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We consider the likely epidemiological impacts of the relaxation roadmap. This is modelled
for the seven NHS regions of England and then the data are combined, although regional
heterogeneities are also considered.

There is considerable uncertainty about the level of control in each of the relaxation steps,
and hence the resultant growth rate; none of the steps are directly comparable to previous
controls, and there may be additional confounding behaviour as controls are relaxed.

All simulations and sensitivity analysis predict a distinct third wave of infection, with hospital
admissions peaking between late-July and mid-August, and deaths peaking approximately
two weeks later. There is considerable uncertainty in the height of the epidemic peak,
reflecting general uncertainty in the population-level immunity due to infection.

A reduced model, where we only considered Steps 1 and 2 of the relaxation process,
generated a relatively small associated wave of infection that was rapidly damped by
increasing vaccine-derived immunity. Including Steps 3 and 4 generates a far larger wave.

Multiple key uncertainties were investigated, including: transmission levels within Steps 2,
3 and 4; seasonality; vaccine roll-out speed; vaccine efficacy and vaccine uptake. Of these
lower than expected vaccine efficacy or higher transmission after Step 4 lead to significantly
larger epidemics; while seasonality acts to suppress the summer wave.

The recent data on the efficacy of vaccination against infection, symptoms, severe disease
and death means that we are much more optimistic about the level of population immunity
than in previous studies. We are also more optimistic about the uptake of vaccines with
levels above 95% assumed for those above 50 years old.

In this work we are not accounting for waning immunity either due to natural infection or
vaccination, which will begin to play a significant role over longer time scales, and may be
important by the Autumn.

The level of suppression offered by population-level immunity (both infection-derived and
through vaccination) could easily be overcome by vaccine escape variants. Preventing or
containing the imports of B.1.351 or similar variants is therefore central to the relaxation
plan.



Methodology and Key Uncertainties.

This work uses the model that has been developed in Warwick over the past year!2, and matched
to a variety of epidemiological data®. The model operates and is fitted to data from the seven NHS
regions in England and the three devolved nations, although here we only present results for
England (aggregating output from the 7 NHS regions). The results of this model have been
presented to SPI-M and SAGE on a number of occasions, and the model has been used to examine
short-term and medium-term projections as well as reasonable worst-case scenarios. More recently,
the model has been extended to include vaccination, initially to investigate priority ordering but
increasing in complexity to include two-dose schedules and multiple actions of vaccine protection?.

Vaccine uptake within the model mirrors the recorded data in terms of dose and age of those
vaccinated so far. Projecting forwards, we follow the strict JCVI priority ordering for both Phase 1
and Phase 2. The uptake of vaccine has been far higher than anticipated; the brief was to assume
that 95% of those in Phase 1 will accept the vaccine and 90% of those in Phase 2 - and that uptake
of the second dose will be the same as the first. We have slightly deviated from this format, by
stipulating that no additional people over 70 are likely to now come forward for first doses. In many
regions the number of over 70s already vaccinated reaches or exceeds the number of individuals
from ONS population estimates; but in London the uptake has been lower and may fall below the
95% ideal, currently only vaccinating 91% of the population over 70.

We model the return of pupils to school from 8th March (as part of Step 1), and consider the impact
of the remaining relaxation steps occurring at their earliest dates. We have accounted for the
changes in each step by modelling a reduction in the level of NPIs acting on the population, gradually
bringing the population mixing back close to pre-COVID levels. We measure the degree of relaxation
as both a change in the relative level of NPI controls, as well as computing the reproductive number
excluding immunity (Rej), which can be conceptualised as the theoretical reproductive number at the
start of the epidemic if such controls were in place (and the B1.1.7 variant was the dominant form).
We assume that any change on the 29th March (which is largely concerned with outdoor mixing) is
unlikely to have a significant impact on the reproductive number.

In generating these predictions, we have not accounted for any possible variants that may evade
the vaccine protection provided by the presently available vaccines. These could either arise through
natural mutation from currently circulating variants within the UK or could be imported into the UK.

