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1. Summary

In this report, we summarise the findings of our evaluation of the successive easing of non-
pharmaceutical interventions (NPIs) as set out in the UK Government’s Roadmap out of Lockdown.
Full methods, data used, and parameter values assumed for forward projections are given in the
technical appendix. Key parameters relevant to interpretation of findings are provided in the text.
Results and assumptions refer to England unless otherwise specified.

1. We estimate the current level of transmission, Res, is approximately 1 in England. This estimate
may not fully capture the impact of schools opening after Easter given the 3-week delay before
changes in contact rates are reflected in surveillance data streams.

2. Based on PHE data available to 28 April 2021, 64% of the adult population in England have
received at least one vaccine dose and 26% have received two doses. Under our central
assumptions on vaccine effectiveness, this translates to 40% of adults (or 31% of the whole
population) protected against symptomatic disease and 49% of adults (or 38% of the whole
population) protected against severe disease (hospitalisation) via vaccination. Note this also
includes individuals who are also protected due to recovery from past infection.

3. We estimate that an additional 15% of the population who are not protected through
vaccination are currently protected due to recovery from past infection.

4. Assuming 2.7M vaccine doses/week are given up to 19 July (2.0M thereafter), we project that
52% of the whole population will be protected against symptomatic disease, and 60% against
severe disease, due to either vaccination or recovery from infection by 21 June 2021.

5. We note that the coverage estimates given in point 2 above for first doses are lower than
estimated in the most recent ONS survey (71% and 21% of adults in England having received
one and two doses respectively as of 16/04/21 [1]) suggesting that the ONS survey participants
may not be fully representative of the population as a whole.

6. Under our central scenario assumptions, and assuming steps 3 and 4 of the roadmap proceed,
we expect a smaller third wave which is most likely to occur in the late summer to autumn.
However, the timing and size of this third wave remains highly uncertain and depends on the
levels of transmission that occur from 17" May and 215t June onwards.

7. The likelihood of the importation and spread of variants of concern (VOC) remains highly
uncertain, as do the properties of such VOC. If a VOC emerges with similar transmissibility to
B.1.1.7 and with a moderate degree of immune escape from both infection- and vaccine-
induced immunity, a third wave substantially larger (both in hospitalisation and deaths) than
the winter of 2021 could occur. This does not allow for the potential mitigating impact of
booster vaccines and reintroduction of some NPIs.

8. Remaining at step 3 beyond 17 May is projected to maintain the effective reproduction number
around 1 and keep hospitalisations and deaths at very low levels. It would also dampen a third
wave due to VOC emergence.

9. Global collaborative efforts to control transmission abroad will be vital in preventing further
emergence and importation of new VOCs which may trigger a third wave and necessitate a
pause or reversal of the current roadmap. VOC importations over time should also be
monitored carefully. Careful testing and quarantine measures will be critical as international
travel restrictions are lifted.

10. Given the many uncertainties involved in making these projections, the impact of Step 3 must
be carefully evaluated (and given enough time to do so) before committing to Step 4 which will
pose the greatest risk to increased transmission.
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2. Introduction

The UK government has set out a roadmap for coming out of lockdown, with several defined stages
for relaxing interventions that have been in place to control the spread of SARS-CoV-2. In this report
we focus on the upcoming “Step 3” of the plan due to take place not before 17" May 2021. We also
consider the impact of further relaxation of measures from “Step 4”, occurring not before 215 June
2021.

Several key sources of data (as of 1 May 2021) feed into this analysis.

1. The degree of past infection over the course of the UK epidemic from January 2020. This
determines the proportion of people who will have natural immunity due to prior infection
and is estimated by fitting our transmission model [2] to data on infection prevalence
surveys, serology, reported cases via Pillar 1 and Pillar 2, reported hospitalisations and
deaths within 28 days of a positive test (Figure S5).

2. PHE data on vaccination coverage over time- by age (Figure 1) and region, including the
proportions receiving their first dose and second doses and the specific vaccine given to
each age-group.

3. The effectiveness of vaccination against the circulating B1.1.7 variant in the UK. This is
obtained from a review of clinical trial efficacy data and from UK and international studies
on their real-world effectiveness (Table 3).

Forward projections also require assumptions to be made about three key determinants of the
course of the epidemic:

1. The transmissibility of the circulating virus as interventions are relaxed at Step 3 and Step 4.
We formulate this in terms of the reproduction number, R, that would occur in the absence
of natural- and vaccine-induced immunity (Rexcimmunity) (Tables 4 and S1).

2. Future vaccination programme progress - including the vaccine supply, speed of roll-out,
product mix and uptake in younger age-groups (Table 1 and 2).

3. The importation rate of VOCs from abroad and their transmissibility, severity and degree of
immune escape compared with the currently dominant B.1.1.7 lineage (Table 5).

2.1 Vaccination Coverage

Data on vaccine uptake by age and product were provided by Public Health England. These data are
summarised in Figure 1. Note that these data are the same as reported on the COVID-19 dashboard

[3].

Cumulative vaccine uptake by age for England
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Figure 1: Cumulative vaccine uptake by 28 April 2021 by age for England shown for first (solid
lines) and second (dashed lines) doses. Shown as the proportion of the population age group of
England (ONS).
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Projections of vaccine roll-out provided by DHSC for this exercise are summarised in Table 1.

Table 1: Pre-specified vaccination schedule (million doses per week)

Weeks commencing Average doses
per week
England 26 April 2021 2.7M
19 July 2021 onwards 2.0M

For the forward projections, we model continued roll-out to all age-groups. The minimum uptake
assumed to be achieved is summarised in Table 2. For the older age-groups, we use the vaccine
coverage that has been obtained for dose 1 if this is higher than the assumed uptake and we
assumed the same uptake will be achieved for dose 2. For the younger age-groups where uptake
remains below our assumed levels, we use these values for both dose 1 and dose 2.

Table 2: Vaccine uptake assumptions by group or age for all nations.

