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Changes in COVID-19-related mortality across key
demographic and clinical subgroups in England from
2020 to 2022: a retrospective cohort study using the
OpenSAFELY platform

Linda Nab, Edward P K Parker, Colm D Andrews, William J Hulme, Louis Fisher, Jessica Morley, Amir Mehrkar, Brian MacKenna, Peter Inglesby,
Caroline E Morton, Sebastian CJ Bacon, George Hickman, David Evans, Tom Ward, Rebecca M Smith, Simon Davy, lain Dillingham, Steven Maude,
Ben F C Butler-Cole, Thomas O’Dwyer, Catherine L Stables, Lucy Bridges, Christopher Bates, Jonathan Cockburn, John Parry, Frank Hester,

Sam Harper, Bang Zheng, Elizabeth ] Williamson, Rosalind M Eggo, Stephen J W Evans, Ben Goldacre, Laurie A Tomlinson, Alex | Walker, on behalf
of the OpenSAFELY Collaborative

Summary

Background COVID-19 has been shown to differently affect various demographic and clinical population subgroups.
We aimed to describe trends in absolute and relative COVID-19-related mortality risks across clinical and demographic
population subgroups during successive SARS-CoV-2 pandemic waves.

Methods We did a retrospective cohort study in England using the OpenSAFELY platform with the approval of
National Health Service England, covering the first five SARS-CoV-2 pandemic waves (wave one [wild-type] from
March 23 to May 30, 2020; wave two [alpha (B.1.1.7)] from Sept 7, 2020, to April 24, 2021; wave three [delta (B.1.617.2)]
from May 28 to Dec 14, 2021; wave four [omicron (B.1.1.529)] from Dec 15, 2021, to April 29, 2022; and wave five
[omicron] from June 24 to Aug 3, 2022). In each wave, we included people aged 18-110 years who were registered with
a general practice on the first day of the wave and who had at least 3 months of continuous general practice registration
up to this date. We estimated crude and sex-standardised and age-standardised wave-specific COVID-19-related death
rates and relative risks of COVID-19-related death in population subgroups.

Findings 18 895 870 adults were included in wave one, 19014720 in wave two, 18932050 in wave three, 19097970 in
wave four, and 19226475 in wave five. Crude COVID-19-related death rates per 1000 person-years decreased from
4-48 deaths (95% CI 4-41-4-55) in wave one to 2-69 (2-66-2-72) in wave two, 0-64 (0-63-0-66) in wave three, 1-01
(0-99-1-03) in wave four, and 0-67 (0-64-0-71) in wave five. In wave one, the standardised COVID-19-related death
rates were highest in people aged 80 years or older, people with chronic kidney disease stage 5 or 4, people receiving
dialysis, people with dementia or learning disability, and people who had received a kidney transplant (ranging from
19-85 deaths per 1000 person-years to 44-41 deaths per 1000 person-years, compared with from 0-05 deaths per
1000 person-years to 15-93 deaths per 1000 person-years in other subgroups). In wave two compared with wave one,
in a largely unvaccinated population, the decrease in COVID-19-related mortality was evenly distributed across
population subgroups. In wave three compared with wave one, larger decreases in COVID-19-related death rates were
seen in groups prioritised for primary SARS-CoV-2 vaccination, including people aged 80 years or older and people
with neurological disease, learning disability, or severe mental illness (90-91% decrease). Conversely, smaller
decreases in COVID-19-related death rates were observed in younger age groups, people who had received organ
transplants, and people with chronic kidney disease, haematological malignancies, or immunosuppressive conditions
(0-25% decrease). In wave four compared with wave one, the decrease in COVID-19-related death rates was smaller
in groups with lower vaccination coverage (including younger age groups) and conditions associated with impaired
vaccine response, including people who had received organ transplants and people with immunosuppressive
conditions (26-61% decrease).

Interpretation There was a substantial decrease in absolute COVID-19-related death rates over time in the overall
population, but demographic and clinical relative risk profiles persisted and worsened for people with lower
vaccination coverage or impaired immune response. Our findings provide an evidence base to inform UK public
health policy for protecting these vulnerable population subgroups.
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For more on the
OpenSAFELY platform see
https://opensafely.org/

Research in context

Evidence before this study

We searched MEDLINE on Dec 8, 2022, for studies investigating
risk factors for COVID-19 mortality in the UK, published from
Jan 1, 2020, to Dec 6, 2022, using the terms “((coronavir* OR
covid® OR sars*) AND (mortality OR death) AND risk AND (UK
OR United Kingdom))”, with no language restrictions. Multiple
studies showed that various population subgroups were
disproportionately affected by COVID-19 depending on their
demographic and clinical profile. Previous studies in the UK
have reported higher COVID-19-related mortality in people
with older age, male sex, minority ethnicities, public-facing
occupations (eg, social care workers), households of
multigenerational living, social deprivation, learning disability,
and clinical comorbidities, such as obesity, kidney disease,

and immunodeficiency. The studies were predominantly done
in the first year of the COVID-19 pandemic (2020) and focused
on a specific demographic or clinical factor.

Added value of this study

Much of what is known regarding population subgroups at
greater risk of COVID-19-related death comes from the early
stages of the pandemic. This study describes changes in the
distributions of absolute and relative COVID-19-related
mortality risks across population subgroups over the course of
five waves in England from 2020 to 2022. This study shows
that, although absolute COVID-19-related death rates
decreased over time, demographic and clinical relative risk

Introduction

COVID-19 has been shown to disproportionately affect
various subgroups of the population depending on their
demographic and clinical profile.”* Previous studies in
the UK have reported higher COVID-19-related death
rates in people with older age,”” male sex,® minority
ethnicities,” public-facing occupations (eg, social care
workers),"” households of multigenerational living,"”
social deprivation,** learning disabilities,'*” and clinical
comorbidities, such as obesity,® kidney disease,®*
immunodeficiency,”” chronic obstructive pulmonary
disease,” and cancer.”

Much of what is known regarding population
subgroups at greater risk of COVID-19-related death is
based on the early stages of the pandemic. During the
third pandemic wave in the UK, which was dominated
by the delta (B.1.6172) variant and lasted until
mid-December, 2021, overall monthly COVID-19-related
death rates were considerably lower than in the first and
second pandemic waves.® This reduction might be
attributed in part to the widespread implementation of
COVID-19 vaccines among groups at high risk of severe
outcomes,” as well as improvements in clinical
management (eg, timely administration of antivirals® or
corticosteroids® and non-pharmacological interven-
tions,” such as physical distancing and shielding).

profiles persisted and worsened for people with low vaccination
coverage or impaired immune response. Each of the COVID-19
waves after the first wave showed a different pattern in the
distribution of the risk reduction across population subgroups.
Before the roll-out of the national vaccination programme in
wave two (alpha [B.1.1.7]-dominant), the risk reductions were
broadly evenly distributed across population subgroups.