The presence of such 6éescape mutantsé has the po
been achieved by the vaccination programme to date.
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We now focus on three elements of the model to describe in some detail:

1) Vaccine action. Having been vaccinated, the protection generated can affect multiple components
of the infection, illness and transmission process. This has been updated from the original
calculations and now considers four elements separately: efficacy against infection; efficacy against
disease (which also affects transmission, as our default assumption is that asymptomatic infections
transmit less than symptomatic ones); efficacy against hospital admission and efficacy against ICU
and death. We are also basing our central estimates of vaccine efficacy on the data that are slowly
being generated on protection observed in the UK population and elsewhere.
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The two vaccine efficacies are combined by taking the weighted average based on the amount of
the two vaccines used in the UK; since 1st February approximately 30% of vaccinations have been
Pfizer with the remainder AstraZeneca, and we assume this ratio going forwards. This leads to a
combined efficacy against infection of 60% and 71% after first and second doses; an efficacy against
symptoms of 60% and 76% after first and second doses; an efficacy against severe illness and
hospitalisation of 80% and 90% after first and second doses; and an efficacy against death of 80%
and 90% after first and second doses. We assume that there is a 2-week delay between vaccination
and protection for both the first and second doses.

2) Controls, timings and estimates of R (excluding immunity). Two sets of predictive scenarios are
considered: in the first (Part 1) relaxation is stopped after Step 2, allowing us to examine the likely
sensitivity to variations in predicted growth rate at the start of this period; in the second (Part 2) all
relaxation steps are performed at their earliest date (Step 2 on 12th April, Step 3 on 17th May and
Step 4 on 21st June). Each of the steps is envisaged as a proportionate reduction in the level of
NPIs control, relative to levels estimated for early March (~75% for step 2, ~35% for step 3 and 15%
for step 4). For our default assumptions, R excluding immunity (which captures the impact of
controls) increased from approximately 1.24 (Cl 1.08-1.48) during the main January-February
lockdown, to 1.49 (ClI 1.27-1.65) in Step 1 due to school reopening, to 1.76 (Cl 1.59-1.90) after Step
2, to 2.53 (Cl 2.40-2.69) after Step3, and finally 2.97 (2.79-3.14) after Step 4. Sensitivity to these
assumptions is investigated within the document.

3) Seasonality. Like many respiratory infections we expect there to be a considerable degree of
seasonality, both due to climatic factors (which
of behaviour (less indoor mixing and greater ventilation in the summer). There is limited data on this
aspect of transmission®, which has therefore not been incorporated in the main simulation, but
seasonality is examined in Figure 2.8. One inherent difficulty with incorporating seasonal forcing into
future predictions is the absence of seasonal forcing in our historic estimates -- therefore the values
of NPI control estimated over the summer of 2020 could have been inflated by the impact of seasonal
forces.
We model the action of seasonal forcing as a sine wave perturbation to the transmission rate with a
peak in mid-February and a trough in mid-August - based on the peak and trough of specific
humidity®. We report the level of seasonality (%) as the drop in transmission over the summer relative
to the peak in the winter months:

I 0 T, M %dH %dHi Q&" 0 T
Based on available data®, 10% seasonality would not be an unreasonable assumption, but the value
could be larger if good summer weather has a substantive impact on behaviour, reducing indoor
mixing.

8 Baker et al (2020) Susceptible supply limits the role of climate in the early SARS-CoV-2 pandemic.
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PART 1. Only Step 2 occurs.

We initially assume that only Step 2 of the road map takes place and analyse the impact of this
relaxation upon hospital admissions, hospital occupancy and daily deaths. The results are
summarised in Figures 1.1-1.4.

Predictions for Hospital Admissions, Hospital Occupancy & Deaths: Step 2 only.
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Figure 1.1 Daily Hospital Admissions (left), Hospital Occupancy (top right) and Daily Deaths (bottom right)
for England under the default assumptions for the relaxation roadmap. Shaded regions show the 95%, 90%
and 50% prediction intervals, while the solid line shows the mean.

Using our default parameters, the model predicts a very small resurgence across all metrics in late
Spring and early Summer (Figure 1.1), due to the relatively small change in control measures
occurring in step 2. In this model, R excluding immunity has increased from approximately 1.24 (ClI
1.08-1.48) during the main January-February lockdown, to 1.49 (ClI 1.27-1.65) due to school
reopening, to approximately 1.76 (Cl 1.59-1.90) after Step 2. (Note that values of R excluding
immunity above 1.0 do not necessarily correspond to growth of infection due to the substantial
impact of infection and vaccine derived immunity). Under these default assumptions, and ignoring
relaxation Steps 3 and 4, we expect to observe 7000 hospital admissions (Cl 2600-13,500) and
1050 deaths (CI 490-1760) from 12th April 2021 until June 2022.

