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Control and mitigation of the COVID-19 pandemic in England has relied on a
combination of vaccination and non-pharmaceutical interventions (NPIs).
Some of these NPIs are extremely costly (economically and socially), so it was
important to relax these promptly without overwhelming already burdened
health services. The eventual policy was a Roadmap of four relaxation steps
throughout 2021, taking England from lock-down to the cessation of all
restrictions on social interaction. In a series of six Roadmap documents gen-
erated throughout 2021, models assessed the potential risk of each relaxation
step. Here we show that the model projections generated a reliable estimation
of medium-term hospital admission trends, with the data points up to Sep-
tember 2021 generally lying within our 95% prediction intervals. The greatest
uncertainties in the modelled scenarios came from vaccine efficacy estimates
against novel variants, and from assumptions about human behaviour in the
face of changing restrictions and risk.

Mathematical and statistical models have been an important tool in
understanding the behaviour of the COVID-19 pandemic in England
and extrapolating this understanding into the near future'™. Such
model projections rely on robust estimates of epidemiological para-
meters (usually inferred by matching models to data), estimates of
vaccine characteristics (often from external sources) and assumptions
about population behaviour in terms of testing, isolation, social mixing
and vaccine uptake—errors in any one of these can affect the projected
exponential growth rate and hence the medium and longer term
dynamics. There has been considerable interest from the media and
the general public about the accuracy of model projections, and
whether these are generally far more pessimistic than what
transpired’®. While model projections are not forecasts—they are
designed to illustrate “what if” scenarios"—it is still important that such
projections remain broadly consistent with the realised epidemic if
they are to be of use in public health planning.

Here we focus on the Warwick SARS-CoV-2 transmission
model*’" and its use in the six Roadmap documents developed

throughout 2021”7 that helped to shape the relaxation of restrictions
in England after the January 2021 lockdown through a series of Steps,
as detailed below:

* Lockdown (4th January - 7th March 2021). Stay at home order:
Shopping for basic necessities only; non-essential retail, hospi-
tality and personal care services closed. Work from home where
possible. Can leave home for exercise (with household, support
bubble or one other person), to meet support bubble, or to seek
medical care. Remote learning in schools except key workers
and vulnerable. Clinically extremely vulnerable advised to shield.

* Step 1a (8th March 2021). Schools re-open, with twice-weekly
testing of staff and pupils.

* Step 1b (29th March 2021). Meeting outdoors with 6 people or 2
households allowed. Outdoor sports facilities can re-open.

* Step 2 (12th April 2021). Non-essential retail, personal care and
public buildings can re-open. Outdoor table service in hospital-
ity venues.
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* Step 3 (17th May 2021). Meeting outdoors with up to 30 people,
and indoors with 6 people or 2 households allowed. Most busi-
nesses can reopen, including indoor hospitality.

* Step 4 (19th July 2021). Originally set for 21st June, after this step
all legal limits on social contact were removed.

The Roadmap documents chronicle our changing understanding
of SARS-CoV-2, vaccination and human behaviour over this period.
Throughout we use the daily number of hospital admissions as our
main metric of interest, but also consider hospital occupancy and
deaths as key epidemiological quantities. We do not seek to perform a
rigorous statistical comparison between model projections and data,
since projections cannot be expected to account for the multitude of
unknowable factors (human behaviour, advances in treatment, novel
variants); the further into the future the models consider, the greater
the compounded impact of multiple uncertainties due to there being
more of these unknowable possibilities. In this paper, we instead
qualitatively assess whether the projections were sufficiently close to
what transpired to be informative for policy.

There were a number of stages involved with scientific modelling
for policy that operated throughout 2021 and the Roadmap for
relaxation of controls. The modelling was coordinated through SPI-M-
0O, the Scientific Pandemic Influenza Group on Modelling, Operational
subgroup of the Scientific Advisory Group for Emergencies (SAGE).
Three main academic groups—from the University of Warwick, the
London School of Hygiene and Tropical Medicine” and Imperial Col-
lege London’—contributed model projections to most of the six
Roadmaps. Preliminary results (one week before) and final results were
presented at SPI-M-O meetings on Wednesdays to a large body of
epidemiological modellers and other experts for comments and criti-
cisms. The individual Roadmap documents from each institution,
together with a comprehensive SPI-M-O summary document”?*, were
presented to SAGE the following day (Thursday). These projections
together with epidemiological, behavioural and public health insights
were then presented to government by the Chief Medical Officer and
the Chief Scientific Advisor. This collection of advice, together with a
range of other considerations, led to the final policy announcement on
Monday—with the policy coming into force on the following Monday.
The number of stages involved, passing through two expert commit-
tees and involving independent models, ensured some degree of
robustness, but also added a considerable delay between the last
available data on Monday or Tuesday evening and the announcement
to the public, together with the release of the reports, on the following
Monday.