In wave three, larger decreases in COVID-19-related mortality
risk were seen in the subgroups prioritised for vaccination,
except for in the prioritised subgroups with a lower immune
response. In wave four, in a population who had mostly been
vaccinated, risk reductions were again broadly evenly
distributed across most population subgroups, but were
smaller in subgroups with lower vaccination coverage or an
impaired immune response.

Implications of all the available evidence

Improvements in the management of COVID-19 led to a
reduction in population-level COVID-19-related mortality risks
over subsequent waves of the pandemic. These improvements,
however, have not resolved the social and clinical inequalities in
the COVID-19 mortality burden, and inequalities have
worsened for groups of people with low vaccination coverage
or with conditions associated with a low immune response.
Our findings provide an evidence base to inform UK public
health policy to protect these vulnerable population subgroups.

Subsequently, a reduction in the risk of COVID-19-
related death after infection was seen during the omicron
(B.1.1.529)-dominant period (omicron became the
dominant variant in the UK from mid-December, 2021)
compared with during the delta-dominant period.***

Despite these improvements, inequalities in COVID-19-
related mortality burden persist between clinical and
demographic population subgroups. For example, in a
study of post-immunisation infection among people who
had completed a two-dose COVID-19 vaccination series,
population subgroups who had higher rates of COVID-19-
related death—including people with kidney disease and
malignancies—had similar death rates to those seen at
the start of the pandemic.”

We aimed to describe the burden of COVID-19-related
mortality in population subgroups and how this has
changed over successive waves of the pandemic, and
report trends in absolute and relative COVID-19-related
mortality risks across clinical and demographic
population subgroups from 2020 to 2022.

Methods

Study design and participants

We did a retrospective cohort study in England using the
OpenSAFELY platform to access primary care records
managed by the general practice software provider TPP.
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In March, 2020, the Secretary of State for Health and
Social Care used powers under the UK Health Service
(Control of Patient Information) Regulations 2002 to
require organisations to process confidential patient
information for the purposes of protecting public health,
providing health-care services to the public, and
monitoring and managing the COVID-19 outbreak and
incidents of exposure; therefore, the requirement for
informed consent was waived.* This was extended in
November, 2022, for the National Health Service (NHS)
England OpenSAFELY COVID-19 research platform.*

From March 23, 2020, to Aug 3, 2022, five cohorts
were extracted covering the first five SARS-CoV-2
pandemic waves in England (wave one [wild-type]
from March 23 to May 30, 2020; wave two [alpha
(B.1.1.7)] from Sept 7, 2020, to April 24, 2021; wave three
[delta] from May 28 to Dec 14, 2021; wave four [omicron]
from Dec 15, 2021, to April 29, 2022; and wave five
[omicron] from June 24 to Aug 3, 2022).* Details on the
determination of these dates are provided in the
appendix (p 2). In each of the five cohorts, we included
people aged 18-110 years who were registered with a
TPP practice on the first day of the wave and who had
at least 3 months of continuous general practice
registration up to this date, to ensure that baseline data
could be adequately captured. We excluded people who
had missing data on sex or demographics (including the
Sustainability and Transformation Partnership region
[an NHS administrative region] or index of multiple
deprivation).

This study was approved by the Health Research
Authority (20/LO/0651) and by the London School of
Hygiene & Tropical Medicine Ethics Board (21863).

Procedures

The outcome of interest was COVID-19-related deaths,
based on linked death registry records from the Office
for National Statistics. COVID-19-related deaths were
defined as having an underlying or contributory cause of
death listed as COVID-19 (International Classification of
Diseases 10th Revision codes U071 or U072).

Participants were categorised into subgroups for
analysis, which included by demographics, health
conditions listed in UK guidance on groups at higher
risk of severe COVID-19,” other common conditions that
might cause immunodeficiency (inherently or through
medication), and other postulated risk factors for severe
outcomes. A detailed description of the subgroups for
analysis is provided in the appendix (p 2).

The number of COVID-19 vaccine doses received from
wave two onwards was also reported in the full population
and within subgroups. Because the number of doses
changed over time within each wave, we reported the
total person-time spent with each number of doses.
Vaccination dose status was categorised as none to
three doses in wave two; none to four doses in wave three;
and none to five doses in wave four and wave five. People
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who received more than the maximum number of
vaccination doses in a specific wave were categorised as
having received the maximum number. A 2-week lag was
used before updating vaccination dose status, to reflect
delayed-onset immunity after vaccination.

Information on all covariates was obtained from
primary care records by searching TPP SystmOne records
for specific coded data. Missing data were expected for
BMI, smoking, and ethnicity. No missing data were
expected in comorbidities because these were coded as
present or absent. In our analysis, people with missing
ethnicity data were coded as unknown; those with
missing BMI records were coded as no obesity; and those
with missing smoking information were coded as non-
smokers, on the assumption that both obesity and
smoking would be likely to be recorded if present. People
with no serum creatinine measurement and not coded as
having renal replacement therapy were included in the
group with no chronickidney disease or renal replacement
therapy. People with diabetes but no glycated haemoglobin
(HbA1) measurement were included in a separate
category of diabetes without recent HbA1 measurement.
These assumptions have previously been tested in
sensitivity analyses.!

Statistical analysis

Crude COVID-19-related death rates were calculated for
the overall population and then stratified by subgroup for
the five pandemic waves. To account for age and sex
differences between subgroups, death rates were directly
standardised for age and sex to the European Standard
Population using 5-year age bands, except for rates of
death by age group (not standardised) and rates of death
by sex (standardised for age only). 95% Cls were obtained
taking the normal approximation to the binomial
distribution.*® To capture changes in absolute COVID-19-
related death rates over time, fold-changes in death rates
(defined as the ratio between two death rates) were
calculated for waves two, three, four, and five compared
with wave one.

For each of the five waves and each of the clinical and
demographic covariates of interest, a Cox proportional
hazards model was fitted. Models were adjusted for age
using restricted cubic splines with four knots, except for
the estimation of relative hazard of death by age group;
adjusted for sex, except for the estimation of relative
hazard of death by sex; and stratified by Sustainability
and Transformation Partnership region to account for
regional differences in infection rates. Follow-up began
on the first date of the wave and ended at the earliest
occurrence of COVID-19-related death, death by other
causes, or the end date of the wave. For clinical
conditions, people without the clinical condition were
the reference group. For the variables with more than
two categories, we used reference values of 50-59 years
for age, 5 (least deprived) for index of multiple
deprivation, and never or unknown for smoking.

