69)

Sex, age 16–74 years

Female Reference Reference Reference Reference Reference

Male 1·29 (1·29–1·29) 1·32 (1·31–1·33) 1·31 (1·30–1·32) 1·30 (1·29–1·30) 1·29 (1·29–1·30)

IMD quintile, age 16–74 years

1—Most deprived Reference Reference Reference Reference Reference

2 0·71 (0·71–0·71) 0·75 (0·74–0·76) 0·69 (0·68–0·69) 0·74 (0·73–0·75) 0·71 (0·71–0·71)

3 0·54 (0·54–0·55) 0·64 (0·63–0·65) 0·52 (0·51–0·52) 0·65 (0·64–0·65) 0·55 (0·55–0·55)

4 0·43 (0·43–0·43) 0·51 (0·51–0·52) 0·40 (0·39–0·40) 0·53 (0·52–0·54) 0·43 (0·43–0·43)

5—Least deprived 0·33 (0·33–0·33) 0·35 (0·34–0·35) 0·30 (0·30–0·31) 0·41 (0·41–0·42) 0·33 (0·33–0·33)

Urban or rural classification, age 16–74 years

Urban Reference Reference Reference Reference Reference

Rural 0·74 (0·74–0·74) 0·88 (0·87–0·89) 0·93 (0·92–0·93) 1·01 (1·00–1·02) 0·77 (0·77–0·78)

Age group, age ≥75 years

75–79 years Reference Reference Reference Reference Reference

80–84 years 0·56 (0·56–0·57) 0·99 (0·96–1·01) 0·97 (0·95–0·99) 0·94 (0·92–0·97) 0·60 (0·60–0·60)

≥85 years 0·67 (0·67–0·67) 1·12 (1·09–1·15) 1·14 (1·12–1·16) 1·10 (1·07–1·13) 0·71 (0·70–0·71)

Ethnicity, age ≥75 years

White Reference ·· Reference Reference Reference

Asian 3·64 (3·60–3·67) ·· 4·07 (3·73–4·43) 2·06 (1·90–2·24) 3·61 (3·58–3·65)

Black 6·89 (6·78–7·00) ·· 4·13 (3·19–5·36) 3·50 (2·87–4·28) 6·85 (6·74–6·96)

Mixed 2·86 (2·79–2·93) ·· 3·11 (2·37–4·07) 2·23 (1·79–2·78) 2·85 (2·78–2·92)

Other 3·00 (2·94–3·05) ·· 3·49 (2·85–4·28) 2·40 (1·96–2·93) 2·99 (2·94–3·05)

(Table 2 continued on next page)
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on their area of residence, and they were excluded from 
the analysis. There were missing values for ethnicity in 
England, Scotland, and Wales, and these were placed in 
the Unknown category. There were no other variables 
with missing values in our analyses.

In each nation, we created tables of undervaccination for 
a range of clinical and demographic groups, as well as 
cumulative plots of number of doses received and number 
of vaccinations by week and dose number, both stratified 
by age group in years (5–11, 12–15, 16–74, and ≥75).

In each nation, we separately fitted logistic regressions 
in the age groups 5–11 years, 12–15 years, 16–74 years, and 
75 years or older with undervaccination as the dependent 
variable. We then fitted Cox models with time to severe 
COVID-19 outcome as the dependent variable in the age 
groups 5–15 years, 16–74 years, and 75 years or older. 
Individuals were censored at non-COVID-19 death, 
deregistration, or end of the study period. Vaccine deficit 
was included as a time-dependent exposure, changing 
levels on the date an individual received a vaccine dose 
that put them into a different category. We carried out 
analyses with a common set of adjustments, and 
an extended analysis that included further adjustments 
using additional variables that varied by nation depending 
on availability. In England, due to  the significant 
computational demands of running the analyses in the 
very large English population, the Cox model included all 
cases (individuals who had a severe COVID-19 outcome) 

and 50 controls selected randomly without replacement 
per case, with weighting to account for this sampling. 
Cases were assigned a weight of 1, and controls were 
assigned a weight equal to the inverse of their probability 
of being sampled. We made plots and carried out tests of 
the proportional hazards assumption for the Cox models 
using Schoenfeld residuals. We calculated variance 
inflation factors to assess collinearity, as well as 
performance and model selection metrics including 
concordance and the Akaike and Bayesian information 
criteria.

We carried out a fixed-effect meta-analysis of the 
nation-specific results from both the logistic and Cox 
models with common adjustments using inverse 
variance weighting, as the same methods and data 
definitions were used in each nation and similar effects 
were anticipated. We calculated I2 heterogeneity statistics. 
We estimated the reduction in severe COVID-19 
outcomes by the end of follow-up that would have been 
associated with a counterfactual scenario in which 
everyone was fully vaccinated on June 1, 2022, using 
adjusted hazard ratios (aHRs) to approximate risk ratios 
(appendix p 19).