Group Central Scenario Sensitivity analysis
Care home residents (CHR) 95% 95%

Care home workers (CHW) 85% 85%

80+ years* 95% 95%

50-79 years* 95% 95%

30-49 years* 90% 80%, 50%, 20%

<30 years* 80% 80%, 50%, 20%

* Not working or residing in a care home.

2.2 Vaccine Effectiveness

Based on the most recent evidence, we have updated our assumptions regarding the mode of
action and effectiveness for each vaccine. Table 3 summarises these for the Pfizer, AstraZeneca
and Moderna vaccines. We assume that vaccine protection against symptomatic disease as
determined from the original trials and real-world data also provides a similar level of protection
against asymptomatic infection. We further assume that, in those individuals who do become
infected more than 21 days after vaccination, onward transmission is also reduced.
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Table 3: Vaccine effectiveness assumptions for AstraZeneca (AZ), Pfizer (PF), and Moderna (Mod).
We assume individuals >50 years will receive the mix of vaccines observed thus far; 30-49 years
will receive 60% AZ and 40% PF or Moderna; and individuals under 30 years will receive PF or

Moderna only.

Vaccine Central Sensitivity Analysis Informed by
Scenario
Efficacy against AZ (1 dose) 80% 70% Vasileiou 2021 [4],
severe disease 57 (2 doses) 80% 70% PHE [5], Hyams
2021 [6]
PF (1 dose) 80% 58% Hyams 2021 [6]
Hall 2021 [7]
PF (2 doses) 95% 76% PHE effectiveness
data (unpublished)*
Moderna Assume the same as PF for 1 and 2 doses
Efficacy against AZ (1 dose) 63% 50% Voysey 2020 [8]
disease AZ (2 doses) 63% 50% Voysey 2021 [9]
[8,91[8,91[7,8]
PF (1 dose) 65% 58% PHE [10]
Hall 2021 [7]
PF (2 doses) 86% 76% Hall 2021 [7]
Moderna Assume same as PF for 1 and 2 doses
Efficacy against AZ (1 dose) 63% 50% assumed same as
infection AZ (2 doses) 63% 50% efficacy against
PF (1 dose) 65% 58% disease
PF (2 doses) 86% 76%
Moderna Assume same as PF for 1 and 2 doses
Efficacy against AZ/PF/Mod (1 dose) 45% 0% [11]
infectiousness  ~A7/pF/Mod (2 doses)  45% 0% [11]

if infected

*(33% additional protection in breakthrough infections)

2.3 Increases in population contact rates resulting from roadmap steps 3 and 4

To capture the gradual easing of restrictions at Steps 3 and 4 in England, we do not model specific
or detailed policy changes due to the uncertainty around their impact. Instead, we sample from a
range of values for R in the absence of immunity (specified as a probability distribution, see Figure
S6) that could occur at each stage. Table 4 summarises assumptions at Steps 3 and 4 for England.
R is assumed to be 0.3 lower during the school holidays, due to lower contact rates between
children. We assumed an average school holiday pattern across England (with half-term 29 May - 7
Jun, summer 24 Jul - 31 Aug). We do not model school holidays beyond summer 2021.

We examine two scenarios for the impact of step 4 — an increase of R to either 3.5 (which assumes
ongoing control measures such as symptomatic case isolation and test-and-trace will reduce
transmission by approximately 1/3 from an R, of 5 for B1.1.7 [12]) or 4.5 (which assumes ongoing
control measures will reduce transmission by approximately 10%). We further assumed a slight
seasonal trend in SARS-CoV-2 transmissibility throughout the year (see appendix 3).
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Table 4: Summary of two NPI easing scenarios for England where restrictions are eased on
specific dates resulting in an increase in transmissibility. The average R in the absence of
immunity (Rexct immunity) and 95% quantiles of at each stage are shown. Further details are given in
Table S1.

Scenario
Step 3 only Step 3- 17 May ‘21
School holidays:
1.90 (1.54-2.32)
School terms:
2.20 (1.83-2.62)
Step3and 4 Step 3- 17 May ‘21 Step 4 - 21 Jun ‘21
School holidays: School holidays:
. 1.90 (1.54-2.32) 3.20 (2.53-4.00)
Central Scenario
School terms: School terms:
2.20 (1.83-2.62) 3.50 (2.82-4.29)
School holidays: School holidays:
. . . 1.90 (1.54-2.32) 4.20 (3.51-4.98)
Higher R following full NPI lifting
School terms: School terms:
2.20 (1.83-2.62) 4.50 (3.81 -5.28)

2.4 Variants of Concern

The emergence and spread of VOCs remain highly uncertain. We therefore undertook many
sensitivity analyses to understand the potential for further waves of infection if VOCs with partial
immune escape to current vaccines were to establish in the UK population in the coming months.
We note that these are all highly speculative and it is not possible to determine their likelihood at
this time given the many associated uncertainties.

Key factors considered include:

e Rate of introduction - we assume a low level of importations up to Step 3 (May 17%") with
this increasing thereafter to reflect the planned re-opening of borders.

e Transmissibility of the VOC compared to the current circulating variant (B1.1.7).

e Cross-protection from prior infection with wild-type or B1.1.7 variants.

e Severity of the VOC compared to B1.1.7.

e Vaccine efficacy against VOC.

Table 5 summarises the assumptions for the VOC dynamics. On average 5 cases a day of variants
of concerns or variants under investigations have been reported among travellers entering the UK in
the last few months [13]; we conservatively assumed only 1/3 of those would be detected and
hence that there are currently 15 importations a day.
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Table 5: Summary assumptions for Variants of Concern (VOC) for all nations

VOC characteristics

Central

Optimistic

Timing and rate of

introduction

15 importations a day, increasing 10-fold at Step 3.

As central

Transmissibility relative As transmissible as B1.1.7.

to B1.1.7

20% less transmissible
than B1.1.7

Cross-immunity from
natural infection

Infection with VOC is fully (100%) protective against
B1.1.7.

Infection with B1.1.7 or earlier variants gives 55%
protection against infection/mild disease and 70%
protection against hospitalisation with VOC (similar
to assumed efficacy of one dose of Pfizer).