See Online for appendix
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33467420 people were registered with a general practice
using TPP software on March 23, 2020

6640915 excluded
6639575 younger than 18 years
orolder than
110years
1340 had missing data
on sex

v
| 26826505 eligible for inclusion |

7581465 were missing demographic

information and excluded

y
| 19245040 eligible and had demographic information |

349170 had less than 3 months of

g follow-up and were excluded

A

| 18895870 included in the study population for wave one

Figure 1: Participant selection for wave one of the SARS-CoV-2 pandemic
All counts were rounded to the nearest five.

Proportional hazards assumptions were assessed by
testing for a zero slope in the scaled Schoenfeld residuals
and graphical methods. To capture changes in the relative
risk of COVID-19-related death over time, fold-changes
in the relative hazard (defined as the ratio between
relative hazards) were calculated for waves two, three,
four, and five compared with wave one.

Data management was performed using Python
(version 3.8), and analyses were done using R (version 4.0).

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

18895870 adults were included in wave one,
19014720 in wave two, 18932050 in wave three,
19097970 in wave four, and 19226475 in wave five
(figure 1, table; appendix pp 3—4). In the final included
study population, 5096200 (27-0%) people in wave one,
5435225 (28:6%) in wave two, 5925225 (31-3%) in
wave three, 6426430 (33-6%) in wave four, and
6922705 (36-0%) in wave five had missing data on
BMI; 805205 (4-3%), 867175 (4-6%), 918670 (4-9%),
989355 (5:2%), and 1054240 (5-5%) had missing data
on smoking status; and 1510040 (8-0%), 1533890 (8-1%),
1536035 (8-196), 1573330 (8-2%), and 1611940 (8-4%)
had missing data on ethnicity. COVID-19-related death
was recorded in linked registration data for 15725 people
in the study population in wave one, 31975 in wave two,

6635 in wave three, 7110 in wave four, and 1420 in
wave five. Follow-up time in the overall population was
3512400 person-years in wave one, 11875400 in wave two,
10337200 in wave three, 7043600 in wave four, and
2101400 in wave five. The percentage of people in the
various population subgroups stayed approximately
stable over time (table), except for some minor
differences.

The crude COVID-19-related death rates in the overall
population per 1000 person-years decreased from
4-48 deaths (95% CI 4-41-4-55) in wave one to 2-69
(2-66-2-72) in wave two, 0-64 (0-63-0-66) in wave three,
1-01 (0-99-1-03) in wave four, and 0-67 (0-64-0-71) in
wave five. Similar trends in COVID-19-related death rates
over time were seen in the population subgroups
(appendix pp 5-9). Crude COVID-19-related death rates
decreased in all population subgroups from wave one to
wave two and then further decreased in wave three,
except in people who had received an organ transplant
(eg, in people who had received a kidney transplant, the
crude death rate per 1000 person-years was 15-58 deaths
[95% CI 13-05-18-12] in wave two and 15-91[13-17-18 - 64]
in wave three). In most population subgroups, the crude
COVID-19-related death rate increased in wave four
(omicron-dominant) compared with wave three (delta-
dominant) but then decreased again in wave five (a
pattern that was pronounced in some subgroups, such as
in people aged 80 years or older, where the crude death
rate per 1000 person-years of 4-.54 deaths [95% CI
4-38-4-71] in wave three increased to 10-01 [9-71-10- 30]
in wave four and decreased to 6-7 [6-26-7-14] in
wave five).

The sex-standardised and age-standardised COVID-19-
related death rates in the overall population per
1000 person-years decreased from 4-56 deaths in
wave one (95% CI 4:49—4.64) to 2-77 (2-73-2-80) in
wave two, 0-65 (0-64-0-67) in wave three, 1-04
(1-01-1-06) in wave four, and 0-69 (0-65-0-72) in
wave five, representing an overall fold-change in
death rate of 0-61 for wave two versus wave one,
0-14 for wave three versus wave one, 0-23 for wave four
versus wave one, and 0-15 for wave five versus
wave one. Across population subgroups, the standardised
COVID-19-related death rates were consistently lower in
waves two, three, four, and five compared with wave one
(figure 2; appendix pp 4, 10-13).

In wave one, the sex-standardised and age-standardised
COVID-19-related death rates were highest in people
aged 80 years or older, people with chronic kidney disease
stage 5 or 4, people receiving dialysis, people with
dementia or learning disabilities, and people who
had received a kidney transplant (ranging from
19-85 to 44-41 deaths per 1000 person-years compared
with from 0-05 to 15-93 deaths per 1000 person-years in
other subgroups; figure 2). In wave two versus wave one,
the decrease in standardised COVID-19-related death
rates was broadly evenly distributed across population
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Wave one
(n=18895870)

Wave two
(n=19 014 720)

Wave three
(n=18932050)

Wave four
(n=19097970)

Wave five
(n=19226 475)

Age, years

18-39

40-49

50-59

60-69

70-79

>80

Sex

Female

Male

Ethnicity

White

Mixed

South Asian

Black

Other

Unknown

Region

North East

North West

Yorkshire and the Humber
East Midlands

West Midlands

East of England

London

South East

South West

Index of Multiple Deprivation quintile
5 (least deprived)

4

3

2

1 (most deprived)

BMI

No obesity

Obesity class | (30-0-34-9 kg/m?)
Obesity class Il (35:0-39-9 kg/m?)
Obesity class Il (=40-0 kg/m?)
Smoking status

Never or unknown

Previous smoking

Current smoking

Asthma

No asthma

Asthma with no oral steroid use
Asthma with oral steroid use
Diabetes

No diabetes

Controlled diabetes

Diabetes not controlled

No recent HbA1, measure

6725965
3076590
3270775
2555985
2064500
1202055

35-6%)
16:3%)
173%
13-5%
10-9%)
6-4%)

)
)

9496 635 (50-3%)
9399235 (49:7%)

15058 520 (79-7%)
227745 (12%)
1244045 (6-6%)
422975 (2:2%)
432545 (2:3%)
1510040 (8-0%)
899915 (4-8%)
1648900 (8:7%)
2668670 (14-1%)
3296615 (17-4%)
763055 (4-0%)
4367135 (23-1%)
1315950 (7-0%)
1270625 (6-7%)
2665005 (14-1%)

3548820 (18-8%)
3908825 (20-7%)
4028240 (21:3%)
3758275 (19:9%)
3651710 (19:3%)
14769 835 (78-2%)
2480740 (131%)
1008565 (5:3%)
636730 (3:4%)