The number of individuals in the cohort for England 
exceeded the population size estimated by the 2021 UK 
census, mainly due to migration and some individuals 
registered at multiple general practices. We performed 
a sensitivity analysis by applying weights by age, sex, and 

England Northern Ireland Scotland Wales Meta-analysis

(Continued from previous page)

Number of risk groups, age ≥75 years

0 Reference Reference Reference Reference Reference

1 0·87 (0·87–0·87) 0·45 (0·43–0·47) 1·06 (1·04–1·09) 0·92 (0·90–0·95) 0·88 (0·88–0·88)

2 0·91 (0·90–0·91) 0·43 (0·42–0·45) 1·17 (1·14–1·19) 0·97 (0·94–1·00) 0·92 (0·92–0·93)

3 0·97 (0·97–0·98) 0·44 (0·42–0·46) 1·28 (1·24–1·31) 1·04 (1·01–1·08) 0·99 (0·98–1·00)

4 1·06 (1·05–1·07) 0·44 (0·43–0·46) 1·37 (1·32–1·43) 1·05 (1·01–1·10) 1·07 (1·06–1·08)

≥5 1·22 (1·21–1·23) 0·47 (0·45–0·49) 1·56 (1·49–1·64) 1·17 (1·11–1·23) 1·23 (1·22–1·24)

Sex, age ≥75 years

Female Reference Reference Reference Reference Reference

Male 0·87 (0·87–0·87) 0·83 (0·81–0·85) 0·84 (0·82–0·85) 0·79 (0·77–0·81) 0·86 (0·86–0·87)

IMD quintile, age ≥75 years

1—Most deprived Reference Reference Reference Reference Reference

2 0·76 (0·75–0·76) 0·75 (0·72–0·78) 0·74 (0·72–0·76) 0·79 (0·76–0·81) 0·76 (0·75–0·76)

3 0·62 (0·61–0·62) 0·7 (0·68–0·73) 0·65 (0·64–0·67) 0·71 (0·69–0·74) 0·62 (0·62–0·63)

4 0·53 (0·53–0·54) 0·59 (0·57–0·61) 0·55 (0·53–0·56) 0·61 (0·59–0·63) 0·54 (0·53–0·54)

5—Least deprived 0·45 (0·45–0·45) 0·49 (0·48–0·51) 0·44 (0·43–0·45) 0·46 (0·45–0·48) 0·45 (0·45–0·45)

Urban or rural classification, age ≥75 years

Urban Reference Reference Reference Reference Reference

Rural 0·90 (0·89–0·90) 1·20 (1·17–1·22) 1·02 (1·00–1·03) 1·02 (0·01–1·05) 0·92 (0·91–0·92)

Data are OR (95% CI). Data were collected on the cohort start date of June 1, 2022. ORs were adjusted multifactorially, with all variables included in the model simultaneously. 
Number of risk groups in Northern Ireland was based on number of different British National Formulary paragraphs prescribed. IMD=index of multiple deprivation. OR=odds 
ratio. 

Table 2: Multifactorial adjusted ORs for undervaccination by age group, individual nation estimates, and meta-analysis
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geographical region so that numbers reflected the most 
recent UK census (appendix pp 4–17).

Ethics and permissions
An ethics and permissions statement can be found in the 
appendix (p 20).

Reporting 
This study is reported in accordance with the Reporting of 
Studies Conducted using Observational Routinely-
Collected Data guidelines (appendix pp 21–25).28,29 Patient 
and public contributors were involved in the design, inter
pretation, and reporting of this study (appendix pp 26–27).

Role of the funding source
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Results
The cohorts consisted of 58·9 million individuals in 
England, 1·9 million in Northern Ireland, 5·0 million in 
Scotland, and 2·4 million in Wales. Table 1 shows 
undervaccination in population subgroups by country. 
The number of individuals undervaccinated as of 
June 1, 2022 was 26 985 570 (45·8%) in England, 
938 420 (49·8%) in Northern Ireland, 1 709 786 (34·2%) in 

Figure 1: Multifactorial adjusted ORs for undervaccination on June 1, 2022: meta-analysis of individual nation estimates
Ethnicity data were not available in Northern Ireland. Number of risk groups in Northern Ireland was based on number of different British National Formulary 
paragraphs prescribed. OR=odds ratio. *Indicates ≥2 risk groups in the 5–11 and 12–15 age groups, and exactly 2 in the other age groups. 
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Scotland, 773 850 (32·8%) in Wales, and 30 407 626 (44·4%) 
in the population aggregated across all four nations. 
Weekly vaccinations by dose and age group, cumulative 
vaccine uptake, and undervaccination plots are shown in 
the appendix (pp 28–39).