However, there is considerable uncertainty concerning how restriction in Step 2 will translate into
epidemic growth rates and how the population will respond to these changes. We therefore consider
a range of realised control levels after Step 2 (Figure 1.2), which lead to mean values of R excluding
immunity between 1.57 and 2.74, which translates to mean growth rates between -0.02 and 0.12
per day. Unsurprisingly, lower levels of control lead to higher growth rates and larger subsequent
epidemic waves. As expected, peak hospital admissions occur earlier than peak hospital occupancy,
with peak deaths occurring later.
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Figure 1.2 Top Panels. Daily Hospital Admissions (left), Hospital Occupancy (top right) and Daily Deaths
(bottom right) in England for Step 2 of the relaxation roadmap, and considering a range of different
adherence levels to non-pharmaceutical interventions (from 0.19 to 0.67). Shaded regions show the
interquartile prediction intervals, while the solid line shows the mean. The R values given in the legend
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Figure 1.3 Peak date (left panel) and peak height (right panel) in hospital admissions for the range of
scenarios considered in Figure 1.2. Grey dots represent the results for individual simulations, coloured dots
represent the average for a given parameter set. Default parameters shown in black.

Considering these mean epidemic waves in more quantitative detail, we find that peak height grows
non-linearly with the estimated growth rates (Figure 1.3). Of more immediate policy relevance is the
time to peak, which informs the period over which positive growth occurs before it is brought under
control by the depletion of susceptibles - which is a combined action of vaccination and infection.
For low growth rates (less than 0.02 per day which corresponds to an effective R below 1.12) there
is the potential for the vaccination programme to reverse the early growth. However, for larger growth
rates, we expect a substantial wave of infection, which is only brought under control in June after
considerable numbers have been admitted to hospital.

This highlights that measurement of and response to the growth rate after Step 2 is vital in
terms of the continued relaxation of control measures. Although we expect the growth rate to
remain relatively small after Step 2, larger growth rates will not be readily contained simply through
the action of vaccination and more stringent methods may be required. Growth rates above 0.03
may necessitate a significant delay before other steps can proceed.



Sensitivity to Vaccine Effectiveness: Step 2 Only
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Figure 1.4 Sensitivity of the epidemic curves to vaccine efficacy assumptions.

As described in the introductory material, there is still uncertainty over the efficacy of the vaccine
against infection, symptoms, severe disease and death. Some of this uncertainty (especially
contradictory evidence from different studies) may in part be due to different study populations; for
example much of the Phase 3 trial data is from participants under 65, whereas the real-world data
will predominantly be from those over 80. Here we consider four different parameter sets for vaccine
efficacy as shown below:

Table of vaccine efficacy after the second dose for the four parameter set considered

Lowest Lower efficacy Default Higher efficacy
efficacy assumptions assumptions assumptions
Efficacy against: assumptions
infection 50 65 71 75
symptoms 65 75 76 85
hospital admission 80 85 90 90
death 80 85 90 95

Even when only Step 2 is considered, vaccine efficacy has a major impact on the size of the
outbreak. For the lowest efficacy assumptions (shown in red, which are still within the 95%
confidence intervals of many published studies) giving rise to larger numbers of hospital admissions
and deaths. Under the default assumptions, and ignoring relaxation Steps 3 and 4, we expect to
observe 7000 hospital admissions (Cl 2600-13,500) and 1050 deaths (Cl 490-1760) from 12th April
2021 until June 2022; whereas this increases to 21,100 (Cl 7500-40,600) and 3830 (Cl 1500-6870)
under the lowest efficacy assumptions.



PART 2. Steps 2, 3 and 4 occur.

We now consider all four steps the road map takes and analyse the impact of this relaxation upon
hospital admissions, hospital occupancy and daily deaths. The results are summarised in Figures
2.1-2.10 below.

Predictions for Hospital Admissions, Hospital Occupancy & Deaths.
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Figure 2.1 Daily Hospital Admissions (left), Hospital Occupancy (top right) and Daily Deaths (bottom right)
for England under the default assumptions for the relaxation roadmap. Shaded regions show the 95%, 90%
and 50% prediction intervals, while the solid line shows the mean.

Figure 2.1 shows the predicted epidemic waves following the four relaxation steps, focusing on
hospital admissions, hospital occupancy and deaths; hospital admissions peak on 23rd July (95%
Cls 15 July - 6 August) while deaths peak on 4th August (95% CI 27 July - 21 August). The scale,
timing and shape of this wave is driven by two factors: the relaxation (figure 2.2) and the population-
level immunity (figure 2.3).