9490920 (50-2%)
6184190 (32:7%)
3220760 (17%)

15814235 (83-7%)
2757105 (14-6%)
324530 (17%)

16987330
1617210
80390
210940

89:9%)
8-6%)
0-4%)
1-1%)

6742875 (35:5%)
3076590 (16-3%)
3270775 (17-3%)
2585615 (13-6%)
2091885 (11%)

1208840 (6-4%)

9548245 (50-2%)
9466 475 (49-8%)

15108180 (79-5%)
232780 (1-2%)
1269475 (6:7%)
431055 (2:3%)
439345 (2:3%)
1533890 (8-1%)
903135 (4-7%)
1653580 (87%)
2689445 (14-1%)
3311015 (17-4%)
767420 (4-0%)
4400625 (23-1%)
1335490 (7:0%)
1275550 (6:7%)
2678460 (14-1%)

3570255 (18-8%)
3932355 (20-7%)
4049630 (21:3%)
3782190 (19-9%)
3680290 (19-4%)
14929790 (78-5%)
2451220 (12:9%)
1000385 (53%)
633325 (33%)

9595080 (50-5%)
6208280 (32-6%)
3211360 (16:9%)

15912575 (83-7%)
2806845 (14-8%)
295300 (1-6%)

17091580 (89-9%)
1536745 (8-1%)
76995 (0-4%)

(
(
(
309400 (1-6%)

6665485 (35-2%)
3076590 (16:3%)
3297225 (17-4%)
2606015 (13-8%)
2110905 (11-1%)
1192170 (6:3%)

9515160 (50-3%)
9416890 (49-7%)

14989530 (79-2%)
236810 (1-3%)
1287085 (6-8%)
437195 (2:3%)
445390 (2-4%)
1536035 (8-1%)

897645 (4-7%)
1647735 (8:7%)
2681755 (14-2%)
3290915 (17-4%)

759560 (4-0%)
4376130 (23-1%)
1336580 (7:1%)
1267320 (6:7%)
2674410 (14-1%)

3555735 (18-8%)
3918315 (20-7%)
4031870 (21:3%)
3764715 (19:9%)
3661410 (19:3%)
14971695 (79-1%)
2367555 (12:5%)

973600 (51%)

619200 (3-3%)

9587155 (50-6%)
6210865 (32-8%)
3134030 (16-6%)

15846 620 (83-7%)
2889425 (153%)
196000 (1-0%)

16935210 (89-5%)
1523125 (8-0%)
75170 (0-4%)
398540 (2:1%)

6711790 (35-1%
3087230 (16-2%
3320805 (17-4%

( )

( )

(
2642395 (13-8%

(

(

)
)
2131140 (11:2%)
1204610 (6:3%)

9563885 (50-1%)
9534085 (49-9%)

15047 885 (78-8%)
243975 (1:3%)
1321685 (6:9%)
447510 (2:3%)
463590 (2-4%)
1573330 (8:2%)

901265 (4-7%)
1655970 (8:7%)
2697500 (14-1%)

3314045 (17-4%)

761300 (4-0%)
4400165 (23-0%)
1395025 (7:3%)
1275820 (6:7%)
2696880 (14-1%)

3577560 (18-7%)
3957260 (20-7%)
4071765 (21:3%)
3802715 (19:9%)
3688670 (19:3%)

15214405 (79:7%)
2316960 (12:1%)
956220 (5:0%)
610390 (3-2%)

9709585 (50-8%)
6263090 (32-8%)
3125295 (16-4%)

16006 850 (83-8%)
2840335 (14-9%)
250785 (13%)

17028460 (89-2%)
1682005 (8:8%)
72350 (0-4%)
315155 (1-7%)

6793445 (35:3%)
3087230 (162%)
3316370 (17-2%)
2674170 (13-9%)
2144025 (11:2%)
1211820 (6:3%)

9623880 (50-1%)
9602595 (49:9%)

15046150 (78:3%)
251780 (1-3%)
1365515 (7:1%)
463075 (2-4%
488015 (2:5%
1611940 (8-4%)

(
(
@
(2-4%)
(2:5%)
(

906215 (4-7%)
1664080 (8:7%)
2718 855 (14-1%)
3346630 (17-4%)

762285 (4-0%)
4395375 (22:9%)
1431910 (7-4%)
1285665 (6:7%)
2715455 (14-1%)

3602985 (18-7%)
3984360 (20.7%)
4099655 (21-3%)
3836800 (20-0%)
3702670 (19-3%)

15439985 (80-3%)

2253460 (11.7%)
934105 (4-9%)
598925 (3-1%)

9848195 (51:2%)
6299560 (32-8%)
3078720 (16%)

16131825 (83-9%)
2806590 (14-6%)
288060 (1-5%)

17074535 (88-8%)
1797890 (9-4%)
70985 (0-4%)
283065 (1-5%)

(Table continues on next page)
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Wave one
(n=18895870)

Wave two
(n=19 014 720)

Wave three
(n=18932050)

Wave four
(n=19 097 970)

Wave five
(n=19226 475)

(Continued from previous page)
CKD or RRT

None

CKD stage 3a

CKD stage 3b

CKD stage 4

CKD stage 5

RRT (dialysis)

RRT (transplant)

Organ transplant

No transplant

Kidney transplant

Other organ transplant
Comorbidities

Hypertension

Chronic respiratory disease
Chronic cardiac disease

Cancer (non-haematological)
Haematological malignancy
Chronic liver disease

Stroke

Dementia

Other neurological disease
Asplenia

Rheumatoid arthritis, lupus, or psoriasis
Immunosuppressive condition
Learning disability

Severe mental illness

17870605 (94-6%)
680330 (3-6%)
251460 (13%)

60595 (0-3%)

6615 (<0-1%)

13645 (0-1%)

12615 (0-1%)

18875550 (99-9%)
15005 (0-1%)
5315 (<0-1%)

6369885 (33-7%)
755 655 (4-0%)
1251760 (6-6%)
923890 (4-9%)
108355 (0-6%)
110095 (0-6%)
396830 (2:1%)
47085 (0-2%)
186335 (1-0%)
30255 (0-2%)
949935 (5:0%)
234890 (1-2%)
106710 (0-6%)
224545 (1-2%)

18010570 (94-7%)
665920 (3:5%)
245825 (1:3%)

59490 (0:3%)
6600 (<0-1%)

13735 (0

12580 (

1%)
0-1%)

18994325 (99-9%)
15055 (0-1%)
5345 (<0-1%)

6347260 (33-4%)
747180 (3-9%)
1246395 (6-6%)
924990 (4-9%)
108935 (0-6%)
111515 (0-6%)
395445 (21%
43090 (0-2%
(1