We found that higher levels of deprivation, lower 
number of risk groups in those aged 5–74 years, non-
White ethnicity, and being male in the age range 
5–74 years were generally associated with higher chances 
of being undervaccinated in the common adjustment 
analysis (table 2, figure 1). Effect sizes were similar across 
countries for level of deprivation, age, and sex. There was 
some heterogeneity across countries in effect size 
estimates associated with ethnicity, particularly for the 
Black and Asian categories in the 5–11 years and 
12–15 years age groups.

Adjusted odds ratio gradients across different ethnic 
groups were more pronounced in older compared with 
younger age groups. Younger age was strongly associated 
with undervaccination. The results in each country were 
broadly similar for the common and extended adjustment 
analyses (appendix pp 40–45).

There were 33 885 severe COVID-19 events in England, 
1220 in Northern Ireland, 3718 in Scotland, and 1570 in 
Wales. Event counts in undervaccinated and fully 
vaccinated people by nation and age group can be found 
in the appendix (p 46). A cumulative risk plot by week 
aggregated across the four nations can be seen in the 
appendix (p 49). aHRs for a composite outcome of 
COVID-19 hospitalisation or death in each age group are 
shown for the common adjustment analysis in table 3 

and figure 2 (full results in appendix pp 46–83). Vaccine 
deficit was associated with an elevated risk of severe 
COVID-19 outcomes in all age groups and in all countries 
as well as the meta-analysis, particularly in those aged 
75 years and older. aHRs for severe COVID-19 outcomes 
in the meta-analysis for the 16–74 years age group were 
1·26 (95% CI 1·19–1·32) for a vaccine deficit of one dose, 
1·88 (1·71–2·06) for two doses, and 1·50 (1·42–1·57) for 
three doses. In the 75 years and older age group, these 
were 2·70 (2·61–2·78) for a vaccine deficit of one dose, 
3·13 (2·93–3·34) for two doses, 3·61 (3·13–4·17) for 
three doses, and 3·08 (2·89–3·29) for four doses. In 
Northern Ireland and Wales, there was an insufficient 
number of events in the 5–15 years age group to estimate 
the aHRs. In some analyses in Wales, there was also an 
insufficient number of events to estimate aHRs for some 
or all ethnic groups. The sensitivity analysis using 
population weights in England made little difference to 
the results.

A higher number of risk groups was strongly associated 
with severe COVID-19 outcomes across all age groups in 
individual country analyses and the meta-analysis. 
Results in each nation were broadly similar in the 
common and extended adjustment analyses; in 
particular, aHRs associated with vaccine deficit were not 
affected by the additional adjustments in each country 
(appendix pp 51–63 for common adjustment analysis, 
pp 64–80 for extended adjustment analyses). Meta-
analysis estimates and I² heterogeneity statistics can be 
seen in the appendix (pp 81–83). Many of the I2 statistics 
were high. Schoenfeld residuals, variance inflation 
factors, and model performance metrics from fitted 
models are available upon request from the 
corresponding author.

The expected reduction in number of severe COVID-19 
outcomes over 4 months of follow-up, associated with a 
counterfactual scenario in which everyone was fully 
vaccinated on June 1, 2022, by age group and country are 
in the appendix (p 50). There was little difference in this 
calculation between the common and extended 
adjustment analyses. Based on the extended adjustment 
analysis, we estimated that if everyone had been fully 
vaccinated on June 1, 2022, and with all else equal, this 
would have been associated with 210 (95% CI 94–326) 
fewer events in the 5–15 years age group in England and 
Scotland, 1544 (1399–1689) fewer events in the 16–74 years 
age group in total, and 5426 (5340–5512) fewer events in 
the 75 years and older age group in total. 

