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Modelling the medium-term dynamics of
SARS-CoV-2 transmission in England in the
Omicron era

Rosanna C. Barnard 1,2 , Nicholas G. Davies 1,2, Centre for Mathematical
Modelling of Infectious Diseases COVID-19 working group*, Mark Jit 1,2 &
W. John Edmunds 1,2

England has experienced a heavy burden of COVID-19, with multiple waves of
SARS-CoV-2 transmission since early 2020 and high infection levels following
the emergence and spread of Omicron variants since late 2021. In response to
rising Omicron cases, booster vaccinations were accelerated and offered to all
adults in England. Using amodel fitted tomore than 2 years of epidemiological
data, we project potential dynamics of SARS-CoV-2 infections, hospital
admissions and deaths in England to December 2022. We consider key
uncertainties including future behavioural change and waning immunity and
assess the effectiveness of booster vaccinations in mitigating SARS-CoV-2
disease burden between October 2021 and December 2022. If no new variants
emerge, SARS-CoV-2 transmission is expected to decline, with low levels
remaining in the coming months. The extent to which projected SARS-CoV-2
transmission resurges later in 2022 depends largely on assumptions around
waning immunity and to some extent, behaviour, and seasonality.

Over two years into the COVID-19 pandemic, more than 500 million
confirmed cases and 6 million deaths have been attributed to severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)worldwide1. In
England as of 12th May 2022, cumulative confirmed COVID-19 cases
exceed 18 million, with more than 700,000 hospitalisations and
150,000 deaths within 28 days of a positive test being recorded,
respectively2. Different variants of SARS-CoV-2 have emerged, with five
(Alpha, Beta, Gamma, Delta and Omicron) currently designated as
variants of concern (VOC) associated with either increased transmis-
sibility, severity, or changes in immunity by the World Health
Organisation3.

England saw the emergence and fixation of the Alpha B.1.1.7 var-
iant in late 2020, which was subsequently overtaken by the Delta
B.1.617.2 variant in Spring 2021, followed by the Omicron B.1.1.529
variant in late 2021 and the Omicron BA.2 sublineage in early 2022.
Various public health and social measures (PHSMs) have been imple-
mented and relaxed at different times to control SARS-CoV-2

transmission in England, including national lockdowns, staged
relaxations of lockdowns, tiered regional restrictions4, and so-called
‘Plan B’ measures which were introduced in response to Omicron’s
emergence. Following the large wave of Omicron transmission begin-
ning in late 2021, all legal restrictions in England were lifted on 24th
February 20225.

Safe and effective COVID-19 vaccines have been developed at
unprecedented speed, with six currently approved for use by the UK’s
Medicines and Healthcare products Regulatory Agency6. The COVID-
19 vaccine rollout in England began on the 8th of December 2020 and
to date more than 44 million people have received at least their first
COVID-19 vaccine dose2. The rollout of vaccines followed guidance
issued by the UK’s Joint Committee on Vaccination and Immunisation
(JCVI)7, with vaccines being targeted to health and social care workers
and those in the highest risk categories first. Vaccines were then
offered to sequentially younger age groups of adults (18 years and
above). In August 2021, children aged 16 and 17 years old and clinically
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vulnerable children aged 12–15 were offered COVID-19 vaccines8. In
September 2021, healthy 12–15-year-olds in England were offered their
first COVID-19 vaccination and from April 2022 vaccination has been
extended to 5–11-year-olds9.

A COVID-19 booster vaccination programme began in England in
September 2021, initially targeting the same highest-risk priority
groups that were first vaccinated. A full dose of the Pfizer/BioNTech or
a half dose of the Moderna vaccine are recommended as a booster
dose, regardless of what vaccine was received previously, to those at
least 6 months after their primary course of vaccination. On 15th
November 2021, the JCVI issued advice recommending that the wide-
spread COVID-19 booster vaccination programme be extended to
individuals aged 40–49 years10. However, following the World Health
Organization (WHO) designating the Omicron SARS-CoV-2 variant as a
variant of concern in late November 202111, with Omicron cases being
detected in England12 and with two vaccine doses found to offer little
protection against Omicron a few months after vaccination13, the JCVI
announced an extension and acceleration of the booster vaccination
campaign14. This announcement recommended that 18–39 year olds
should be offered booster vaccinations in descending age order, that
the minimum gap between the primary vaccination course and the
booster vaccine should be reduced from 6 to 3 months, and that
children aged 12–15 years of age should receive their second vaccine
dose15. The JCVI also recommended that children aged 16 and 17 years
of age could receive booster vaccinations at least 3 months after
completion of their primary vaccination course16. Reduced dose
COVID-19 vaccinations were offered to the most vulnerable 5–11 year
old children from the end of January 202217, and in February 2022 the
JCVI recommended a non-urgent extension of this rollout to children
aged 5–11 who are not in a clinical risk group18. Given the high levels of
Omicron transmission in England since late 2021, emergence of the
BA.2 sublineage, the accelerated booster vaccination campaign, and
evidence suggesting that vaccine protection wanes over time19,20, it is
important to assess the likely medium-term dynamics of SARS-CoV-2
transmission as the Omicron wave subsides and as, in the absence of
legal restrictions, behaviour returns to a (potentially new) baseline.

Using an age-structured deterministic compartmental model of
SARS-CoV-2 community transmission, we explore the consequences of

key uncertainties on projected COVID-19 cases, hospitalisations, and
deaths to December 202221. We fit the model to regional data up to
May 2022 on COVID-19 deaths, hospitalisations, and hospital bed
occupancy, as well as PCR prevalence, seroprevalence, and the emer-
gence of the Alpha B.1.1.7, Delta B.1.617.2, and Omicron B.1.1.529 VOCs.
We also integrate data on: the number of vaccinations delivered at the
level of NHS England regions and by age group over time, historic
school attendance and community mobility data to inform beha-
vioural changes over time since the start of the COVID-19 pandemic,
and genomic sequencing data to inform the proportion of Omicron
cases attributable to the BA.1 and BA.2 sublineages over time. We
consider the effects of future behaviour change, waning immunity,
seasonality, and vaccination of children and adolescents at different
levels of uptake on potential future dynamics of SARS-CoV-2 trans-
mission in England toDecember 2022.We also assess the effectiveness
of COVID-19 booster vaccinations by exploring counterfactual booster
vaccination scenarios and their effect on SARS-CoV-2 transmission in
England between October 2021 and December 2022.

Results
Model fitting & uncertainty
Our compartmental model (Fig. 1) fits the observed dynamics of SARS-
CoV-2 community transmission during the COVID-19 epidemic in
England between March 2020 and May 2022 (Figs. 2, S1A, B), repro-
ducing NHS England region-specific observed deaths, hospitalisations,
hospital and intensive care unit (ICU) bed occupancy, PCR prevalence,
and seropositivity. Following the initial differential evolution Markov
chain Monte Carlo (DE-MCMC) fitting, the model applies continuous-
time multipliers to the infection fatality, hospital admissions, hospital
bed occupancy and the ICU bed occupancy rates for each region in
order to match real-world measured outcomes (Fig. S1C). There are
notable peaks in the fatality rate adjustment corresponding to the
initial SARS-CoV-2 wave in early 2020 and to the Alpha B.1.1.7 wave in
the winter of 2020–21 (Fig. S1C). All four rate adjustments have
reached low levels in early 2022; we carry forward the last adjustment
for forward projections (Fig. S1C).