30235 (0-2%
952865 (5:0%
237140 (1-2%)
108145 (0-6%
226300 (1-2%)

)
)
184530 (1-0%)
)
)
)

17925880 (94-7%)
667050 (3-5%)
246490 (1-3%)

59510 (0-3%)

6660 (<0-1%)

13875 (0-1%)

12585 (0-1%)

18911585 (99-9%)
15105 (0-1%)
5360 (<0-1%)

6341955 (33-5%)
742030 (3-9%)
1245520 (6-6%)
936405 (4-9%)
110125 (0-6%)
114775 (0-6%)
397485 (21%
40995 (02%
1:0%
( 0
(
(
(
(

183535 (1-0
2%

30090
953495 (5-0%
241915 (1-3%)
111890 (0-6%
229040 (1-2%)

)
)
)
)
)
)

18083705 (94-7%)
670045 (3-5%)
249595 (1-3%)

61195 (0-3%)
6840 (<0-1%)

14050 (0

12540 (

-1%)
0-1%)

19077500 (99-9%)
15090 (0-1%)
5380 (<0-1%)

6350220 (33:3%)
742950 (3-9%)
1253705 (6-6%)
950925 (5-0%)
111510 (0-6%)
118085 (0-6%)
403730 (2:1%)
40530 (0-2%)
184715 (1.0%
30190 (0-2%
958965 (5-0%
249740 (13%
113950 (0-6%
231275 (1-2%

18200150 (94-7%)
680175 (3:5%)
250295 (1-3%)

61990 (0-3%)
7165 (<0-1%)

14140 (0

12560 (

-1%)
0-1%)

19205935 (99:9%)
15140 (0-1%)
5400 (<0-1%)

6377980 (33-2%)
743560 (3-:9%)
1260525 (6-6%)
963080 (5-0%)
112435 (0-6%)
120795 (0-6%)
409110 (2-1%
39485 (0-2%
185405 (1-0%
30380 (0-2%
964710 (5-0%
256 495 (13%)
115850 (0-6%)
232270 (1-2%)

)
)
)
)
)

disease. RRT=renal replacement therapy.

Data are n (%). All counts were rounded to the nearest five and might therefore not sum to the total; percentages were rounded to the first decimal place. CKD=chronic kidney

Table: Participant characteristics in the first five SARS-CoV-2 pandemic waves in England

subgroups (fold-change ranging from 0-45 to 0-77 for
69 of 71 subgroups), except for in people who had
received non-kidney organ transplants and people aged
18-39 years, who had a fold-change for wave two versus
wave one of 1.-00. Consequently, the population
subgroups who had the highest COVID-19-related death
rates in wave two were consistent with those observed in
wave one (with absolute death rates ranging from
12-91 to 25-75 in the mentioned highest risk groups
compared with from 0-05 to 10-71 deaths per 1000 person-
years in other subgroups).

More variation in the decline in standardised
COVID-19-related death rates across population
subgroups was seen in wave three than in wave one (fold-
changes ranging from 0-09 to 1-00; figure 2). The largest
decreases in death rates in wave three compared with
wave one were in groups of older age and people with
neurological disease, learning disabilities, or severe
mental illness (fold-changes ranging from 0-09 to 0-10).
Conversely, decreases in COVID-19-related death rates

were substantially attenuated in younger age groups,
people who had received organ transplants, and people
with chronic kidney disease, haematological malig-
nancies, or immunosuppressive conditions (fold-changes
ranging from 0-75 to 1-00).

In general, less variation in standardised COVID-19-
related death rates between subgroups was seen when
comparing wave four with wave one (fold-changes from
0-15 to 0-30 for 61 of 71 clinical and demographic
subgroups). The largest decreases in death rates were
seen in people with learning disabilities, dementia, or
severe mental illness, and Black, south Asian, or other
ethnicities (fold-changes ranging from 0-13 to 0-15).
The decrease in COVID-19-related death rates was
attenuated in people who had received a kidney
transplant, people with haematological malignancies or
immunosuppressive conditions, and current smokers
(fold-changes ranging from 0-34 to 0-40) and highly
attenuated in people aged 18-39 years (fold-change
0-60 vs 0-21-0-29 in older age groups) and people who
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Age, years

Sex

Ethnicity

Index of Multiple Deprivation quintile

BMI

Smoking status

Asthma

Diabetes

CKD or RRT

Organ transplant

Hypertension

Chronic respiratory disease
Chronic cardiac disease
Cancer (non-haematological)
Haematological malignancy
Chronic liver disease

Stroke

Dementia

Neurological disease
Asplenia

Rheumatoid arthritis, lupus, or psoriasis
Immunodeficiency

Learning disability

Severe mental illness

Wave-specific mortality

Fold-change in death rate compared with wave one

Wave two
18-39 e== E :
40-49 eece - 1
50-59+4 e ce - 1
60-69- e ce - E
70-79 e e - :
>80 c e ce - ]
Female ce e - ]
Male | ee e - ]
White | § E
Mixed - 1
South Asian— - ]
Black . ]
Other— . ]
Unknown - ]
5 (least deprived) -
44 b ]
34 - ]
2+ - 1
1 (most deprived) - .
No obesity - - ]
Obesity class | (30-0-34.9 kg/m?) - ]
Obesity class Il (35-0-39.9 kg/m?) - ]
Obesity class 11l (240-0 kg/m?) e ]
Never or unknown ce ce -
Previous smoking - e ce - ]
Current smoking | e o e 3
No asthma— ee o -
Asthma with no oral steroid use e -e - ]
Asthma with oral steroid use| se e B ]
No diabetes ce co - 1
Controlled diabetes ® e B ]
Diabetes not controlled | - -e - :
No recent HbA,  measure -| c ® e ]
No CKD or RRT e -0 -
CKD stage 3a— - -e - ]
CKD stage 3b— —_— - 3
CKD stage 4 - -e . :
CKD stage 5 —_— - ]
RRT (dialysis)— - - - ]
RRT (transplant) 4 —_ e :
No transplant - ce ce - ]
Kidney transplant - —_— - ]
Other organ transplant —e - :
No - ®e ® - E
Yes e ceo — 1
No— e o e _
Yes e -e - :
No— e o -
Yes ® e - :
No ce e -
Yes ce o - ]
No ce -e .
Yes oo - :
No | ce o - ]
Yes ce -o - :
No - ce ce - E
Yes e o e ]
No— ee wo -
Yes — e = e - 1
No - ee oo — ]
Yes ce =@ e 1
No— ee ceo m E
Yes - —oo o - 1
No | ee ce . ]
Yes— e -e E 1
No - ce e e E
Yes+ Wave o e E
® One 4
No - e e - ]
Yes| © Two - =e - 1
® Three i
No— o Four ®® ©° - ]
Yes e - @ - 1
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Figure 2: Sex-standardised
and age-standardised
COVID-19-related death
rates per 1000 person-years
in OpenSAFELY-TPP in the
first four pandemic waves by
population subgroup
Models were standardised for
age and sex using the
European standard
population, except for the
death rates by age group (not
standardised) and death rates
by sex (standardised by age).
The three columns on the
right present the fold-changes
in death rate in each wave
compared with wave one.
Equivalent data relating to
wave five are shown in the
appendix (pp 11-13).
CKD=chronic kidney disease.
RRT=renal replacement
therapy.
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18-39
40-49-
50-59 (ref)
60-69
70-79-
>80