As central

Table 6 summarises assumptions about vaccine efficacy against VOCs. These are principally based
on a review of the (limited) data from vaccine efficacy and effectiveness studies for the B.1.351
variant, which currently is the VOC of greatest concern in relation to vaccine efficacy. We note that
current data suggest that the mRNA vaccines are less vulnerable to VOCs than vectored vaccines.

Table 6: Vaccine efficacy assumptions for AstraZeneca (AZ), Pfizer (PF), and Moderna (Mod)
against variants of concern (VOC). We assume individuals >50 years will receive the mix of
vaccines observed thus far; 30-49 years will receive 60% AZ and 40% PF or Moderna; and

individuals under 30 years will receive PF or Moderna only.

Vaccine Vaccine Central with Pessimistic VE = Optimistic VE Informed by
efficacy voC against VOC against VOC
Against severe AZ (1) 40% 20% 64% Assumed higher
disease AZ (2) 40% 20% 64% thgn against
PF (1) 70% 60% 80% Q?r']l:?l::lsyef o
PF (2) 90% 85% 95% B1.1.7
Moderna Assume same as PF for 1 and 2 doses
Against mild AZ (1) 10% 0% 50% .
disease A7 (2) 0% 0% 50% Madhi 2021 [14]
PF (1) 55% 45% 65% Assumed lower
than 2 dose
efficacy
PF (2) 75% 55% 85% PF press
release [15]
Moderna Assume same as PF for 1 and 2 doses
Against AZ (1) 10% 0% 50%
infection AZ(2) 10% 0% 50% Assumed same
PF (1) 55% 45% 65% as disease
PF (2) 75% 55% 85%
Moderna Assume same as PF for 1 and 2 doses
Against AZ/PF/Mod (1) 20% 0% 45% Assumed
infectiousness
it infected AZ/PF/Mod (2) 20% 0% 45% Assumed
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3. Results

Under the central scenario defined by Tables 1-4, we project that 92% of the adult population and
72% of the population in England will have received at least one dose of the vaccine by 31 August
2021 when it plateaus, and 78% and 61% respectively will have received two vaccine doses. Given
our assumptions regarding vaccine efficacy and the vaccine product mix that is planned, this would
result in 72% of the English population being protected against severe disease through vaccination
or recovery from previous infection by that date (Figure 2A). The remaining gap in protection (28%
unprotected) stems from (a) not vaccinating <18-year-olds, and (b) imperfect vaccine efficacy.
Whilst vaccine uptake in the adult population has been encouragingly high, as we enter autumn,
children will remain susceptible to infection (Figure 4) and potentially contribute to continued
transmission of any circulating virus.

Figure 2B shows the extent to which the population in England will be protected over time, through
a combination of vaccination and immunity acquired through natural infection. Strategies which
retain substantial NPIs (Step 3 only, where no further NPIs are released after 17 May 2021) can
maintain the effective reproduction number below 1 (Figure 2D), keeping cases, hospitalisations,
and deaths low (Table 7). Similarly, under our more optimistic assumptions about the impact of
Step 3 and Step 4, we project that the effective reproduction number R should remain around 1
thereby mitigating against a future large wave of infection.

With our central assumptions, the current roadmap where all but baseline NPIs will be released
sequentially in England after 17 May 2021 (Table 4, step 3 and 4) is projected to lead to another
small wave of hospitalisations, with 9,000 (95%Cirl: 5,100, 16,600) additional deaths by 1 June
2022. Given the high vaccine uptake observed so far, most deaths are predicted to occurin
vaccinated individuals, because of imperfect vaccine efficacy (Figure 4). The number of additional
deaths under this and other scenarios may not have stabilised by June 2022 thus further Covid-19
deaths beyond this date are possible. The projected deaths under our current central scenario are
lower than those projected in our previous reports due to the much higher vaccine efficacy
assumed in light of recent published studies. In particular, we now assume substantial reductions
in infectiousness of vaccinated individuals who do become infected, and this further decreases the
level of transmission in the population as a whole.

We estimate that the current level of transmission in the absence of immunity in England, Res, is
approximately 1 (with large uncertainty). This does not fully reflect the impact on transmission of
schools returning from Easter break, since R is a lagging indicator by at least 3 weeks. Ret may
therefore be higher by the time of the next set of releases on 17 May.

Whilst the impact of Test Trace Isolate (TTl), mask wearing, hand hygiene, and COVID security on R
is difficult to quantify, it will be vital to emphasise the importance of normalising and ensuring
adherence to all measures even after “full lifting” is achieved.
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Figure 2: Impact of vaccine roll-out and roadmap Steps 3 and 4 on the epidemic in England
assuming no VOC and central scenario. (A) Proportion of the whole population (including
children) in England who have received at least one vaccine dose (light green) and who are
protected against severe disease through vaccination (dark green shading). Light grey indicates
<18 year-olds, who are currently ineligible for vaccination and dark grey those do not get
vaccinated (Table 2). (B) Proportion of the population protected (from bottom to top): against
infection through natural infection only, against infection from natural infection and also
vaccinated, against infection after vaccination, against severe disease (but not against infection)
after vaccination, and those unprotected despite vaccination. (C) Increase in R in the absence of
natural- or vaccine-induced immunity due to Step 3 only or Steps 3 and 4 (note that curves reflect
reduced transmission during the school holidays). Here final Rexct immunity after Step 4 = 3.5 (schools
open). (D) As C but showing effective reproduction number over time incorporating the impact of
vaccination and natural immunity under the two release scenarios explored. (E) Projected COVID-
19 hospital bed occupancy and (F) cumulative COVID-19 deaths (from 1 May 2021 onwards). In
panel E, the points at the start show recent reported data. In panels C-F the coloured lines show
the mean and the shaded areas show 95% credible intervals. The vertical dashed line denotes 9
Aug 2021, 12 weeks after the Step 3 release date.
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4. Sensitivity analyses

Our results are highly dependent on the underlying assumptions about vaccine roll-out,
transmissibility after NPI lifting and vaccine effectiveness. Results from sensitivity analyses varying
these assumptions are shown in Figures 3, S1-S4, and Tables 7-8.