The model also captures the emergence and spread of the Alpha
B.1.1.7, Delta B.1.617.2, and Omicron B.1.1.529 VOCs in late 2020, early
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Fig. 1 | Compartmental model diagram. A three-variant deterministic dynamic
susceptible-exposed-infected-recovered (SEIR) compartmental model with clinical
and sub-clinical infectious pathways and with vaccination describes SARS-CoV-2
transmission in England. We model seven NHS England regions66 separately, with
each divided into 16 five-year age groups: 0–4 years up to 70–74 years, and 75 years
and older. The model incorporates COVID-19 vaccination with two vaccine

products (corresponding to the viral-vector (Va) and mRNA-based (Vb) vaccines in
use in England), each with first- (Va1, Vb1) and second-dose (Va2, Vb2) protection,
and each with lower levels of protection for individuals who received their primary
vaccinations but no booster vaccine and have waned (Va2w, Vb2w). A detailed
description is provided within the Supplementary Information.
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2021, and late 2021, fitting to the prevalence of S gene target failure
(Fig. S2a, c) as a proxy for the proportion of cases attributable to the
Alpha andOmicron variants, and to the proportion of Delta sequenced
cases (Fig. S2b). Model estimates for increased transmissibility of
Alpha relative to previously circulating SARS-CoV-2 variants, of Delta
relative to Alpha, and of the earlier Omicron BA.1 sublineage relative to
Delta, as well as the overall estimated increases in transmissibility
between early SARS-CoV-2 variants and each VOC and Omicron

sublineage are given in Tables S1A, B, respectively. Note that we
assume that the Omicron BA.2 sublineage confers a 50% increase in
transmissibility compared to the previous Omicron BA.1 sublineage.

To capture historic behavioural changes, the model uses Google
Community Mobility indices22 over time to derive contact rates for
each NHS England region modelled, based upon a measured rela-
tionship between Google Mobility indices and age-specific contact
rates as measured by the CoMix study23, and in combination with
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Fig. 2 | Comparison between aggregated model fits and epidemiological data
from England between March 2020 and May 2022. Black lines show reported
data, with black ribbons showing 95% confidence intervals for PCR prevalence.
Coloured lines and shaded areas show medians, 50% and 90% interquantile ranges
from the fitted model. The original model fitting is done independently for each
NHS England region (see Fig. S1A, B), with the aggregated model output for the
whole of England shown here. a COVID-19 deaths over time, where data was pro-
vided by the UK Health Security Agency (UKHSA). b COVID-19 hospital admissions
over time, where data was provided by NHS England. c COVID-19 hospital bed

occupancy over time, where data was provided by NHS England. d COVID-19 ICU
bed occupancy over time, where data was provided by NHS England. e COVID-19
PCR prevalence over time, where publicly-available PCR prevalence data was
obtained from the Office for National Statistics’ COVID-19 Infection Survey (ONS-
CIS)53. The data sources for COVID-19 deaths, hospital admissions, hospital and ICU
bed occupancy are unpublished and not publicly available but are closely aligned
with the UK Government’s COVID-19 dashboard2. ICU intensive care unit. NHS
National Health Service.

Article https://doi.org/10.1038/s41467-022-32404-y

Nature Communications |         (2022) 13:4879 3



school attendance data24 and assumptions about school terms (Fig. 3).
The model also fits a time-varying transmission adjustment compo-
nent for each NHS England region in order to capture additional
variability in transmission that is not explained by the mobility data
(Fig. 3, middle row; Methods). To project behavioural changes for-
wards fromMay to December 2022, we combine various assumptions
on future mobility changes (Fig. 3) with simulated trajectories for
future transmission adjustments based on the historic fitted trans-
mission adjustment (full details are given in the Methods section).

We present the majority of results here by plotting the median
and interquantile ranges of a number of simulated future trajectories
of SARS-CoV-2 transmission in England, but it is important to note that
individual epidemic trajectories can fall outside of the model’s pro-
jection intervals (Fig. 4c). A comparison of the projected cumulative
number of SARS-CoV-2 infections, hospital admissions and deaths
between May and December 2022 across all scenarios considering
future uncertainties (namely, behaviour, waning immunity, season-
ality, and vaccination uptake for children aged 5 and above) is shown in
Fig. 5. Detailed results related to each type of uncertainty considered
are given in the Supplementary Information (Figs. S3, S4A, B, S5–S8). A
complete list of scenarios considered and key assumptions for each
scenario is given in Table 1.

Basecase scenario
Following the Omicron BA.1 and BA.2 waves of transmission beginning
in late 2021 and early 2022, our basecase scenario projects a continued
reduction in transmission until August 2022, with a resurgence in
transmission fromAugust 2022 onwards (Fig. 4a, b). This period of low
infection incidence results from very high levels of immunity derived
from both vaccination and prior infection within the population in
early 2022 following the Omicron waves of infection (Fig. S8) and
assumes that nonovel variants of SARS-CoV-2 emerge andoutcompete
the current Omicron BA.2 sublineage.

Future behaviour
Assumptions about future levels of mobility have a small effect on
projected dynamics of SARS-CoV-2 transmission in 2022 (Figs. 4d, 5
and S3). We consider four scenarios for future mobility following
measured levels on 29th April 2022 (no change versus a 3-week,
3-month or 6-month return to pre-pandemic baseline levels, shown in
Fig. 3). All behavioural change scenarios considered project a reduc-
tion in SARS-CoV-2 transmission to very low levels during the summer
of 2022 (Fig. S3). However, the timing and extent of the projected
resurgence later in 2022 depend on the assumed changes in future
mobility (Fig. S3), with a later resurgence occurring ifmobility remains
at current levels. The timing and speed of the return to baseline
mobility interacts with school terms and other modelling assumptions
such as waning and seasonality. A 3-week return to baseline mobility
results in the earliest projected resurgence, while a 6-month return to
baseline mobility results in a later, but steeper resurgence in trans-
mission towards December 2022 (Fig. S3).

Booster vaccinations
An influential factor considered here is the availability and uptake of
COVID-19 booster vaccinations (Figs. 4e and S4A, B). Here, we consider
a number of scenarios exploring the effects of different booster vac-
cination rollouts on SARS-CoV-2 transmission in England between
October 2021 and December 2022 (Table 1). A counterfactual scenario
in which no COVID-19 booster programme was deployed has a large
effect, with an additional 23,400 deaths and 108,000 hospital admis-
sions between October 2021 and December 2022, compared to our
basecase scenario using levels of booster vaccinationuptakemeasured
in April 2022 (Fig. S4A Tables).