Sex Female (ref) -
Male

White (ref) 4
Mixed
South Asian—
Black |
Other—
Unknown

t
‘

Age, years

!
PN
0

Ethnicity

t
ot

Index of Multiple Deprivation quintile 5 (least deprived; ref)
4

34
2

1 (most deprived) |

BMI No obesity (ref)
Obesity class | (30-0-34.9 kg/m?)

Obesity class Il (35-0-39.9 kg/m?) o
Obesity class Il (240-0 kg/m?)

Never or unknown (ref)
Previous smoking -
Current smoking—

Smoking status

Asthma No asthma (ref)
Asthma with no oral steroid use

Asthma with oral steroid use|

No diabetes (ref)—
Controlled diabetes
Diabetes not controlled -
No recent HbA1c measure -

No CKD or RRT (ref)—
CKD stage 3a

CKD stage 3b—

CKD stage 4+

CKD stage 5+

RRT (dialysis) -

RRT (transpﬁ'/int) E

Diabetes

CKD or RRT

Organ transplant No transplant ﬁref) —
Kidney transplant

Other organ transplant

Hypertension
Chronic respiratory disease -
Chronic cardiac disease
Cancer (non-haematological) -
Haematological malignancy |
Chronic liver disease -
Stroke |
Dementia—
Neurological disease -
Asplenia|

Rheumatoid arthritis, lupus, or psoriasis— Two
Immunodeficiency- e Three
Learning disability -
Severe mental illness -

Other clinical risk group

Wave-specific relative mortality

HR fold-change compared with wave one

Wave two Wave three Wave four
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Figure 3: Relative hazard of COVID-19-related death in OpenSAFELY-TPP in the first four pandemic waves by population subgroup
Models were adjusted for age using a four-knot cubic spline, except for estimation of relative hazard of death by age group; adjusted for sex, except for estimation of

relative hazard of death by sex; and stratified by region. The three columns on the ri

ight present the fold-change in HR for COVID-19-related death in each wave

compared with wave one. Equivalent data relating to wave five are shown in the appendix (pp 14-16). CKD=chronic kidney disease. HR=hazard ratio. RRT=renal

replacement therapy.

had received a non-kidney organ transplant (fold-change
of 0-74). Fold-changes in wave five compared with
wave one were similar to those for wave four versus
wave one (appendix pp 11-13).

Patterns in subgroup-specific sex and age adjusted
relative hazards of COVID-19-related death (stratified by
Sustainability and Transformation Partnership region)
were consistent throughout the five pandemic waves
(figure 3, appendix pp 14-16). In wave one, the relative
hazard of COVID-19-related death was increased in
groups of people aged 60 years or older versus people

aged 50-59 years, males versus females, people with
non-White ethnicity versus people with White ethnicity,
people living in deprived areas versus people living in the
least deprived areas, and people with various clinical
comorbidities versus people without the comorbidity.
Although the direction of these associations was
consistent across successive waves, the scale differed. We
quantified this change by measuring the ratio of hazard
ratios (HRs) relative to those observed in wave one.
Specifically, the fold-changes in HR for COVID-19-
related death were relatively small in wave two compared
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Wave three Wave four

Age, years 18-39
40-49

50-59

60-69

70-79

280

Sex Female
Male

Ethnicity mhits
ixe

South Asian

Black

Other

Unknown

Index Multiple of Deprivation quintile 5 (least deprived)
4

3

2

1 (most deprived)
BMI No obesity
Obesity class | (30-0-34.9 kg/m?)

Obesity class Il (35-0-39.9 kg/mz)
Obesity class Il (=40-0 kg/m?)

Smoking status Never or unknown
Previous smoking
Current smoking

Asthma No asthma
Asthma with no oral steroid use
Asthma with oral steroid use

Diabetes No diabetes
Controlled diabetes
Diabetes not controlled
No recent HbAlc measure

CKD or RRT No CKD or RRT
CKD stage 3a
CKD stage 3b

CKD stage 4
CKD stage 5

RRT (dialysis)
RRT (transpént)
Organ transplant No transplant

Kidney transplant
Other organ transplant

Hypertension No

Yes

Chronic respiratory disease No
Yes

Chronic cardiac disease No

Yes

Cancer (non-haematological) No
Yes

Haematological malignancy No
Yes

Chronic liver disease No

Yes

Stroke No

Yes

Dementia No

Yes

Neurological disease No

Yes

Asplenia No

Yes

Rheumatoid arthritis, lupus, or psoriasis No
Yes

Immunodeficiency No

Yes

Learning disability No

Yes

Severe mental illness No
Yes

T T T T T
Number of vaccine doses 25 50 75 100 0 25 50 75
o BNl 2 [O3 N4 WS Percentage of follow-up time (%) Percentage of follow-up time (%)

=
o
o

Figure 4: Percentage of follow-up time with number of COVID-19 vaccine doses in waves three and four by population subgroup
Equivalent data for waves two to five are shown in the appendix (p 17). CKD=chronic kidney disease. RRT=renal replacement therapy.
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with wave one (HR fold-changes ranging from
0-75 to 1-58; figure 3). In wave three, HRs relative to
wave one increased in all subgroups (HR fold-changes
ranging from 1-03 to 5-71), except for in people aged
60 years or older and those with unknown ethnicity,
dementia, other neurological disease, learning disability,
severe mental illness, stroke, or asplenia (HR fold-
changes ranging from 0-34 to 0-91). The largest
decreases in HR were seen in people aged 80 years or
older (HR fold-change relative to wave one of 0-34) and
in people with learning disability (HR fold-change
relative to wave one of 0-47). By contrast, the largest
increases in HR were seen in people aged 18-39 years
(HR fold-change relative to wave one of 3-30) and in
people who had received an organ transplant (HR fold-
change relative to wave one of 3-60 in people who had
received a kidney transplant and 5-70 in people who had
received other organ transplants). For people with non-
White ethnicity, there was a modest increase in HR for
wave three compared with wave one (HR fold-changes
ranging from 1-03 to 1-23).