Assuming a return to higher values of R after full lifting of NPIs, a lower vaccine effectiveness, or low
vaccine uptake in the <50-year-olds could lead to a larger third wave of hospitalisations and
deaths, with a peak hospital bed occupancy which might reach or even exceed that of the most
recent wave in England.

Seasonality in transmission did not substantially affect the results but reduced and broadened the
peak of hospitalisations compared to a scenario with no seasonality.

We also examined the potential impact of a hypothetical variant of concern (VOC) on the
magnitude of the simulated epidemics. We varied the level of transmissibility of that VOC (same as
B.1.1.7 or 20% lower) as well as its degree of immune escape (see Table 5 and 6). Under the low
immune escape assumption, the predicted third wave was still smaller than the most recent wave
in England. However, under the central and high immune escape assumptions, the predicted third
wave was orders of magnitude larger, with a peak hospital bed occupancy up to nearly 10 times
that experienced in early 2021. In the range of parameters we examined, immune escape properties
of the VOC affected the magnitude of the third wave more than assumptions about transmissibility.

5. Conclusions

Our results suggest that with a continued rapid roll-out and high uptake of the vaccines, and
assuming recent high estimates of vaccine effectiveness on infectiousness hold, the current
roadmap out of lockdown would likely lead to a moderate wave of infections, hospitalisations and
deaths between the summer and the autumn of 2021. However, preventing the importation of
variants of concerns (VOC) with moderate to high immune escape properties will be critical as
these could lead to future waves orders of magnitude larger than the ones experienced so far.
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Figure 3: Sensitivity analysis showing cumulative COVID-19 deaths in England (counted from 1 May 2021 up to 1 Jun 2022) for Step 3 only (yellow) and
Steps 3 and 4 (blue). Results from left to right: (main) central scenario defined by Tables 1-4 (high R) a higher R after NPIs are “fully” lifted as shown in
Table 4 (not applicable for step 3 only); (low VE) lower vaccine effectiveness (notably no vaccine effectiveness against onwards transmission) as set
out in Table 3; (no seas) no effect of seasonality on transmission; (low uptake) lower vaccine uptake amongst <50 yrs of 80%, 50%, and 20%
respectively; (with VOC) assumes transmission of VOC with “central” immune escape and transmissibility properties, VOC with high immune escape
and central transmissibility, VOC with low immune escape and central transmissibility, VOC with low transmissibility and “central” immune escape,
VOC with low transmissibility and high immune escape, VOC with low transmissibility and low immune escape (see Table 5 and 6). Note that the y-axis
is on a logarithmic scale.
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Figure 4: England COVID-19 (top row) cumulative deaths (counted from 1 May 2021 to 1 June 2022), (second row) daily deaths, (third row) daily
infections, and (bottom row) daily hospital admissions by age group and vaccination status. Single dose and two dose protection refers to individuals
vaccinated with one and both vaccine doses respectively after the onset of dose-specific vaccine efficacy. From left to right: (Central) “central”
analysis with a “central” transmissibility after NPI lifting where moderate baseline NPIs are retained (see Table 4), “central” vaccine effectiveness (see
Table 3), central vaccine roll-out and uptake described in Tables 1 and 2, and accounts for seasonality in transmission; (80% uptake, 50% uptake, 20%
uptake) lower vaccine uptake amongst <50 yrs of 80%, 50%, and 20% respectively.
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Table 7: Cumulative deaths, hospital admissions, incidence, and peak hospital occupancy in England (median (95% Crl), nearest 100) between 1 May
2021 and 9 Aug 2021 for Step 3 only under different scenarios considered (as Figure 3). Unless otherwise specified in “Analysis Type”, results assume
“central” values of vaccine efficacy (incl. 50% efficacy against infectiousness), vaccine roll-out, return to baseline NPIs of Rexct immunity = 3.5 (when

schools are open), and account for seasonality.

Analysis type NPI lifting Cumulative deaths Cumulative hospital Cumulative incidence Peak hospital
scenario (95%Crl) admissions (95%Crl) (95%Crl) occupancy (95%Crl)
Up to 9 Aug 2021
Central scenario 1,500 10,500 1,007,200 1,700
(400, 6,200) (2,000, 46,900) (159,400, 4,397,100) (1,000, 6,900)
Higher Rexctimmunity after full NPI lifting*
=4.5 As above As above As above As above
Lower vaccine efficacy** 5,800 35,700 2,108,400 4,600
(900, 27,500) (5,100, 162,500) (296,600, 8,245,200) (1,000, 23,400)
Without seasonality 1,800 12,200 1,203,500 1,800
(400, 7,800) (2,400, 54,500) (190,300, 5,125,500) (1,000, 7,500)
Lower (80%) vaccine uptake in <50 yrs 1,400 9,800 928,400 1,600
(300, 5,700)* (2,000, 39,900) (152,700, 3,754,500) (1,000, 5,700)
Lower (50%) vaccine uptake in <50 yrs 1,600 11,200 1,072,200 1,700
Step 3 only (400, 7,100) (2,200, 49,200) (186,800, 4,414,300) (1,000, 6,900)
Lower (20%) vaccine uptake in <50 yrs | (no further 2,000 14,300 1,418,300 2,000
lifting after 17 (400, 8,500) (2,300, 58,700) (187,800, 5,488,400) (1,000, 7,700)
Central VOC R* and central VOC May) 2,700 18,500 1,718,800 2,800
immune escape™ (800, 9,900) (4,700, 73,000) (389,700, 6,651,800) (1,000, 8,700)
Central VOC R* and high immune 5,300 38,100 3,088,400 10,600
escape”” (1,500, 14,900) (10,200, 110,800) (725,000, 9,137,800) (2,400, 28,900)
Central VOC R* and low immune 1,800 12,000 1,208,700 1,700
escape”” (500, 6,900) (3,000, 46,500) (276,200, 4,360,200) (1,000, 6,800)
Low VOC R* and central VOC immune 1,800 12,400 1,170,500 1,800
escape”” (500, 7,800) (3,000, 52,000) (244,200, 4,607,300) (1,000, 7,600)
Low VOC R* and high immune 2,200 14,900 1,298,100 2,000
escape”” (700, 6,700) (4,000, 49,800) (281,600, 4,545,800) (1,000, 5,800)
Low VOC R*" and low immune escape™ 1,500 10,600 1,042,700 1,700
(400, 6,300) (2,400, 45,900) (214,800, 4,298,500) (1,000, 7,100)