The level of restrictions in lockdown and Step 1 are estimated from the current data, with lockdown
measured as an average during January and February, and Step 1 as the most recent level of
control. Although we estimate that the level of restrictions is slightly higher (although not statistically
significant) in Step 1, this is counteracted by schools re-opening, leading to a higher R value. We
note that although we have assumed a reduction in NPI restrictions in each subsequent step (Steps
2-4), which therefore naturally translates to an increase in the reproductive number excluding
immunity, the realised growth rate (r) is greatest in Step 3 where the relative change in controls is
assumed greatest and which occurs at an earlier time such that there is less population level
immunity.
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Figure 2.2 Example of the change in NPI restrictions and hence the change in the value of R excluding
immunity through different step phases.

Under the default assumptions, we expect to observe 84,400 hospital admissions (Cl 20,900-
168,000) and 18,600 deaths (Cl 4500-36,200) from 12th April 2021 until June 2022. These occur
predominantly over the summer months June-September (inclusive) and so could easily be
disrupted by patterns of summer mixing (Figure 2.8).
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Figure 2.3 Change in immunity through time over thirteen time intervals, represented by different colours.
The top graph shows the mean number of daily hospital admissions over time, the centre graph shows the
build-up of immunity in the population (from both infection, as well as first and second doses of vaccination),
while the lower graphs shows the immunity from infection and vaccination alone.

Of particular importance for determining the scale of the epidemic wave is the level of NPI controls
after Step 4; here we have assumed control measures that generate a reproductive number
excluding immunity of 2.97 (CI 2.79-3.14). This is larger than observed at the start of the first wave
due to the dominance of the B1.1.7 variant, but smaller than the theoretical maximum due to some
moderate level of controls. Further investigation of the impact of Step 4 NPI controls is investigated
in Figure 2.4 below. It is worth noting that there is considerable uncertainty in the predictions, with
wide 95% credible intervals largely driven by uncertainty in population-level immunity.
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Population level immunity is key for long-term control of COVID infections (Figure 2.3). By
investigating immunity through time and across age-groups we build a picture of the dynamics. The
two observed waves of hospital admissions and the smaller third predicted wave are divided into
thirteen time-windows of 50 days each. In the first and second waves (orange and cyan) there is a
clear increase in population level immunity (Figure 2.3 lower panels) with most infection in those
under 50 and a noticeable peak in those aged 15-19 years. However, during the second wave (cyan)
the vaccination programme began, which increased the immunity in older age-groups (Figure 2.3
lower panel). The action of vaccination slowly percolates down the age groups, enhancing the
immunity already generated by infection.

We anticipate that the scale of population-level immunity generated by October 2021 may be
sufficient to contain infection as long as moderate levels of control are maintained during
Step 4.
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Sensitivity Analyses.

We now consider several sensitivity analyses to develop a better understanding of the interplay
between the relaxation roadmap and key epidemiological and vaccine parameters.

Sensitivity to Final Transmission Level
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Figure 2.4 Different epidemic waves generated by higher and lower NPI restrictions during Step 4 and
hence lower and higher values of R excluding immunity.

We initially focus on the level of NPIs after Step 4, which is one of the key unknowns yet also a key
determinant of the size of the resultant wave (Figure 2.4). We again show the default model, for
which Step 4 generates an R excluding immunity of 2.97 (Cl 2.79-3.14) (Figure 2.5) together with a
more optimistic assumption (blue, R excluding immunity 2.53 (Cl 2.35-2.70)) and a more pessimistic
assumption (red, R excluding immunity 3.51 (Cl 3.31-3.70)). Even this most pessimistic assumption
is lower than the theoretical maximum of approximately 4.31 due to maintenance of some degree of
control.

Greater control in Step 4, and hence lower R values, lead to smaller and earlier waves of
infection; while less control leads to larger and later waves pushing hospital occupancy and
deaths into late Autumn. In comparison to the default model where we expect 84,400 (Cl 20,900-
168,000) and 18,600 (Cl 4500-36,200) hospital admissions and deaths, our more optimistic
assumption generates 53,600 (Cl 8800-118,000) and 10,600 (Cl 1600-23,800), whereas the more
pessimistic assumption generates 129,000 (Cl 53,100-224,800) and 30,500 (CI 13,300-50,300).
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Figure 2.5 Example of the change in NPI restrictions and hence the change in the value of R excluding
immunity through different step phases.



Sensitivity to Transmission in Steps 2 and 3

Figure 2.6 Different epidemic waves generated by different levels of NPI control (and hence different R
excluding immunity values) during Steps 2 and 3.

Figure 2.7 The change in NPI restrictions and hence the change in the value of R excluding immunity and
the realised growth rate through different step phases.
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