There areminimaldifferences among the remaining three booster
vaccination scenarios which consider age-specific booster uptake as

measured on the 14th of April 2022, booster vaccines being adminis-
tered to 95% of individuals aged 50 years and above only, and booster
vaccines being administered to 90% of individuals aged 15–49 and 98%
of individuals aged 50 years and above, representing higher booster
uptake thanwasmeasured to date (Table 1). Burdens are similar across
these three scenarios, with the scenario where booster vaccinations
were only offered to individuals aged 50 and above resulting in higher
levels of infections and deaths during the first wave of Omicron
transmission in late 2021 to early 2022 (Figs. 4e and S4A, B).

Waning immunity
The extent to which vaccine-induced and natural immunity wanes
over time is a key driver of projected transmission dynamics in 2022
(Figs. 4f, 5 and S5). We consider three waning immunity scenarios
which apply to vaccinated individuals and to individuals who have
recovered from a prior infection: basecase, high and very high wan-
ing (Table S4). All three of these scenarios assume booster vaccina-
tion uptake as measured in April 202225. The basecase waning
scenario is projected to result in a total of 5.29 million infections,
65,200 hospital admissions and 6130 deaths between May and
December 2022 (Fig. S5 Tables). The high waning scenario is pro-
jected to result in slightly more infections but slightly fewer hospital
admissions and deaths, compared to the central waning scenario,
over this time period. The very high waning scenario results in an
earlier resurgence beginning in June 2022, with an additional 6 mil-
lion infections, 52,800 hospital admissions and 4170 deaths pro-
jected between May and December 2022, compared to the basecase
waning scenario (Fig. S5 Tables).

Seasonality
Different assumptions related to the extent of seasonality also influ-
ence the projected dynamics of SARS-CoV-2 transmission (Figs. 5 and
S6). Scenarios assuming themost extremeseasonal effects result in the
largest cumulative burdens between May and December 2022 (Figs. 5,
S6). However, scenarios assuming the least extreme seasonal effects
result in resurgences in transmission earlier in 2022 than scenarios
with greater seasonality (Fig. S6). To fully explore projected SARS-CoV-
2 dynamics with different seasonal effects requires consideration of
much longer time horizons than those considered in this study.

Vaccination of children
We consider two scenarios for the vaccination of children aged 5 years
and above between May and December 2022 (Fig. 5 and S7). Of all the
uncertainties considered here, using different assumptions related to
the vaccination of children had the smallest overall effect on projected
SARS-CoV-2 infection and disease until December 2022 (Fig. 5). The
scenario assuming higher uptake of COVID-19 vaccinations in children
aged 5 and above is projected to result in small reductions in infec-
tions, hospital admissions and deaths between May and December
2022 (Fig. S7 Table), but not to significantly alter projected transmis-
sion dynamics (Fig. S7). This is due to high levels of infection in the
model in these age groups during the autumn of 2021 and winter
2021–22, leading to naturally acquired immunity (Fig. S8).

Discussion
We have fitted a deterministic compartmental model of SARS-CoV-2
transmission to data betweenMarch 2020 andMay 2022 on COVID-19
deaths, hospital admissions, hospital bed and ICUbed occupancy, PCR
prevalence, seroprevalence, and the emergence and spread of the
Alpha B.1.1.7, Delta B.1.617.2 andOmicron B.1.1.529 variants of concern,
including theBA.1 andBA.2 sublineages ofOmicron, and incorporating
additional data on vaccination coverage and behaviour over time21.
Projecting SARS-CoV-2 transmission in England forwards to December
2022, we have considered a number of future uncertainties around
behaviour, waning immunity, seasonality, and vaccination of children
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Fig. 3 | Mobility scenarios, transmission adjustments and overall transmission
potential for the fitted model, shown from March 2020 to December 2022.
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baseline levels (green), a 3-month return to pre-pandemic baseline levels (orange)
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ning of each lockdown and each roadmap Step4 is marked with a vertical dashed
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Fitted transmission adjustments between April 2020 and May 2022 by NHS
England region (coloured lines) and the average across regions (black line),
example projection between May and December 2022 for East of England (blue
line) and mean (black line) and interquartile range (red shaded) for projected
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Yorkshire. NHS National Health Service.
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trajectories are plotted in coloured lines. d The effect of future behaviour on
COVID-19 deaths and cumulative deaths (thousands) over time is shown with four
scenarios for futuremobility: a 3-week, a 3-month and a 6-month return to baseline
levels, and a no change scenario (see Table 1). Coloured lines and shaded areas
show medians, 50% and 90% interquantile ranges from the fitted model and from
the model projection. e The effect of booster vaccination policy on cumulative
infections and deaths since October 2021 is shown with four scenarios for booster
policies (Table 1). Coloured lines and shaded areas show medians, 50% and 90%
interquantile ranges from the fitted model and from the model projection. f The
effect ofwaning immunity on cumulative infections anddeaths betweenMarchand
December 2022 is shown with three scenarios for waning (Tables 1, S4). Coloured
lines and shaded areas show medians, 50% and 90% interquantile ranges from the
fittedmodel and from themodel projection. The basecase scenarios (shown in a,b)
and scenarios marked with an asterisk (*) are equivalent.
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Fig. 5 | Summary of projected cumulative numbers (log-scale) of COVID-19
deaths (thousands), hospital admissions (thousands) and infections (millions)
in England between May and December 2022, across behavioural, waning,
seasonality and vaccination scenarios considered. Each box plot shows the
projected median (central line), 5th (minima), 25th (lower bound of box), 75th
(upper bound of box) and 95th (maxima) percentile values across 100 simulations
for each relevant scenario, calculated betweenMay and December 2022. Scenarios

are coloured according to the result type (from left to right: behaviour, waning
immunity, seasonality, and vaccinationpolicies for children aged 5 years andolder).
A full list of scenarios and relevant modelling assumptions is given in Table 1.
Scenarios marked with an asterisk (*) are equivalent and correspond to the base-
case scenario. N.B. The y-axes are plotted on a log scale and are truncated and do
not extend to zero.
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aged 5 years and above, as well as retrospectively assessing the
effectiveness of booster vaccinations.

Modelled levels of immunity in England as a result of the
extensive COVID-19 primary and booster vaccination campaigns and
following the recent waves of Omicron infections (Fig. S8) suggest
that in the absence of further new variants or Omicron sublineages
outcompeting the currently-dominant Omicron BA.2 sublineage,
SARS-CoV-2 transmission will continue to fall in the next fewmonths,
remaining at low levels during the summer months of 2022. Our
modelling suggests that higher SARS-CoV-2 transmission may res-
urge later in 2022, with the timing and extent of this resurgence
largely dependent on our modelling assumptions related to waning
immunity and, to some extent, future behaviour, and seasonality.
There remains significant uncertainty around both the extent and the
timescale to which immunity wanes, as well as future behaviour and
the speed and level that any return towards pre-pandemic baseline
behaviours will reach.