* R excimmunity US€d after NPl relaxation (see Tables 4, S1, and Sl text for details). **See Table 3 for details. * Central VOC R = VOC as transmissible as B1.1.7, Low
VOC R =VOC 20% less transmissible than B1.1.7 (see Table 5 for details). **See Table 6 for VOC vaccine efficacy details.  Projected deaths in this scenario are
lower than in the central scenario despite lower vaccine uptake; this is because of stochastic effects and because of younger groups (who may contribute more

to transmission) being vaccinated earlier when uptake is lower but vaccination schedule remains the same.
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Table 8: as Table 7 but for roadmap Steps 3 and 4. All outputs are measured between 1 May 2021 and 1 June 2022.

Analysis type NPI lifting Cumulative deaths Cumulative hospital Cumulative incidence Peak hospital
scenario (95%Crl) admissions (95%Crl) (95%Crl) occupancy (95%Crl)

Up to 1 June 2022
Main analysis 9,000 54,900 5,306,700 4,200

(5,100, 16,600) (31,100, 104,100) (3,268,900, 9,134,900) (1,100, 12,200)
Higher Rexctimmunity after full NPI lifting* = 18,500 111,900 9,657,200 13,100
4.5 (13,700, 27,000) (87,400, 169,600) (7,944,400, 13,301,200) (6,200, 26,900)
Lower vaccine efficacy** 53,600 285,300 12,618,700 27,300

(34,100, 86,300) (184,500, 452,900) (8,632,800, 18,344,400) (7,700, 65,700)
Without seasonality 10,900 65,800 6,170,300 6,500

(4,400, 22,100) (27,400, 141,700) (2,832,500, 11,323,800) (1,400, 20,200)
Lower (80%) vaccine uptake in <50 yrs 10,600 65,500 6,027,600 4,600

(6,200, 19,600) (39,700, 112,200) (3,901,400, 9,622,100) (1,800, 13,300)
Lower (50%) vaccine uptake in <50 yrs 20,000 128,100 10,669,900 9,400

(16,000, 25,500) (105,800, 165,400) (8,904,400, 12,735,300) (5,500, 20,200)
Lower (20%) vaccine uptake in <50 yrs Steps 3 and 4 26,300 171,800 14,341,300 16,300

Central VOC R* and central VOC immune
escape’”

Central VOC R* and high immune
escape’”

Central VOC R* and low immune
escape’”

Low VOC R* and central VOC immune
escape’”

Low VOC R* and high immune escape™

Low VOC R*" and low immune escape™

(full ift 21 Jun)

(21,300, 33,000)

(148,200, 213,900)

(12,113,900, 16,249,100)

(10,200, 31,100)

124,000
(91,300, 164,800)

670,800
(522,000, 908,000)

30,158,100
(28,039,400, 39,789,000)

95,300
(54,000, 145,800)

225,400
(186,400, 275,900)

1,175,500
(1,017,800, 1,410,100)

40,428,400
(34,118,700, 49,591,800)

233,400
(157,500, 323,200)

30,700
(20,300, 46,100)

182,800
(126,600, 285,600)

13,986,500
(9,582,600, 21,366,000)

15,200
(8,000, 25,100)

83,200
(59,700, 114,700)

460,000
(341,100, 644,100)

22,491,500
(15,904,600, 31,232,200)

36,500
(22,400, 55,800)

176,500
(143,200, 215,600)

927,500
(782,900, 1,080,100)

34,029,200
(27,729,100, 41,665,300)

127,000
(83,400, 170,400)

18,100
(7,900, 33,600)

109,800
(49,100, 198,400)

9,629,300
(4,747,400, 16,517,900)

5,300
(2,600, 14,300)

* R_exclimmunity US€d after NPl relaxation (see Tables 4 and S1, and Sl text for details). **See Table 3 for details. + Central VOC R = VOC as transmissible as B1.1.7,
Low VOC R =VOC 20% less transmissible than B1.1.7 (see Table 5 for details). +*See Table 6 for VOC vaccine efficacy details.
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Appendix 1: Caveats and key assumptions

We assume no loss of infection-induced or vaccine-induced immunity over the time horizon
of the analysis (optimistic).

Our central scenario incorporates seasonality in transmission with a +/-10% relative change
in transmissibility throughout the year.

We assume that vaccine roll-out pace of 2.0M doses/week from 19 July 2021 onwards can be
maintained (unclear). Note that this roll-out speed is much slower than assumed previously for
informing the UK Government’s “Roadmap out of lockdown for England”.

We assume high vaccine uptake across all age groups (optimistic) and further assume that
uptake is homogeneous within and across regions.

We assume the vaccines provide protection against infection in addition to protection from
severe disease and death (optimistic).

We assume the vaccines prevents to a certain extent, an infected person who is vaccinated
from transmitting the virus (optimistic, assumed as part of “central” assumptions*).

The gradual lifting of NPIs has been modelled as a step-wise increase in R. We do not model
any specific policy change, rather an assumed change in the corresponding level of
transmission. Note that there is considerable uncertainty around these assumptions.

We assume that mixing patterns under each Tier or step are the same as in autumn 2020.

We model school holidays by assuming an average decrease in R _exct immunity OF 0.3 whilst
schools are closed*.

We do not model school holidays beyond September 2021 when evaluating outcomes up to
June 2022 under Step 3 and 4 releases (pessimistic).

We assume no correlation between vaccine uptake and risk of severe infection. If uptake
were to be lower in groups at higher risk of severe disease (e.g. ethnic groups), our results
would be too optimistic in terms of hospitalisations and deaths (optimistic).

We do not model differential infectivity or susceptibility by age.

We assume no dynamic replenishment of the care-home population (optimistic).