The aim of each Roadmap document was to provide the govern-
ment with an assessment of the likely implications of further future
relaxations to the existing control measures. The first Roadmap
document was very much focused on assessing the general time-scale
of relaxation, which can be considered a balance between sufficient
immunity from vaccination and greater freedom for increased social
mixing. Roadmaps 2-4b, were concerned with the prescribed Steps
2-4, providing confidence to the government that none of the step-
changes would overwhelm health-care resources. As a consequence,
we frequently investigated a range of scenarios including more cau-
tious assumptions about the action of vaccination or the response to
each Step. Finally, Roadmap 5 was predominantly a look ahead to the
2021/2022 winter season, to assess whether a combination of sea-
sonality and recently quantified waning immunity could generate
public health issues. For each of the associated political decisions, such
epidemiological projections are only one component and must be
balanced against a range of social and economic factors.

While details of the model assumptions in each of the Roadmap
documents differ, as both the situation and our understanding of the
epidemiology changed, there are two main themes that are broadly

consistent as time progresses. Firstly, as more data are collected there
has been a general improvement in the accuracy of the vaccine related
parameters that underpin each version of the model, often with a trend
for the later, more refined estimates to suggest higher levels of vaccine
protection. Secondly, during this process a better understanding of
human behaviour in response to changing protective measures has
been developed®?; in the early Roadmaps it was naively assumed that
behaviour would track legal restrictions whereas population behaviour
has proved to be far more complex. We introduce the models and
results chronologically, comparing one of the main projection figures
in each of the Roadmap documents”™ to assess whether the projec-
tions where sufficiently robust and accurate to help inform policy. As
such, our aim is to bring together results generated in real-time during
the pandemic and formulate lessons learned from this work.

Results

The Roadmap results reflect key parameter assumptions and model
structures which were based on the available data and information at
the time. The Methods section provides details of the model for-
mulation and assumptions for each Roadmap and how a range of
parameters are inferred from the available epidemiological data.

We begin by considering the change in estimated level of pre-
cautionary behaviour over time (Fig. 1a). The precautionary behaviour
parameter captures all social and behavioural changes that lead to a
change in the underlying transmission rate (an increase in the level of
precautionary behaviour leads to a decrease in transmission)—this
includes enforced measures such as lockdowns and tiers, as well as
voluntary measures such as avoiding crowded areas, mask wearing and
lateral flow testing. Three key points can be observed from the inferred
temporal pattern: (i) precautionary behaviour increases in response to
imposed restrictions (such as the three lockdowns); (ii) there is a
gradual decline in precautionary behaviour at other times, as indivi-
duals seek a return to normality during periods of relative stability; (iii)
on top of this pattern there are numerous anomalies when the popu-
lation responds to external events. For example, precautionary beha-
viour initially increased during June 2021 in response to concerns
about the Delta variant, decreased dramatically in late June/july 2021
(during the 2020 UEFA European Football Championship), and then
increased again due to increased isolation caused by the ‘pingdemic’.

The inferred level of precautionary behaviour translates directly
into the underlying transmission rate which, together with the impact
of new variants, generates a reproductive ratio. We plot R excluding
immunity (R;), which captures what the reproductive ratio would be
without the depletion of susceptibles due to prior infection or the
actions of vaccination (Fig. 1b). As such R,; provides an intuitive mea-
sure of the combined effects of behaviour and variants, and is directly
inferred from precautionary behaviour and variant-specific para-
meters. Each variant has led to a noticeable rise in R; with Delta (and
more recently Omicron) generating substantial increases over the
initial wild type variant.

While the level of precautionary behaviour is inferred by matching
to epidemiological data, it is interesting to compare the estimates to
other measures of behaviour. In Fig. 1c, d we compare our regional
estimate of precautionary behaviour in London and the North West
(two regions of England that have often suffered high infection bur-
dens) with estimates of reduction in movement from Google mobility
reports”’. While we do not necessarily expect a one-to-one agreement,
as the two statistics are measuring different quantities, there is striking
similarity between our level of precautionary behaviour and Google’s
measure of workplaces and transit stations in London. There is less
correspondence in the North West, which could be attributable to a
smaller proportion of the population using public transport (hence
less accuracy for transit station measures) or greater control from
measures unrelated to mass movement, such as greater testing and
isolation or greater mask use.
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Fig. 1| Changes in the inferred dynamics over time. a The inferred precautionary
behaviour in England from April 2020 to December 2021; younger individuals are
under 40, older individuals are over 65, while those in between are a linear extra-
polation. b The resultant changes to R excluding immunity for the three main
variants. ¢, d A comparison between fitted precautionary behaviour and Google
movement records” in two NHS regions. Vertical lines indicate the time of key
changes to the control measures. Labels are key moments from the pandemic in
England: Lockdowns are nationwide restrictions on movement and social mixing;
Tiers are localised restrictions of varying degrees; Steps are as described