Our modelling suggests that the COVID-19 booster vaccination
campaign was highly effective in reducing transmission and in parti-
cular mitigating severe outcomes during recent months, with a coun-
terfactual scenario without any booster vaccinations projected to
result in a large peak of hospital admissions in England exceeding the
peak levels recorded throughout the COVID-19 pandemic to date
(Fig. S4A). Importantly, themodel shows that this effectmostly derives
from boosting immunity in those over 50 years of age, with little
additional benefit being derived from boosting younger age groups.
We also show that the projected dynamics of SARS-CoV-2 transmission
dependonmodelling assumptions about the extent of seasonal effects
and that achieving higher levels of vaccination coverage for children
aged 5 years and older will not significantly influence the epidemio-
logical dynamics of SARS-CoV-2 in England until December 2022, pri-
marily due to the late initiation of paediatric vaccination, high rates of
natural immunity that has already accumulated (Fig. S8), the lower risk

of severe disease, and lower inherent susceptibility to infection for this
age group26.

Although a number of our modelling scenarios project resur-
gences in SARS-CoV-2 transmission occurring later in 2022, none of
these are expected to reach the peak levels of infections, hospital
admissions or deaths recorded so far during theCOVID-19 pandemic in
England, at least during the time periods we are considering. This is
largely due to very high levels of vaccine and natural protection that
have built up in the population, particularly following the recent
OmicronBA.1 andBA.2waves of infection, andwhichunder our central
waning immunity scenarios remain high through December 2022
(Fig. S8). However, it is important to note that we do not consider any
projected SARS-CoV-2 dynamics past December 2022. Since many of
the scenarios considered here appear to be resurging towards the end
of the simulation time period, comparing overall burdens across these
scenariosmust thereforebedonewith caution.Moreover, althoughwe
consider differential contact-making across the 5-year age groups in
the model, we do not explore any differences in contact-making
behaviour within age-groups, such as for individuals in vulnerable or
at-risk groups. These mixing assumptions may not be sufficient to
capture all heterogeneities in behaviour that could lead to some
individuals avoiding SARS-CoV-2 infection.

Furthermore, these modelling scenarios do not consider the
introduction of any additional SARS-CoV-2 variants, or sublineages of
Omicron aside from BA.1 and BA.2, which may possess characteristics
such as increased transmissibility, immune evasion, or increased
pathogenicity relative to existing variants and sublineages circulating
in the population. As we have seen in England, novel VOCs with
transmission advantages can spread to dominance very quickly
(Fig. S2), and in particular the introduction of a new VOCwhich evades
existing immune protection can significantly alter the dynamics of an
epidemic, even in a previously highly immune population (Fig. S8), as
we have seen with the Omicron BA.1 sublineage. Since the earliest

Table 1 | List of modelling scenarios and key assumptions

Scenario Result type Assumptions

Mobility Waning Booster uptake Seasonality Vaccine policy

Basecase* - 6-month Central Actual 20% 5+ 80% uptake

No return Behaviour No change Central Actual 20% 5+ 80% uptake

6-month return* 6-month Central Actual 20% 5+ 80% uptake

3-month return 3-month Central Actual 20% 5+ 80% uptake

3-week return 3-week Central Actual 20% 5+ 80% uptake

No boosters Boosters eligibility/
uptake (relative to second
dose levels)

6-month Central None 20% 5+ 80% uptake

50+ boosters 6-month Central 95% in 50+ only 20% 5+ 80% uptake

Actual boosters* 6-month Central Age-specific measured uptake as of 14th April 2022†. Indi-
viduals aged 50 and above have at least 86.1% and at most
96.7% uptake. Individuals aged 15-49 have at least 40% and
at most 80.9% uptake, relative to second dose levels of
uptake.

20% 5+ 80% uptake

High uptake 6-month Central 90% in <50 s; 98% in 50+ 20% 5+ 80% uptake

Central waning* Waning 6-month Central Actual 20% 5+ 80% uptake

High waning 6-month High Actual 20% 5+ 80% uptake

Very high waning 6-month Very high Actual 20% 5+ 80% uptake

10% Seasonality 6-month Central Actual 10% 5+ 80% uptake

20%* 6-month Central Actual 20% 5+ 80% uptake

30% 6-month Central Actual 30% 5+ 80% uptake

40% 6-month Central Actual 40% 5+ 80% uptake

5+, 80%* Vaccine uptake for
children

6-month Central Actual 20% 5+ 80% uptake

5+, 50% 6-month Central Actual 20% 5+ 50% uptake

Scenarios marked with an asterisk (*) are equivalent. Mobility scenarios are shown in Fig. 3. Assumptions for waning scenarios are given in Table S4. Assumptions for vaccine effectiveness against
different SARS-CoV-2 variants are given in Table S2. Assumptions for cross-protection against different SARS-CoV-2 variants given prior infection are given in Table S3.
†The detailed age-specific probability of receiving a booster vaccine for this scenario is listed in Table S5B in the Supplementary Information.
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SARS-CoV-2 variants, we have observed both increases and reductions
in the intrinsic pathogenicity of the virus as different VOCs have
emerged and spread to dominance globally27–30. The currently-
dominant Omicron VOC has reduced pathogenicity compared to
the previously-circulating Delta VOC29, and these reduced levels of
severity are carried forward in our modelling projections. We do not
explore the effects of any future change in intrinsic pathogenicity in
this work.

In addition to future emergence of VOCs, it is impossible to
predict future policy or behavioural changes with any certainty. It
remains unclear whether mobility and behaviour will return to the
same levels seen prior to the COVID-19 pandemic. We have con-
sidered one scenario where behaviour remains largely unchanged,
and three scenarios in which mobility increases to pre-pandemic
levels in 3 weeks, 3 months, or 6 months, to capture this uncertainty.
We do not consider scenarios where behaviour increases above the
baseline levels recorded prior to the COVID-19 pandemic, which may
increase the extent and/or change the timing of any future resur-
gences if such an extreme behavioural change were to occur. In
addition to longer-term changes, we are not able to forecast sudden
shorter-term behavioural changes that have been observed in the
data, e.g., around Christmas holidays (Fig. 3), although our 3-week
return to baseline mobility scenario is intended to explore the con-
sequences of a sudden increase in mobility (Fig. S3). Behavioural
changes can also occur in response to awareness of a growing or
declining epidemic31,32, which is something that we do not capture in
any forward projections.

There are a number of other limitations in this work which are
important to consider. The fitted model does not accurately capture
the dynamics of PCRprevalence in England fromMarch 2022 onwards,
during Omicron BA.2’s dominance (Figs. 2, S1A, B). The modelled
transmission adjustment during this time increases, temporarily, to an
extremely high level (Fig. 3). This suggests that we may not have
captured some properties of the Omicron BA.2 sublineage, e.g., if
BA.2’s transmission advantage over BA.1 is larger than the assumed
50%, or if BA.2 has a shorter serial interval33 or longer infectious period.
Additionally or alternatively, it may be that behaviours that are not
captured within mobility data—such as mask wearing, physical dis-
tancing, and testing—have changed substantially in recent months
following the removal of all legal restrictions in February 20225,34.
Further, ourmodelled estimates of the proportion of the population in
England who have some form of immunity against SARS-CoV-2 are
high (Fig. S8), which may explain the poor fitting to PCR prevalence
during the Omicron BA.2 era, particularly if we are overestimating the
level of protection conferred by vaccines and/or underestimating
the rate at which immune protection from SARS-CoV-2 infection and
from COVID-19 vaccination is lost.