Discussion
In this study of COVID-19 vaccination across the whole 
UK population (aged 5 years and older), we found that 
undervaccination was associated with higher risk of 
severe COVID-19 outcomes relative to full vaccination. 
We estimate that in a counterfactual scenario in which 
everyone in the UK was fully vaccinated on June 1, 2022, 
there would have been an associated reduction in severe 

Number of 
events

Person-time, 
1000 person-years

Event rate, per 
1000 person-years

Unadjusted HR 
(95% CI)

Adjusted HR 
(95% CI)

5–15 years age group

0 75 538 0·14 Reference Reference

1 482 1737 0·28 1·62 (1·30–2·02) 1·28 (0·98–1·67)

2 135 521 0·26 1·59 (1·22–2·06) 2·41 (1·76–3·30)

16–74 years age group

0 13 796 10 663 1·29 Reference Reference

1 2163 2755 0·79 0·59 (0·56–0·62) 1·26 (1·19–1·32)

2 554 480 1·15 0·86 (0·79–0·93) 1·88 (1·71–2·06)

3 2404 3523 0·68 0·53 (0·51–0·55) 1·50 (1·42–1·57)

≥75 years age group

0 12 361 1580 7·83 Reference Reference

1 5968 326 18·33 2·61 (2·54–2·69) 2·70 (2·61–2·78)

2 1075 44 24·66 3·16 (2·97–3·36) 3·13 (2·93–3·34)

3 196 7 27·92 3·74 (3·25–4·30) 3·61 (3·13–4·17)

4 1184 83 14·24 1·80 (1·69–1·91) 3·08 (2·89–3·29) 

Counts are rounded to the nearest 5 in England and to the nearest 10 in Scotland, Northern Ireland, and Wales. Counts 
of below 10 were suppressed in accordance with statistical disclosure rules implemented by trusted research 
environments. Counts suppressed in this manner were imputed as 5 when calculating totals. In the 5–15 years age 
group, event counts exclude Northern Ireland and Wales due to low numbers. Adjustments were included for: age 
group, sex, ethnicity, urban or rural classification, deprivation, and number of risk groups. Number of risk groups in 
Northern Ireland was based on number of different British National Formulary paragraphs prescribed. HR=hazard ratio. 

Table 3: Severe COVID-19 (COVID-19 hospitalisation or death) events in each age group by vaccine deficit
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COVID-19 outcomes by the end of follow-up of 
210 (95% CI 94–326) in the 5–15 years age group, 
1544 (1399–1689) in the 16–74 years age group, and 
5426 (5340–5512) in the 75 years and older age group, 
from a total of 40 393 severe COVID-19 outcomes 
(14 156 in the undervaccinated).

Although COVID-19 vaccine uptake and effectiveness 
has been studied extensively in the UK and elsewhere,5–16 
fewer studies have looked at the particular association 

between vaccine deficit and severe COVID-19 outcomes. 
This study provides precise estimates of the association 
between full vaccination for the entire population of the 
UK and incidence of severe COVID-19 outcomes. It also 
provides information on which population subgroups had 
the highest levels of undervaccination, which can be used 
to inform policy, public health, and research agendas.

In the analysis with undervaccination as the outcome, 
there was some heterogeneity across countries in effect 

Age 5–15 years Age 16–74 years Age ≥75 years
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Figure 2: Multifactorial aHRs for COVID-19 hospitalisation or death: meta-analysis of individual nation estimates
Ethnicity data were not available in Northern Ireland. Number of risk groups in Northern Ireland was based on number of different BNF paragraphs prescribed. 
aHR=adjusted hazard ratio.
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size estimates for number of risk groups. This could be 
due to different data availability for QCovid risk groups in 
each nation, and the fact that BNF chapters were used as 
a proxy for comorbidities in Northern Ireland. In 
Scotland, adjusted odds ratios for undervaccination were 
higher in the 80–84 years and 85 years and older age 
groups compared with other nations. This could have 
been due to residual confounding from number of risk 
groups—Scotland had a higher proportion of individuals 
in these age groups with no risk groups compared with 
the other nations.

In the analysis of severe COVID-19 outcomes, being 
male in the 75 years and older age group was associated 
with an increase in aHR of severe COVID-19 outcomes 
relative to being female. However, in the 16–74 years age 
group this effect was reversed in England, Scotland, and 
Wales (appendix p 47). This could have been due to 
residual confounding from age; younger males were 
more likely to be undervaccinated, and younger age 
groups were less likely to have an event. Our estimates for 
the 16–74 years and 75 years and older age groups show 
that being unvaccinated (strictly maximum dose deficit) 
was associated with similar or lower hazard ratio for 
severe COVID-19 outcomes compared with being 
vaccinated but having a vaccine deficit of at least one 
dose. This association could be due to vaccine waning 
and the fact that the most recent dose for those with a 
vaccine deficit frequently occurred many months before 
the study start date. The association could also be due to 
an uncontrolled selection effect for healthier individuals 
being more likely to be unvaccinated.