In wave four, fold-changes in COVID-19-related death
HR relative to wave one for clinical comorbidities were
generally consistent with those observed in wave three
(HR fold-changes ranging from 0-74 to 2- 22 in wave three
compared with from 0-53 to 1-89 in wave four), with the
largest increases again observed in people who had
received organ transplants (HR fold-changes relative to
wave one of 2-44-3.05). The fold-change in HR in
different age groups in wave four compared with wave one
ranged from 0-97 to 1-07, except for in people aged
18-39 years, who retained the increased HR observed in
wave three (HR fold-change relative to wave one of 3-00).
By contrast to the pattern observed in wave three, for
groups with non-White ethnicity, there was a modest
decrease in HR for wave four compared with wave one
(HR fold-change of 0-68-0-90). Fold-changes in wave five
compared with wave one were similar to those seen for
wave four compared with wave one (appendix pp 14-16).

In wave two, the percentage of follow-up time with two
or more COVID-19 vaccine doses was 1% in the overall
population, but was much higher in people aged 80 years
or older, at 8% (appendix pp 17-23). In wave three,
two-dose vaccination coverage was higher in people with
conditions that were risk factors for severe COVID-19
who were prioritised for vaccination, except for people
with severe mental illness. Two-dose vaccination
coverage was lower in people with non-White ethnicity,
people living in socially deprived areas (based on index of
multiple deprivation quintile), and in current smokers
(figure 4, appendix pp 17-23). For example, 96% of follow-
up time in people aged 80 years or older was with two or
more vaccine doses compared with 42% in people aged
18-39 years, while 77% of follow-up time among people
living in the least deprived areas was with two or more
vaccine doses compared with 58% in people living in the
most deprived areas. Similar patterns were seen in

three-dose coverage in wave four and wave five (figure 4,
appendix pp 17-23).

Discussion

In this observational, retrospective cohort study in
England that included about 19 million adults per wave
in the first five sequential SARS-CoV-2 pandemic waves
from 2020 to 2022, we provided a comprehensive
description of COVID-19-related mortality in various
demographical and clinical subgroups. The relative
hazard of COVID-19-related death remained increased
through successive pandemic waves in people aged
60 years or older versus people aged 50-59 years, males
versus females, people with non-White ethnicity versus
people with White ethnicity, people living in deprived
areas versus people living in the least deprived areas,
and people with various clinical comorbidities versus
people without the comorbidity. For ethnic minorities,
there was a decrease in relative hazard in waves four
and five. For conditions such as kidney disease, people
with greater severity disease were at greater risk of
COVID-19-related death. Overall, COVID-19-related
death rates were consistently lower in waves two, three,
four, and five compared with wave one. Comparing
wave two with wave one, the decrease in risk of
COVID-19-related death was evenly distributed across
population subgroups. For wave three compared with
wave one, larger decreases in COVID-19-related death
rates were seen in groups with older age and people with
neurological disease, learning disability, or severe
mental illness. Conversely, smaller decreases in
COVID-19-related death rates were observed in younger
age groups, people who had received organ transplants,
and people with chronic kidney disease, haematological
malignancies, or immunosuppressive conditions.
Consequently, relative hazards of COVID-19-related
death in people with these clinical conditions versus
people without the clinical condition increased by
two to six times in wave three compared with wave one.
Omicron was associated with increased transmissibility
compared with the delta variant, which was reflected by
an increase in population-level COVID-19-related death
rates in wave four compared with wave three. Even
though a reduction in the risk of COVID-19-related
death after infection was seen in the omicron-dominant
period compared with the delta-dominant period,** the
incidence of infection was high in wave four, resulting in
a higher population-level COVID-19-related mortality
than in wave three. For wave four versus wave one, an
increase in relative risk of COVID-19-related death was
observed in groups with lower vaccination coverage
(eg, relative hazard three times higher in people aged
18-39 in wave four compared with wave one) and
with conditions associated with immunosuppression
(eg, relative hazard three times higher in people who
had received non-kidney organ transplants in wave four
compared with wave one).
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Many of the observed changes in COVID-19-related
mortality in population subgroups are likely to reflect the
growing vaccination coverage across successive waves.
The COVID-19 vaccination programme was introduced
in England on Dec 8, 2020, midway through wave two,
with the oldest and most vulnerable groups in the
population being highest priorit. The absolute
COVID-19-related mortality rate fell by 90% in wave three
compared with wave one among people aged 80 years or
older, who were eligible for vaccination at the outset of
the vaccination programme, whereas the corresponding
decline was 20% in people aged 18-39 years, among
whom only the most vulnerable people were eligible for
vaccination during the early stages of the vaccine roll-
out.** Notably, people with severe mental illness had a
larger reduction in COVID-19-related mortality rate than
those without severe mental illness, which was not
associated with corresponding discrepancies in vaccine
uptake. Although high vaccination uptake was seen in
people who had received organ transplants, COVID-19-
related death rates in this population subgroup stayed
relatively constant over the successive waves, and as
larger decreases were seen among people who had not
received transplants, the relative risk of COVID-19-related
death rose in people who had received transplants across
successive waves. Similar patterns in relative COVID-19-
related mortality were seen in other subgroups known to
have an impaired vaccine response,”* including people
with chronic kidney disease (including those receiving
dialysis treatment), people with haematological malig-
nancies, and people with immunosuppression. Overall,
the relatively low vaccination uptake in young people,
people living in socially deprived areas, current smokers,
and people with non-White ethnicity was reflected in
their COVID-19-related mortality risks. However,
decreases in relative risk were seen in wave four compared
with wave one among people with non-White ethnicity
(when compared with the reference subgroup of people
with White ethnicity) despite lower vaccination uptake in
these subgroups, possibly explained by higher immunity
from previous infection in these groups.

Other mechanisms that are likely to have driven the
decrease in COVID-19-related death rates are the improved
clinical management of COVID-19 over time in both
inpatient and outpatient settings,** non-pharmaceutical
measures, such as lockdowns and physical distancing
restrictions,®* immunity from previous infections, and
changing severity of disease after infection by the
dominant circulating SARS-CoV-2 variant.

This study used large-scale, routinely collected primary
care records, linked to death registry data. This allowed
us to describe a substantial proportion of the population
in England in the first five pandemic waves and to
describe changes over time in population-level
COVID-19-related mortality.