The extent to which immunity from a prior infection and/or from
COVID-19 vaccination and boosting wanes is uncertain. Individuals
may retain very long-term protection against severe outcomes but
have faster rates of waning against less severe outcomes such as mild
or asymptomatic infection. In our basecase scenario, wemodel waning
vaccine protection for individuals who do not receive a booster vac-
cination by moving them into a vaccinated and waned disease state
where their vaccine protection against different SARS-CoV-2outcomes
is reduced to different extents (see assumptions in Tables S2, S5B).
Vaccinated andwaned individuals and individuals who have recovered
following a SARS-CoV-2 infection can then further wane back to a
completely susceptible disease state (based on assumed rates of
waning shown in Table S4). For our basecase scenario, we have para-
meterised these waning rates in relation to measured reductions in
protection against severe outcomes, but our assumption that indivi-
duals return to being completely naive to infection may still be overly
pessimistic. On the other hand, our basecase scenario assumes that
individuals who receive booster vaccinations do not wane back to

complete susceptibility and that the protection afforded by their
vaccinations remains at least at second-dose assumed levels through-
out the time periods considered here (see vaccine effectiveness
assumptions in Table S2).

Over the long term, individuals in themodelwho receive theirfirst
booster vaccination will eventually reach the end of their second-dose
duration, where the same probability of boosting remains; therefore,
some individuals in the model will continually receive boosters and
retain second-dose levels of protection, whilst some individuals are
not boosted by their second or third decision point and move into
lower levels of protection. Given our assumed second-dose duration
(see Table S5B) and given that boosters were first administered in
England in September 2021, the earliest that individuals in the model
will reach their second booster decision point is April 2022. Given that
the JCVI in England has recommended a spring 2022 COVID-19 booster
vaccine for the most vulnerable individuals who received their first
boosters in September and October 202135, ahead of a wider autumn
2022 booster programme, we think that it is reasonable to assume (i.e.,
as we have done in our central basecase scenario) that the majority of
individuals will continue to receive booster vaccines. However, the
modelling scenarios with higher rates of waning (high and very high
waning, see Table S4) can be considered as a sensitivity analysis
looking at a situation where fewer people continue to be boosted.

Throughout this work we have also assumed identical levels of
protection and rates of waning across age groups, and we do not
differentiate across risk groups. It is likely that protection will differ
from person to person and that more clinically vulnerable individuals
may have lower levels of protection or faster reductions in immuno-
logical protection following a previous infection or a vaccination.
Future work needs to consider differential waning over time whereby
higher protection against severe outcomes can be maintained but
protection against infection is reduced, as well as of more complex
immune dynamics induced by the numerous possible orders and
timings of infections, vaccinations, reinfections and booster vaccina-
tions and heterogeneity in individual’s immune responses.

We have assumed that following an infection with Omicron,
individuals have complete cross protection against reinfection with
Omicron or any other pre-existing variant (see cross protection
assumptions in Table S3) whilst they remain in the recovered disease
state. If reinfections following early Omicron infections are
occuring36,37, particularly since the BA.2 Omicron sublineage has
become dominant in England33 and other sublineages are emerging
worldwide, wemay see a slower reduction in SARS-CoV-2 transmission
in England than our modelling projects, and the potential for higher
levels of transmission throughout the time period under
consideration.

Following the Omicron BA.1 and BA.2 waves of SARS-CoV-2
transmission, and an extensive vaccination and booster vaccination
campaign, our work suggests that levels of immunity in England are
sufficiently high to lead to a sustained reduction in transmission in
the comingmonths, assuming no new variants of concern emerge. The
extent to which SARS-CoV-2 transmission resurges later in 2022
depends upon a combination of factors, including behaviour, the rate
that immunity wanes, and seasonality. It is clear that the extent to
which immunity, both derived fromnatural infection and fromCOVID-
19 vaccination, wanes will become extremely important in themedium
to long term. It is crucial to improve our current understanding of the
dynamics of SARS-CoV-2 immunity and to consider the consequences
of this on community transmission in the context of varying levels of
PHSMs and vaccination coverage, both in England and worldwide.

Methods
Epidemiological model
We use an age-structured and region-specific deterministic dynamic
compartmentalmodel of SARS-CoV-2 transmission (Fig. 1), building on
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previous work23,38–42. Geographic structure is by NHS England region
(of which there are seven in England) and age groups are divided into
5-year age bands from 0–4 to 70–74 years, with an additional age
group comprising individuals aged 75 years and over. The model
tracks three variants of SARS-CoV-2 which enables us to capture wild-
type, Alpha B.1.1.7, Delta B.1.617.2, and Omicron B.1.1.529 variants
separately. The second and third modelled variants track Alpha B.1.1.7
and Delta B.1.617.2 respectively; the first modelled variant initially
describes wildtype and other variants circulating prior to the emer-
gence of Alpha B.1.1.7, before switching to describe the Omicron
B.1.1.529 variant on 22nd September 2021. Thedate of 22nd September
2021 is chosen to be sufficiently before the emergence of Omicron in
England and well after wildtype and other variants circulating prior to
Alpha B.1.1.7 have been competitively excluded. On this date, we
update all of the variant-specific parameters and assumptions for the
firstmodelled variant to represent theOmicron variant andensure that
any individuals remaining in the recovered disease state for the first
variant aremoved into the recovereddisease state for the thirdvariant,
Delta B.1.617.2. To capture the effect of the BA.2 Omicron sublineage
taking over from the previously-dominant BA.1 Omicron
sublineage33,36, we use sequencing data from the Wellcome Sanger
Institute43 to inform the proportion of modelled Omicron infections
attributable to BA.2 over time, assuming that BA.2 confers a 50%
increase in transmissibility relative to BA.133,36,44–47. We assume the
same levels of vaccine protection and rates of waning immunity for
both Omicron BA.1 and BA.2 sublineages48.

When individuals have recovered following a SARS-CoV-2 infec-
tion with one variant, they move into a recovered disease compart-
ment where (depending on parameter assumptions, see Table S3) we
allow for re-infections and cross-infections with other variants to
occur. We model COVID-19 vaccination with separate compartments
for two vaccine products—for each of the viral vector andmRNA-based
COVID-19 vaccines in use in England—and with each vaccine product
having three compartments for three levels of protection (one dose,
two doses, andwaned from twodoses). Initially, vaccinated individuals
move from the susceptible compartment to a first-dose vaccinated
compartment (Va1/Vb1 in Fig. 1) 28-days following receipt of their
vaccination.

Individuals remain in the first-dose vaccinated states for an
assumed duration (see dVa1/dVb1 in Table S5B), before transitioning
into the second-dose vaccinated compartments (Va2/Vb2 in Fig. 1). The
first-dose duration assumptions are based on measured delays
between first and second doses in UKHSA vaccination data, separated
into two periods (before and after the JCVI issued guidance on
widening the dosing gap from 3weeks to amaximumof 12 weeks), see
Table S5B for details. Upon leaving the first-dose vaccine state, indi-
viduals transition into the second-dose vaccine state with increased
levels of protection (Table S2). Another assumed distribution governs
the duration that individuals remain in the second-dose state (see
dVa2/dVb2 in Table S5B). The distribution governing the duration that
individuals have second-dose levels of vaccine protection is chosen to
match the time between the start of the COVID-19 vaccination rollout
(8th December 2020) and the start of the COVID-19 booster dose
rollout (September 2021) less the assumed average duration of first-
dose protection.