Unadjusted severe COVID-19 outcome event rates 
were not always highest in countries with the highest 
levels of undervaccination at the start of the study 
period. This could be because the differences in overall 
rates of undervaccination were largely driven by younger 
people who were less susceptible to severe COVID-19 
outcomes, and levels of undervaccination across 
different countries might have converged quickly 
during the study period. The effect of being 
undervaccinated on severe COVID-19 outcomes was 
notably larger than the effect of ethnicity or 
socioeconomic status. However, although age was most 
strongly associated with undervaccination, ethnicity and 
socioeconomic status were also associated with 
undervaccination. We estimated that the full vaccination 
counterfactual scenario was associated with an 
approximately 50% reduction in events among those 
who were undervaccinated.

A major strength of our study is that, to our knowledge, 
it is the first epidemiological study carried out using 
individual-level electronic health records covering the 
whole population of the UK (aged ≥5 years). Carrying out 
analyses in parallel across the four nations of the UK and 
combining them in a meta-analysis allows a consistent 
UK-wide picture to be developed, as well as providing 
country-level and regional-level information that can be 

used to tailor policy interventions. The study represents a 
notable step towards the goal of real-time pooled and 
federated health data analytics across the UK.

Our study also has some limitations. A relatively small 
number of people who were in high-risk categories, as 
defined by JCVI,1 were offered more than the standard 
number of doses for their age group. However, we were 
not able to reliably identify these individuals in our data, 
and therefore, we assumed the standard recommended 
vaccine schedule by age group. We were not able to do 
subgroup analyses on immunocompromised 
individuals for the same reason. Ethnicity and QCovid 
risk groups were also not available in Northern Ireland, 
and the number of BNF chapters from which the 
individual had received prescriptions was used as a 
proxy for the latter. There was a high proportion of 
unknown values for ethnicity in England, Scotland, and 
Wales. Effect estimates related to ethnicity were 
imprecise in Scotland and Wales because non-White 
ethnicity was a small minority. A small number of 
QCovid risk groups were not available in each of 
England, Scotland, and Wales, and individuals with 
missing values were assigned the category 
corresponding to absence of the risk factor. Although 
the estimates from our common and extended adjust
ment analyses were broadly similar in all nations, there 
might still have been omitted variable bias and 
confounding that were not adequately accounted for. 
There was heterogeneity in the rates of undervaccination 
as well as the rate of severe COVID-19 events across the 
four UK nations. There was also some heterogeneity in 
the results, and heterogeneity statistics were high for 
some variables in the meta-analysis. This is mainly due 
to one of the included countries being very large relative 
to the others. In general, the trends in all four nations 
were similar, although the heterogeneity could reflect 
some differences between the UK nations. We did not 
do a more granular analysis of the effect of vaccination 
on severe COVID-19 outcomes that took into account 
different vaccine types, and what the dose number 
would have been if individuals had followed JCVI 
guidance; this could be an area for future analysis. We 
did not have complete vaccination data for those 
vaccinated outside the UK. We could not accurately 
identify individuals who were resident in care homes, 
who might have been less likely to be sent to hospital 
when ill. Area-based deprivation measures do not fully 
reflect individual-level measures of socioeconomic 
standing, such as education, income, and home
ownership. There was some evidence of violation of the 
proportional hazards assumption in the Cox models, 
particularly for the time-dependent vaccine deficit 
variable, which might have been due to waning in 
vaccine effectiveness.

The meta-analysis was dominated by England because 
of its size relative to the other countries. However, for this 
reason there is likely substantially more statistical 
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heterogeneity within England than any of the other 
three nations. In future work aiming to study inequalities 
or regional variations, stratifying analyses by regions 
within England could be of value.

There is now the need to build on this work by better 
understanding barriers to vaccination, particularly in the 
subpopulations identified as less likely to be fully 
vaccinated and to formulate health policy and public 
health interventions aiming to improve coverage. This 
could, for example, include the need to tackle vaccine 
misinformation in a more direct fashion, and to continue 
to diversify the use of champions to support public 
messaging and the range of community-based centres 
offering vaccinations. There is also an opportunity to 
build on this unique UK-wide whole-population data to 
answer other questions relating to endemic infectious 
diseases and major pressures facing the NHS, including, 
for example, the post-pandemic waiting list backlog and 
annual winter pressures, and to create physical 
infrastructure and data governance frameworks for 
pooled and federated health data analytics across the UK.

In conclusion, although there are significant challenges 
to carrying out health data analyses on harmonised 
datasets across the UK, there are great potential benefits 
in terms of understanding population health outcomes 
and designing policy interventions. Our analysis provides 
numerical estimates of the association between 
undervaccination and severe COVID-19 outcomes. Our 
analysis indicates that higher vaccination coverage would 
have been associated with considerable reduction in 
severe COVID-19 outcomes, particularly among at-risk 
subpopulations in the UK.
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