We assume that some level of transmission control remains even after “fully lifting” NPIs
(Tables 4 and S1) through measures such as TTl and hand hygiene (optimistic). We assume a
higher R cxct immunity than previously* of 4.5 (see Tables 4 and S1) (pessimistic)

We only capture cases, hospitalisations and deaths occurring up to 9 August 2021 in Table 7 for
Step 3 only scenarios where no further release steps are taken after 17 May 2021.

Note that not all scenarios under “Step 3 and 4” have reached an equilibrium with respect to
the number of additional deaths by June 2022.

We additionally model distribution of the Moderna vaccine* and assume it has the same
vaccine efficacy as Pfizer.

We do not model any "booster” vaccines designed to be efficacious against VOC (pessimistic).
We assume that all individuals under 30 years will now receive the Pfizer or Moderna vaccine¥,
30-49 year olds will receive 60% AZ and 40% Pfizer or Moderna*, and 50+ will continue to
receive the distribution of vaccines observed thus far (more PF than the 20% assumed
previously)*.

We have not modelled a slower vaccine roll-out (optimistic)*

We now model the potential impact of an immune escape VOC importation and establishment
(pessimistic)*. Note that these are highly speculative scenarios.

Rates of VOC importation were assumed constant within each NPI release step.

*change since last report
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Figure S1: England COVID-19 daily (A1-A7) infections, (B1-B7) hospital admissions, (C1-C7) hospital bed occupancy, and (D1-D7) deaths assuming
step 3 only (yellow) release of NPIs over time as set out in Table 4. All analyses shown in this figure assume no variant of concern (VOC). Columns
show a subset of the scenarios detailed in Figure 3 and Tables 7 and 8. Note that in this figure the first two columns are identical as in the step 3 only
release of NPIs the latest R increase is not occurring. The points at the start of the panels B, C and D (Jan-Apr 2021) show the recent reported data. The
coloured lines show the median and the shaded areas the 95% credible intervals. Note the y-axis scale is different to that in Figure 2E-F and differs for
each row. The vertical dashed line denotes 9 Aug 2021, 12 weeks after the Step 3 release date.
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Figure S2: As Figure S1 but showing scenarios including a VOC with partial immune escape from natural and vaccine-induced immunity (see Figure 3
and Tables 7 and 8 for details on each scenario).
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Figure S3: As Figure S1 (results with no VOC) but showing impact of Steps 3 and 4.
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Figure S4: As Figure S2 (results with VOC) but showing impacts of Steps 3 and 4.
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8. Appendix 3: Methods

We used a stochastic compartmental model of SARS-CoV-2 transmission fitted to multiple data
streams from each NHS region in England. The model is stratified into 17 five-year age groups (0-4,
5-9, ..., 75-79, 80+), a group of care home residents (CHR) and a group of care home workers
(CHW). The model has been described in detail elsewhere [2]. The model was extended to include
vaccination where each compartment in the model is further stratified to account for vaccination
status. We used parameter values calibrated to data from 1 May 2021. The model was fitted with
vaccination (both first and second doses) as reported by DHSC to SPI-M (Figure 1). Figure S5 shows
the estimated cumulative incidence in England by NHS region.

Cumulative
incidence

40%
35%
30%
M 25%

Region Estimated cumulative
proportion of the
population infected up
to 1 May 2021

20% AW
W 15% Median 95%Crl
=10% East of England (EE) 20% 16-24%
| 5% Midlands (MID) 25% 22-27%
London (LON) 38% 33-44%

LON North East and Yorkshire (NE) 26% 22-29%

North West (NW) 31% 27-34%

South East (SE) 21% 19-24%

South West (SW) 17% 14-22%

Figure S5: Estimated cumulative proportion of the population infected by NHS England Region up
to 1 May 2021. The map shows the median; the table shows the median and 95% credible
intervals rounded to the nearest percent.

Definitions of the reproduction number

Throughout, we consider two definitions of the reproduction number:

The reproduction number in the absence of immunity, Rexci immunity, defined as the
average number of secondary infections that an infected individual would generate in a
large population with no immunity. Rexciimmunity depends on the virulence of the pathogen
and the contact patterns in the population, but not the level of population immunity. We
use different values of Rexciimmunity tO reflect different levels of mixing associated with
different levels of restrictions, irrespective of the level of immunity in the population (see
next section). Rexcimmunity @lsO captures the increase in transmissibility resulting from the
emergence of the B.1.1.7 variant during the autumn.

- The effective reproduction number, R.s, defined as the average number of secondary
infections that an infected individual will generate with current levels of population
immunity. Re+ depends on the virulence of the pathogen, the contact patterns in the
population and the level of immunity in the population. We use R.+to characterise the
extent to which the epidemic is under control, with Re«+> 1 in a growing epidemic and Res < 1
in a declining epidemic.

Rexct immunity @and Res are linked through the proportion of the population who is immune (because of
infection- or vaccine-induced immunity) pPimmune, With Res = Rexct_immunity * (1-Pimmune)-
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Transmissibility associated with re-opening steps

England

We modelled levels of restrictions in line with the reopening steps set out in the roadmap [16].
These have been matched as closely as possible to what has been implemented in the past during
this pandemic. While we cite policies in place during the Tier system implemented last autumn, we
do not model any specific policy change but instead an assumed change in the corresponding level
of transmission.

e Step 3: Similar to tier 1, i.e. rule of six in place, working from home when possible,
hospitality curfew;

e Step 4: Baseline NPIs with TTI, hand washing & masks and some Covid-secure measures in
places such as public transport and crowded indoor spaces.

The reproduction number for step 2 is set to the latest estimated value of the reproduction number
based on data up to 1 May 2021 (see Table S1). However, this estimate does not fully capture the
impact of schools re-opening after Easter on transmission as R lags by at least 3 weeks.

We modelled step 3 as similar to transmission levels seen for tier 1 in 2020 (further details in the
previous report [17]).