When individuals reach the end of their second-dose duration,
they either receive a booster vaccination (using an age-specific prob-
ability of receiving a booster vaccination, see Table S5B) and return to
the start of the mRNA second-dose vaccine compartment (Vb2 in
Fig. 1), or do not receive a booster and transition into vaccine product-
specific vaccinated and waned compartments with lower levels of
protection (Va2w/Vb2w in Fig. 1). We assume that all boosted indivi-
duals move into the mRNA two-dose vaccinated (Vb2 in Fig. 1) com-
partment to reflect the fact that all booster vaccinations in England are
either the Pfizer/BioNTech or Moderna mRNA vaccines, regardless of

which vaccine product was received for the primary COVID-19 vacci-
nation course, and evidence finding higher immunogenicity for indi-
viduals receiving Pfizer/BioNTech following Oxford-AstraZeneca,
comparedwith individuals receiving bothOxford-AstraZeneca vaccine
doses49. In addition to individuals who receive a booster vaccination
remaining in the second-dose mRNA vaccine compartment, for first
booster vaccinations administered in late 2021/early 2022, we increase
the level of protection within the two doses compartment to account
for an additional booster effect (see Booster vaccinations). The model
also captures eventual full waning of immunity that has been derived
from a previous infection and/or vaccination. A full description of
assumptions related to vaccine protection against different outcomes,
cross protection and waning immunity is provided in the Supple-
mentary Information in Tables S2–S4 and Tables S6, S7.

Hospital admissions and occupancy data were provided by NHS
England and deaths, immunisations and variant data were provided by
the UK Health Security Agency (UKHSA). These data sources are
unpublished and not public, but are closely aligned with healthcare,
deaths, and vaccinations data on the UK Government COVID-19
Dashboard2. Seroprevalence data were obtained from the UK
Biobank50 and the REACT-2 study51, and seroprevalence and PCR
positivity data were obtained from the Office for National Statistics
COVID-19 Infection Survey (ONS-CIS)52,53.

The age-specific susceptibility to infection and age-specific
probability of clinical symptoms for SARS-CoV-2 are adopted from a
study using data from 6 countries26. This study found that suscept-
ibility to SARS-CoV-2 infection for 0–19-year-olds was roughly half that
for >20-year-olds, and that the probability of clinical symptoms also
increased with age26. The age-specific probability of hospital admis-
sion, ICU admission, and death given infection are fitted to data from
England, with the relative rates by age group based on data collected
by a large meta-analysis of the COVID-19 infection fatality rate54 and
based on data collected by ISARIC (the CO-CIN study) for England23,
then adjusted over time to bettermatch observed hospitalisations and
deaths in England (see Model fitting). Each of these age-specific prob-
abilities of severe outcomes is allowed to vary over the course of the
epidemic in England and vary between pre-existing variants and Alpha
B.1.1.7. For the third variant Delta B.1.617.2, we assume that the prob-
ability of severe outcomes is twice that of Alpha B.1.1.7, in line with
estimates from Public Health Scotland and UKHSA28. For the fourth
variant Omicron B.1.1.529 (and both modelled sublineages BA.1 and
BA.2), we assume that the probability of severe outcomes is half that of
Delta B.1.617.2, in line with estimates from the UK33,55,56. The model
fitted adjustments to the infection fatality, hospital admission, hospital
bed occupancy and ICU bed occupancy rates over time is shown in
Fig. S1C. A full description of fitted and assumed parameters is pro-
vided in Tables S5A, S5B.

The model uses age-specific contact rates as measured by the
POLYMOD study57 in the UK as a baseline contact matrix representing
pre-pandemic age-specific mixing rates. The POLYMOD study
estimates age-specific mixing rates for contacts made at home, work,
school, and other settings, such that the baseline contact rate
between age group i and age group j is
cij =A

homecij
home +Aworkcij

work +Aschoolcij
school +Aothercij

other , where
Ahome, Awork , Aschool and Aother are coefficients on the four component
matrices. For the pre-pandemic baseline matrix, then,
Ahome =Awork =Aschool =Aother = 1, but these coefficients are allowed to
vary over time according tomobility data, school schedules and school
attendance data as follows. The model uses Google Community
Mobility data22 to capture mobility in various settings: workplaces,
retail & recreation venues, transit stations, and grocery & pharmacy
locations. In turn, the relationship between mobility data and social
contact rates23 is derived from the historical relationship between
Google Community Mobility indices and social contact rates as mea-
sured by the CoMix study in 2020. This relationship furnishes how
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Ahome, Awork and Aother vary over time as a function of mobility
patterns.

School openings and closings are accounted for in contacts
among school-aged children, university-aged young adults, and
school/university staff. We assume that schools in England follow their
traditional schedules (i.e., are closed during holiday periods), and we
combine these assumptions with school attendance data in England
publishedon the 4th ofMay 202224. To reflect the introduction ofmass
testing within educational facilities in the Spring of 2021, we have
assumed an additional 30% reduction in transmission related to edu-
cational settings between the reopening of schools on 8thMarch 2021
and school closures in July 2021. This reduction in transmission is
reflected in themodel with a 30% reduction in school-related contacts.
Seasonality is modelled as a sinusoidally-varying multiplier on trans-
mission with the peak occurring on January 1st and the trough on July
1st of each year. By default, we assume the amplitude of the seasonal
component is 20% from trough to peak and is introduced from 1st
April 2021.

Model fitting
The model is fitted using a two-stage process. In the first stage, the
model parameters are fitted by Bayesian inference usingMarkov chain
Monte Carlo (MCMC) to reported regional data on hospital admis-
sions, hospital and ICUbedoccupancy, seroprevalence, PCRpositivity,
and deaths within 28 days of a patient’s first positive SARS-CoV-2 test,
as well as to data tracking the emergence and spread of the Alpha
B.1.1.7 and Omicron B.1.1.529 variants (using the frequency of S-gene
target failure in PCR tests) in late 2020 and late 2021 respectively, and
of the Delta B.1.617.2 variant (using the frequency of Delta in genomic
sequencing data) in 2021. We use the DE-MCMC algorithm58 imple-
mented in C++ (see analysis code).

The introduction time and relative transmissibility of both the
Alpha, Delta, and Omicron variants are fitted for each geographic
region in themodel. We use data recording the number of first COVID-
19 vaccine doses delivered by age, geography, and vaccine product
from 8th December 2020 to 2nd May 2022 to inform the fraction of
first-dose vaccinated individuals in each age group, NHS England
region and by vaccine type over time. Additionally, in this initial stage,
18 additional parameters are fitted to define a transmission multiplier
function, with each of the 18 parameters defining a stepwise change in
transmission occurring at fixed six-week intervals beginning 12th April
2020 and ending 8th May 2022. This transmission multiplier function
allows the modelled epidemic trajectory to better capture changes
in SARS-CoV-2 transmission over time and reflects residual changes in
transmission that are not captured by mobility data alone, e.g., as
resulting from changes in personal protective behaviours such as
mask-wearing or from changes in social behaviour such as during
holidays.