This study has several important limitations. Our study
focused on clinical and demographic subgroups. Other

www.thelancet.com/public-health Vol 8 May 2023

factors, such as occupation and population density, also
influence infection risk and therefore COVID-19-related
mortality risk. This study only evaluated short-term
COVID-19-related mortality, and morbidity associated
with SARS-CoV-2 infection was not captured. We used
information on death certificates to classify COVID-19-
related deaths. Classification inconsistencies or errors in
International Classification of Diseases codes used to
identify COVID-19-related deaths might have occurred.
COVID-19-related death might have been misclassified
as being due to other causes, particularly early in the first
pandemic wave when mass testing was not available.
Conversely, non-COVID-19-related deaths might have
been falsely classified as being caused by COVID-19. A
study on COVID-19 phenotypes in electronic health
records across 57 million patients in England showed
that 9-8% of COVID-19-related deaths (as defined by
death within 28 days of a COVID-19 diagnosis) had no
mention of a COVID-19 diagnosis on death certificates
and 6-9% of deaths had only a COVID-19 diagnosis on
the death certificate but no evidence of COVID-19
elsewhere in the health records.” Availability and access
to mass testing changed across successive waves and
across subgroups and, as a consequence, the likelihood
of a COVID-19 diagnosis on a death certificate might
have changed over time and across different subgroups
and clinical settings. The observed changes in COVID-19-
related death rates across successive waves in our study
might therefore be influenced by inconsistencies in
COVID-19 death classification. Additionally, ascer-
tainment of clinical conditions might have been
imperfect, as this relied on appropriate and timely
clinical coding in the primary care record. Patients must
have presented to the general practitioner, or have had
information fed back properly from secondary care
settings, to be coded correctly. Under-ascertainment
might be more pronounced for less severe illnesses or
early-stage conditions. Small declines were observed in
the proportion of people with asthma and diabetes over
the period of the pandemic, which might reflect a
reduction in health-care utilisation as a consequence of
the COVID-19 pandemic, rather than a real change in
disease incidence.

This study could not disentangle the pathway from
infection to disease to death because the ascertainment
of infection status was not consistently reliable in
routinely collected health data and underlying
community infection rates, test availability and access
(particularly early in the pandemic and after April 1, 2022,
when free mass testing ended in the UK), health-seeking
behaviours, and symptoms changed over time. We
therefore did not quantify the risk of COVID-19-related
death following SARS-CoV-2 infection or the risk of
infection separately. The population-level COVID-19-
related mortality rates studied here are affected by
background infection rates. The risk of infection is
influenced by contact patterns of individuals and their
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local infection incidence. Public health guidance and
support for contact-reducing interventions (eg, shielding),
as well as public perception of risk, changed across the
study period, and therefore the risk of infection in people
who were deemed clinically vulnerable might have varied
from wave to wave. The risk of infection also changed for
circulating SARS-CoV-2 variants, with the delta variant
being associated with increased transmissibility
compared with the alpha variant,® and the omicron
variant being more infectious than the delta variant. The
Cox proportional hazard models were stratified by
Sustainability and Transformation Partnership region to
account for regional differences in infection rates. Our
analysis did not account for differences (eg, in infection
rates or patient characteristics) on a more granular level
(eg, at the general practice level).

The population included in this study, although
extremely large, was geographically clustered because of
variation in the electronic health record system used by
general practices. For example, only 17% of general
practices in London use TPP software, leading to under-
representation of this area in our study population.
We excluded 20% of our population with missing
demographic information and an additional 1% with
fewer than 3 months of follow-up to ensure that baseline
data were adequately captured, which potentially affected
the generalisability of our study. However, the
OpenSAFELY platform has been shown to be broadly
representative of the English population,” and there are
no a priori reasons to expect that this geographical
clustering in our data and the exclusion criteria applied
would substantially affect estimates of COVID-19-related
mortality over time in population subgroups.

Previous studies of COVID-19-related mortality in
demographic and clinical subgroups have shown
differences in risks consistent with those presented in
this report, including an increased risk in groups of
people with older age, male sex, greater social deprivation,
minority ethnicities, and clinical conditions such as
kidney disease, organ transplant, and learning
disability."” Our findings highlight the extent to which
death rates have changed over the course of the
pandemic. Notably, during wave three, when primary
vaccination using the ChAdOx1-S or BNT162b2 vaccines
had been offered to groups at high risk of severe
outcomes in England, death rates in older people and
some clinical subgroups (eg, people with learning
disability) were markedly attenuated compared with
waves one and two. This decline is in line with the high
effectiveness of primary vaccination against COVID-19-
related death.®

An impaired response to primary COVID-19 vaccination
has been reported in people with immunosuppression,
including people who have received an organ transplant,
people receiving dialysis, people with haematological
malignancies, and people receiving immunosuppressive
therapy.”**' Notably, these studies have mostly focused on

post-vaccination antibody concentrations or effectiveness
against symptomatic or severe disease. In the present
study, we highlight the excess COVID-19-related mortality
that persists among clinical subgroups that are associated
with impaired primary vaccine response. Compared with
the overall population, these groups had more modest
declines in absolute COVID-19-related death rates in
waves three, four, and five (after widespread vaccine
implementation) compared with waves one and two.

Some of the demographic inequalities in COVID-19-
related mortality burden observed here are mirrored by
inequality in COVID-19 vaccine coverage, including
reduced uptake among people with minority ethnicities
and people living in areas with greater socioeconomic
deprivation. Given the efficacy of COVID-19 vaccines in
reducing COVID-19-related death,” better targeting of
vaccines to these groups would seem likely to have helped
to reduce their mortality burden in waves two to five.
Targeted efforts to enhance vaccine uptake in populations
with low vaccination coverage during ongoing and future
COVID-19 booster vaccination campaigns could help
mitigate these inequalities in mortality burden.

Reducing the mortality risk might be more challenging
for population subgroups where vaccine efficacy might
be lower, such as people with immunosuppressive
conditions. Despite such subgroups being prioritised
for primary vaccination and multiple booster doses, the
relative COVID-19-related mortality burden rose across
successive waves. An increased understanding of the
mechanisms underlying impaired vaccine response
might offer insight into novel approaches to enhance
protection in people with immunosuppression
(eg, novel vaccine formulations or adjuvants). Our
findings provide an evidence base to inform UK public
health policy for protecting these vulnerable population
subgroups.

Despite population-level reductions in COVID-19-
related mortality over successive pandemic waves, we
found evidence of persistent inequalities among specific
clinical and demographic population subgroups. We
showed that some population subgroups remain highly
vulnerable, particularly people with conditions associated
with impaired immune response and people with low
vaccination coverage.
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