The final baseline transmissibility once all NPIs are lifted is assumed to be on average R exctimmunity =
3.5 consistent with an increase in transmissibility due to B1.1.7 (wild type RO ~2.8 to 3.0, relative
increase in B1.1.7 transmissibility ~75% [12]) but with a ~30% reduction due to residual measures
such as hand hygiene and TTI. To capture the considerable uncertainty in predicting the behaviour
of individuals after lifting most restrictions, we also consider a baseline R cxc_immuniyy Of 4.5 (~10%
marginal effect of remaining measures) as a sensitivity analysis.

There is substantial uncertainty around the level of transmissibility associated with specific policy
changes. To capture this uncertainty, we assumed R e« immunity Under each level of restrictions was
distributed around the mean values described above, using lognormal distributions with
parameters shown in Table S1 and Figure S6.

The reproduction numbers assumed in the steps above are assuming schools are opened. In
addition, we assumed that closing schools, e.g. during school holidays, will decrease R exct immunity bY
an average -0.3. This is based on the consensus value from SPI-M accounting for the increase in
transmission due to the B.1.1.7 variant. This is consistent with the impact seen during Step 2 and
slightly lower than the value (-0.5) assumed in previous iterations of this work. As some of the “not
before” dates for the next step of NPI release overlap with school holidays, we adjusted the
assumed transmissibility during this time accordingly with an average -0.3 in R exctimmuniy When
schools are closed.

For each NPI lifting scenario, we sampled from the relevant distributions of R exci immunity @t €ach step
of lifting (including school holidays) and generated sampled trajectories of R exct immunity OVEr time by
matching the ranked values obtained for each step. This constraint was added to ensure that

R excLimmunity cOuld only increase over time except for the time period when schools were closed. The
resulting distributions of R over time (shown in Figure 2C) may therefore differ slightly from those
shown in Table S1 and Figure S6 because of this additional constraint.
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Table S1: Overview of transmissibility and uncertainty associated with each release step in
England, excluding immunity (RexcLimmunity) (See Methods “Definitions of the reproduction
number”).

R exclimmunity: mean (95% Cl) sd meanlog sdlog
Step 2 1.05 (0.86-1.46) 0.13 - -
current level
Step 3 1.90 (1.54-2.32) 0.2 0.636 0.105
Schools closed
Schools open 2.20(1.83-2.62) 0.2 0.784 0.0907
Step 4 (full lift)* 3.20 (2.53-4.00) 0.375 1.16 0.117
Schools closed (moderate baseline NPIs retained)
4.20 (3.51-4.98) 0.375 1.43 0.0891
(higher R after full NPI lifting**)
Schools open 3.50 (2.82-4.29) 0.375 1.25 0.107
(moderate baseline NPIs retained)
4.50 (3.81-5.28) 0.375 1.5 0.0832

(higher R after full NPI lifting**)

**Higher R after full NPI lifting or “Lower adherence to baseline NPIs” values were used for sensitivity
analyses only. “Assumes some control such as TTl and hand hygiene continue.

3577 — Step 3 —— Schools open
—— Step 4 (Baseline NPI) — — Schools closed
3.0 Step 4 (Higher R after NPI lifting)

0.5

0.0—-

Rexo];immunity

Figure S6: Distributions of transmissibility (Rexctimmunity) associated with each step of NPI lifting in
England. Values of R exct immunity Were constrained so they could only increase over time except
during school holidays when R excLimmunity Was decreased on average by -0.3. (For full details see
Table S1).
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Seasonality in transmissibility

In our main analyses we assumed a slight seasonal trend in SARS-CoV-2 transmissibility
throughout the year in England with 20% relative peak to trough variation. We computed a daily
multiplier for transmissibility which was:

- Maximal at 1.1 in mid-February of each year (10% relative increase compared to the mean
transmissibility)

- Minimal at 0.9 on in mid-August (day 228) of each year (10% relative decrease compared to
the mean transmissibility)

We then applied this daily seasonal multiplier (Figure S7) to Rexct immunity in €ach phase (see Tables 4
and S1).

Seasonal multiplier
1.00 1.05 1.10
| | |

0.95
|

0.90
|

| | | I | | | | | | | | |
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan

Figure S7: Seasonal daily multiplier for transmissibility (Rexc.immunity) applied to each phase (Table
S1).

We also performed a sensitivity analysis where we assumed no seasonal patterns of transmission.

First dose vaccine roll-out

We assume first doses were delivered in England between 8 December 2020 and 1 May 2021 as
reported in data received from PHE and DHSC via SPI-M. We then assume a vaccine dose roll-out
asinTable 1. To account for second doses, we assumed that the number of available first doses on
a given day is given by the total available doses on that day and subtract the number of first doses
administered 77 days (11 weeks) prior. If the resulting value was negative, this was set to 0. From 1
May onwards, we assumed first doses are split between NHS regions in proportion of their
population size. We assumed that a mixture of Pfizer and AstraZeneca vaccines as observed thus
far in each age group continue to be distributed to individuals 50+ years. For 30-49 year olds we
assumed a 60% AZ and 40% PF or Moderna mix, and <30 years will receive PF or Moderna only.

We assume doses are distributed following the JCVI priority listi.e. to:

1. Care home workers and residents

2. Individuals 50 or over by decreasing 5-year age band priority as well as health care workers
(we assume a fraction of the working age population to be within this group) and vulnerable
individuals (also modelled as a fraction of the population)

3. Individuals under 50
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Children under 18 years are not vaccinated. As our model is stratified using 5-year age classes, we
model the vaccination of individuals aged 18-19 by assuming the uptake in the 15-19 age group is
2/5 of the uptake in the 20-24 year olds.

2" dose vaccine roll-out and vaccine efficacy after each dose

We assume degree-type protection from vaccination: all vaccinees have their likelihood of
acquiring infection reduced by a factor of (7 — vaccine efficacy), see section on vaccine efficacy
below for more detail.