In the second stage ofmodel fitting, a particle filtering algorithm59

is used to refine the rough transmission multiplier function, while
holding other fitted model parameters constant, to achieve a more
fine-scaled function with stepwise changes to the transmission multi-
plier every 5 days, instead of the cruder 6-week increment used in the
initial stageoffitting. In the second stage, the transmissionmultiplier is
fitted as a random walk on a logarithmic scale, that is, multiplicative
increments to the transmission multiplier are proposed rather than
absolute levels.

The same likelihood is used for Bayesian inference in both stages
of the model fitting process. In particular, the likelihood allows the
infection fatality rate (IFR), infection hospitalisation rate (IHR), and
infection critical-illness rate (ICR) to vary over the course of the epi-
demic, to reflect changes in treatment success, admissions criteria, and
availability of hospital resources over time. To achieve this, themodel’s
initial output of deaths and hospital burdens, which are based upon a
fixed IFR, IHR, and ICR (except as modified by variant-specific

characteristics and by vaccine protection), are treated as the prior
expectation for deaths and hospital burdens on each day. This
expectation is used as themeanof agammadistribution,with standard
deviation set to 0.3 times themean, which, in turn, is taken as the prior
distribution for the mean of a Poisson distribution from which the
observed burden for a given day is assumed to be drawn. This process
allows the IFR/IHR/ICR to change over time, while not straying too far
from the expected burden based upon the underlying fixed IFR/
IHR/ICR.

Model assumptions
Vaccine effectiveness. We model vaccine protection against five
separate outcomes for eachSARS-CoV-2 variant: infection, disease (i.e.,
symptomatic infection), hospitalisation, mortality and onward trans-
mission following a breakthrough infection (i.e., when an individual
who has vaccine protection becomes infected). We assume the same
vaccine effectiveness for the first two SARS-CoV-2 variants considered
in themodel (pre-Alpha B.1.1.7 and Alpha B.1.1.7), and separate specific
vaccine effectiveness estimates for the Delta B.1.617.2 and Omicron
B.1.1.529 variants, shown in Table S2. Throughout, we assume identical
vaccine effectiveness across all age groups in themodel. Thesemay be
subject to change in future work, as new evidence emerges. We treat
individuals who have been and will be vaccinated with Moderna vac-
cines the same as individuals receiving Pfizer vaccines. We model
individuals who have received different vaccine products (e.g., viral
vector AstraZeneca (Va compartments in Fig. 1) and mRNA Pfizer/
Moderna (Vb compartments in Fig. 1)) and one or two vaccine doses
separately, assuming separate efficacy estimates for each category
(Table S2).We additionally consider individualswhohave received two
vaccine doses but no booster dose as having reduced levels of pro-
tection in the vaccinated and waned state (Fig. 1, Table S2).

We base our vaccine effectiveness assumptions for the pre-Alpha,
Alpha, and Delta variants on a number of studies considering vaccine
efficacy and effectiveness (Tables S2, S6, S7). For theOmicron B.1.1.529
variant (comprising both BA.1 and BA.2 sublineages), we assume a 5.5-
fold reduction in neutralisation between Delta and Omicron41, result-
ing in approximately 45% lower vaccine protection against infection.
We use the resulting vaccine protection against infection with Omi-
cron to generate assumptions for vaccine protection against Omicron
disease, hospitalisation, and mortality. For protection against disease,
we assume the same conditional protection against disease given
infection as for the Delta B.1.617.2 variant. For protection against
hospitalisation and mortality, we use Khoury et al.’s modelled rela-
tionship between efficacy against any infection and efficacy against
severe infection60 to scale up our assumptions for protection against
infectionwithOmicron to higher levels of protection against these two
severe outcomes. For protection against onward transmission, we use
the same assumptions as for the Delta B.1.617.2 variant (Table S2).

Our assumptions about the levels of vaccine protection for indi-
viduals who have received two vaccine doses but no booster dose, and
their protection has waned, are shown in Table S2. We have based our
assumptions for vaccine protection against infection, disease and
onward transmission on scaling down assumed levels of protection for
dose-two vaccinated individuals using vaccine product-specific mea-
sured percentage reductions in vaccine protection over time from
Andrews et al19. For protection against infection and disease, we
referred to the measured product-specific percentage reductions in
protection against symptomatic infection for individuals aged 16 years
and older after 20+ weeks, compared to measured protection in week
1. For reductions in protection against onward transmission, we cal-
culate the average product-specificmeasured percentage reduction in
protection across the measured percentage changes in protection
against symptomatic infection and hospitalisation measured at 20+
weeks compared to week 1 and the percentage change in protection
against death measured at 20+ weeks compared to weeks 2–9. Since
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we model an individual’s average duration in the second dose com-
partment as 29.3weeks (Table S5B), before they are either boosted and
remain in the two-dose vaccinated compartment or are not boosted
and wane, we have chosen to further reduce our scaled vaccine
effectiveness estimates against infection and onward transmission
resulting from using Andrews et al19. 20+ week estimates by an addi-
tional 25% reduction on top of the measured percentage reductions
(Table S2). To balance this assumption, we have not included an
additional 25% reduction inprotection for the assumed level of vaccine
protection against disease for vaccinated and waned individuals
(Table S2). To arrive at assumptions for vaccine protection against
severe outcomes (hospitalisation and mortality) for individuals in the
vaccinated and waned state, we use Khoury et al.’s modelled rela-
tionship between efficacy against any infection and efficacy against
severe infection60 to increase our assumed levels of protection against
infection up to higher levels (Table S2).

Booster vaccinations. Wemodel the effect of booster vaccinations by
boosting individuals in two categories: those who remain in the
second-dose vaccinated compartment following receiving a booster as
well as individuals who are in the recovered disease state but would
also have received a primary course of COVID-19 vaccination followed
by a booster vaccination. Boosted individuals remain in their current
disease state, but we model an additional increase in their level of
vaccine protection and cross protection against reinfection following
their first booster vaccine in late 2021/early 2022 as follows. We firstly
assume that the Pfizer-BioNTech and Moderna booster vaccinations
being administered in England result in a 2.5-fold increase in neu-
tralisation titres61, and we use Khoury et al.’s modelled relationship
between neutralisation titres and protective efficacy60 to increase our
two-dose vaccine effectiveness and cross protection assumptions
against infection to boosted levels (boosted vaccine effectiveness
assumptions are shown in Table S2). For the boosted levels of cross-
protection against infection in the recovered disease state, we use the
same increase in protection, but this is applied only to the proportion
of recovered individuals who would have received a primary vaccina-
tion course multiplied by the age-specific probability of receiving a
booster vaccine (see Table S5B). We scale up the boosted protection
against infection to equivalent levels of protection against hospitali-
sation and mortality using Khoury et al.’s modelled relationship
between efficacy against any infection and efficacy against severe
infection60.

We refer to data on the number of COVID-19 booster vaccinations
being delivered over time on the UK Government’s COVID-19
dashboard2 to inform the time at which the additional booster effect
is applied to each 5-year age group, from individuals aged 75 years and
above to individuals aged 15 years and above, in sequentially younger
age groups over time. Between the start of the COVID-19 booster
vaccination rollout (September 2021) and the 15th of December 2021,
we assume a daily supply of booster vaccines of 229,000. We assume
that booster supply increases to 1 million doses per day from the 15th
of December 2021, following the JCVI announcement of an accelera-
tion and widening of the booster vaccination programme14. Using
these daily supply levels allows us to approximate the effects of the
booster vaccination campaign by introducing the assumed booster
effect on vaccine protection and cross protection at specific times for
each 5-year age group in the model, from the oldest to the youngest
eligible group. We assume that this additional booster effect lasts for
180 days, before vaccine protection returns to assumed two-dose
levels (Table S2) and cross protection returns to previous levels
(Table S3).

Waning immunity. We model waning immune protection against
SARS-CoV-2 developed from a prior SARS-CoV-2 infection and/or
vaccination. For waning immune protection following a previous

infection, we assume identical rates of waning for all virus variants and
for all age groups (Table S4). Once individuals who have recovered
from a prior infection wane, they return to a susceptible disease state;
thus, wemodel waning of so-called natural immunity against different
endpoints (infection, disease, hospitalisation, deaths, and onward
transmission) at the same rate. For our centralwaning assumptions, we
do not allow individuals in the two-dose vaccinated compartments to
wane directly back to being susceptible. To account for booster vac-
cinations, upon reaching the end of the assumed duration within the
second dose state (Table S5B), individuals either receive a booster
vaccine and return to the start of the second-dose compartment (with
additional levels of protection afforded for the first booster vaccina-
tion in late 2021/early 2022, given an assumed booster duration of
180 days, see description above), or move into a third state with
reduced levels of vaccine protection across different outcomes (see
Table S2). This third state corresponds to individuals who have
received two vaccine doses and no booster dose, leading to waning of
their vaccine protection (see Vaccine effectiveness above). Once indi-
viduals have moved into this waned state with reduced levels of vac-
cine protection, they are also allowed to wane back to being
susceptible, with different rates considered for each vaccine product
(Table S4). The assumed percentage loss in reduction for the central
waning scenario is based on measured percentage changes in vaccine
protection against hospitalisation after 20+ weeks for each vaccine
product in Andrews et al.19.

Mobility and vaccination schedules
To produce forward projections, the model requires information
about future contact rates and vaccination rates. We base our
assumptions on how social contact rates might be expected to change
by referring to historical mobility data22 and making assumptions
about future mobility until December 2022 (Fig. 3). Mobility levels
have generally been gradually increasing since early 2020 but have still
not returned to pre-pandemic levels. Hence, we consider four sce-
narios: we project current levels of mobility forwards (i.e., no change),
and we consider a return to pre-pandemic baseline levels of mobility
within periods of 3 weeks, 3 months, and 6 months. These assumed
future changes in mobility are combined with future school term
schedules to generate an overall schedule for future contact
rates (Fig. 3).

The time-varying transmission multiplier also needs to be pro-
jected forwards for model projections. This is done by using the
forecast R package62 to fit a second-order moving-average model to
the fitted transmission multiplier function, then using random fore-
casts of the resulting moving-average model for each new projection.
This process of using different realisations of the projected transmis-
sion multiplier is what produces most of the variability among differ-
ent runs of each scenario (Fig. 4c). For forward projections, we
combine the assumed future contact rates schedulewith the projected
transmission multiplier (Fig. 3) to produce an overall time-varying
transmission potential until the end of the simulation period.

For future first-dose vaccinations, we generate vaccine schedules
according to assumed future vaccine supply (i.e., number of doses
available per week) and uptake limits per 5-year age group, in combi-
nation with the historic first-dose vaccine schedules generated using
UKHSA data on vaccines delivered up to the 2nd of May 2022. Future
first-dose vaccine supply is assumed to be 150,000 doses per week for
England throughout the remainder of the projection period (i.e., until
December 2022). We assume that first-dose vaccination uptake limits
in individuals aged 15 years and above have already been reached, so
no future first doses are delivered to these age groups. Our basecase
scenario assumes that uptake is limited at 80% for individuals aged
5–14, delivering futurefirst doses first to the 10–14 age group up to the
uptake limit, followed by 5–9-year-olds. This assumption of 80%
uptake for 5–14-year-olds is chosen based on the first-dose uptake
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measured by age across England; uptake is lower for younger age
groups, with uptake reaching at least 80% as of May 2022 for the
youngest eligible adults, who have been eligible to receive their first
COVID-19 vaccinations in England since the summer of 2021. We also
consider the impact of an alternative vaccination schedule generated
assuming lower uptake levels for children aged 5–14 years (Fig. S7).

The assumed future supplyoffirst doses perweek isfirstly divided
into daily supply levels. Supply levels for each day are distributed into
the seven NHS England regions according to the population size of
each region. The allocated number of future first doses per day in each
region are initially allocated to the oldest age groups which have not
yet reached their age-specific uptake limits (i.e., since we assume
maximum uptake has been reached for individuals aged 15 and above,
10–14-year-olds are prioritised first up to their 80% uptake limit, fol-
lowed by 5–9-year-olds up to their uptake limit). The allocated number
of first doses per day, per region and per age group are divided into
specified proportions of vaccine products relevant to each age group
(75% Pfizer and 25%Moderna for <40 year olds, and 60% AstraZeneca,
30% Pfizer and 10%Moderna for 40+ year olds; sinceMay 2021 the JCVI
has advised a preference for individuals under 40 years of age to
receive an alternative to the viral-vector Oxford-AstraZeneca
vaccine63). Any doses remaining after this process are carried over to
the next age group down (up to the relevant uptake limit and reallo-
cated according to our assumptions on vaccine productmix), the next
NHS England region, or the next day, or are left unallocated in the
schedule and recorded as leftover doses.
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Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Data sources used for these analyses are either publicly available or
were provided to the named authors asmembers of the UK’s Scientific
Pandemic Influenza Modelling (SPI-M) group, which provides expert
advice to the UK’s Department of Health and Social Care and wider UK
government on scientific matters. Specific permissions have been
sought to use SPI-M data for this publication. The SPI-M datasets used
for model fitting are unpublished and not publicly available, but are
closely aligned with the UK Government’s COVID-19 dashboard2 and
other publicly available sources such as the Wellcome Sanger Insti-
tute’s COVID-19 genomic surveillance data64. The following public
datasets have been used in this work: school attendance data65, PCR
prevalence data53, seroprevalence data50–52, mobility data22, COVID-19
vaccination statistics25, and data on SARS-CoV-2 lineages in England43.

Code availability
Analysis and code21 is available at: https://github.com/
rosannaclairebarnard/covidm-mtd-Omi
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