For each compartment in the model, 4 successive vaccination stages (duration of each stage and
efficacy of vaccine in each stage are shown on Figure S8):

e Unvaccinated
e Vaccinated with 1%t dose before onset of vaccine efficacy

e Vaccinated with 1%t dose with full efficacy from 15 dose - this includes individuals having
received the second dose before the onset of efficacy of the second dose
e Vaccinated with 2" dose with full efficacy from 2" dose

Vaccine efficacy

| I

First dose Second dose
Vaccination mean stages duration (weeks):

Determined by 3 9 Inf
vaccination
schedule

Figure S8: Vaccination stage duration and associated vaccine efficacy. The lower panel depicts
mean duration of vaccination stages in weeks (numbers denote number of weeks in each stage).
The top panel shows the associated vaccine efficacy and delays to protection over time.

Vaccine efficacy after first and second dose was varied across scenarios (see Table 3), but we
assume:

e No efficacy in the 21 days following the first dose
e No efficacy of the second dose for the 7 days following dose 2

Phase 2 PF and AZ vaccine trial results indicated substantial increase in immunogenicity only after
2 to 3 weeks post-dose 1, and one-week post-dose 2 [23,24]. We therefore assumed a 21-day
(respectively 7-day) delay between receiving the first (respectively second) dose and the onset of
dose-specific efficacy.
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Vaccine effectiveness

We assumed that the vaccine has four effects (Table 3):

1. Efficacy against infection, ei»:: Reducing the risk of infection in vaccinated individuals,
compared to those not vaccinated.

2. Efficacy against symptoms conditional on infection, esympt|inr: Reducing the risk of symptoms
in vaccinated individual who become infected, compared to those non vaccinated who
become infected.

3. Efficacy against severe symptoms requiring hospitalisation, conditional on symptomatic
infection, enosp|sympr: Reducing the risk of severe symptoms requiring hospitalisation in a
vaccinated individual who becomes infected and symptomatic, compared to those non
vaccinated who become infected and symptomatic.

4. Efficacy against onward transmission conditional on infection €sansmit|int: Reducing the risk
of onward transmission from a vaccinated individual who became infected, compared to
those non vaccinated who became infected (used in sensitivity analysis only)

The first two effects combined reduce the risk of symptomatic infection (“Efficacy against
symptomatic infection, esymp“, Non-conditional on infection) in vaccinated individuals, compared to
those not vaccinated. The first three effects combined reduce the risk of severe infection (“Efficacy
against severe infection, enosp", Non-conditional on symptomatic infection) in vaccinated
individuals, compared to those not vaccinated.

Assumed values of effectiveness for ejnr, and esymp: and enosp are shown in Table 3. The reduction in
the risk of being symptomatically infected (esympt), as reported in clinical trials, is determined by
both the reduction in the risk of being infected (ei») and the reduction in the risk of becoming
symptomatic if infected (€symptinr) as follows:

€sympt = €inf T (1 - einf) * €sympt | inf

Similarly, the reduction in the risk of being severely infected (enosp), @s reported in some clinical
trials, is determined by the reduction in the risk of being infected (eis), the reduction in the risk of
becoming symptomatic if infected (esympt|ins), and the reduction in the risk of developing severe
symptoms if infected and symptomatic (€nosp |sympt) @s follows:

ehosp = Einf t (1 - einf) * esympt|inf + (1 - einf) * (1 - esympt|inf) * ehosp|sympt

Vaccine uptake

We assume vaccine uptake was age dependant, as shown in Table 2. We assumed every individual
having received their first dose would go on to also receive a second dose.

Modelling the introduction and spread of a variant of concern (VOC)

Overview

We model the potential introduction and spread of a hypothetical variant of concern (VOC) in
England by extending our model to a two-variant model. Variant 1 represents the dominant variant
in circulation, i.e. B.1.1.7 in the UK; variant 2 represents a hypothetical VOC. Transmissibility,
efficacy of vaccines and natural immunity differ between the two variants. We only model the
introduction of variant 2 after 1 May 2021, with daily seeding of new cases of variant 2 modelled
with a Poisson distribution with rate specified in Table 5.

A simplified flowchart for our two-variant model is shown in Figure S9. The age/care home structure
and vaccine class structure for the second variant is equivalent to that for the first.
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Figure S9: Flowchart summarising the two-variant structure of the model. S denotes susceptibles,
E exposed (infected not infectious), | infectious and R recovered. Indexes denote infection with
variant 1 (e.g. E1), variant 2 (e.g. E2) or variant 1 and 2 in turn (e.g. E12). In the model, each
compartment is further split by age/care home resident/care home worker class (as described in
[2]), and by vaccination class, not shown in this figure. The | compartment is also further split to
distinguish between symptomatic and asymptomatic cases, and to describe in detail the hospital
pathways of severely affected cases [2]. Deaths are not pictured on this figure but are also
modelled as described in [2]. Blue and red arrows denote infection and clinical progression for
the first and second variant respectively. Parameters next to an arrow denote parameters which
influence the risk of infection for that arrow and include i, the transmission rate for variant i,
cross_immunity;.-i, the cross protection against variant i provided by prior infection with the other
variant (j), and V_eff;, the vaccine efficacy against variant i. Note that vaccine efficacy will also
alter the probability of symptomatic and severe infection.

Transmissibility of the VOC

Transmissibility for the second variant is modelled as proportional to that for the first variant, with a
constant multiplier through time (Table 5). Therefore, increases in the reproduction number for the
first variant automatically triggers corresponding increases in the reproduction number for the
second variant. Unless otherwise specified, values of the reproduction numbers (both excluding
immunity and effective) described in the text and in Figures and Tables all correspond to B1.1.7.
When presenting reproduction numbers across the two variants, we compute these as the
weighted average between the reproduction number for each variant, with weights given by the total
force of infection for each variant. Unless otherwise specified, numbers of infections,
hospitalisations, bed occupancy and deaths are shown for both variants together.

Immune escape properties of the VOC

We assume that vaccines may be less efficacious against the VOC (Table 6). We also model a non-
symmetrical cross immunity between the two variants; we assume that infection with variant 2 (the
VOC) confers perfect immunity to variant 1, but infection with variant 1 is only partially protective
against infection with variant 2 (see Table 5). In addition, for individuals infected by each variant in
turn, we assume that if the second infection is symptomatic, the probability of hospitalisation is
reduced compared to individuals with no prior infection history (see Table 5).
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