throughout this document; EUROS are the UEFA European Football Champion-
ships that led to substantially increased levels of social mixing; while the Pingdemic
is a period when there was a vast increase in mobile-phone App alerts due to high
levels of cases and more frequent social mixing. The dates of the six Roadmaps (R1-
R5) are marked on the lower axes. In all panels the bold lines are mean values; in the
top two panels a, b, the shaded area represents the 95% credible interval, whereas
in the bottom panels both the 50% (dark grey) and 95% (lighter grey) intervals
are shown.

Two key assumptions for each Roadmap document were the rate
at which doses of vaccine could be delivered and the level of vaccine
uptake within each age-group (Fig. 2). The expected level of uptake,
together with assumptions about vaccine efficacy, defines the eventual

impact of vaccination on the epidemic dynamics, while the deploy-
ment rate helps to define the time-scales over which this impact is
achieved. Both the delivery rate and uptake quantities were fixed
parameters in the default Roadmap modelling, based on information

Nature Communications | (2022)13:4924



Article

https://doi.org/10.1038/s41467-022-31991-0

1Y

IS
T

w
o

[~

=== ====  p— T
= Roadmap 1
= Roadmap 2
Roadmap 3
= Roadmap 4a
Roadmap 4b

n
o

Doses per week (millions)
o

0.5

Roadmap 5
= Adult Vaccination | |
= = All Vaccination

May

Jun

ol
w o

[d
o

- o

o
&
—F=—=F=F=———=F =1

Number Adults Vaccinated (millions)
~

o

0-4

5-9
10-14
15-19
20-24
25-29
30-34
35-39
40-44
45-49

Fig. 2 | Assumptions about the vaccine uptake for the six roadmap models.

a Realised delivery of vaccine in England, from December 2020 to December 2021
(black lines represent a 7-day moving average), compared with assumptions for the
six Roadmap documents. The solid lines correspond to the time to give two doses
to all adults (18+) at the assumed uptake; the black solid line is the reported rate of
adult vaccination, while the black dashed line is the combined rate of vaccinating
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children and adults. b The resultant number of individuals eventually vaccinated in
each 5-year age group. The pale grey bars represent the population size as esti-
mated by ONS”, with dashed borders representing individuals under 18 year of age.
In the Roadmap 5 document, we based uptake on the observations taken in early
October 2021.

from the Cabinet Office, although we often considered sensitivity to
these assumptions. Early Roadmap assumptions (Fig. 2, Roadmap 1 in
red and Roadmap 2 in dark blue) were optimistic in terms of delivery
speed, optimistic about uptake in the youngest age-groups but pessi-
mistic about uptake in the older generations. Later Roadmaps were all
slightly optimistic that vaccine delivery would be sustained at high
levels for relatively long times, but included more accurate uptake
assumptions. Roadmaps 1 to 4b did not include the vaccination of
those under 18 nor the booster programme, hence these are not shown
in Fig. 2; only Roadmap 5 includes
these features as well as booster (third dose) vaccination.

Roadmap 1, 6th February 2021

The earliest Roadmap was hampered by the limited amount of infor-
mation in early February 2021 on the Alpha variant (especially in terms
of vaccine protection) and a largely unknowable level of vaccine
uptake. The assumed vaccine efficacy (based on trial data and early
estimates in England) was slightly pessimistic, as was the assumed
uptake level in older adults, but the rate of vaccine delivery was highly
optimistic (Fig. 2a).

Figure 3 is taken from the February 2021 Roadmap document®,
plotting the projections for Scenarios Two, Three and Four, overlaid
with the epidemiological data for England (up to December 2021).
Considering the assumed changes in behaviour (Fig. 3a) it is clear that
scenarios Three and Four, together with low transmission (generated
through higher precautionary behaviour) in Step 5, are in closer
agreement with the realised pattern of behaviour than the other
assumptions considered; these correspond to the orange and yellow
projections in the left-hand column of results (Fig. 3b-d).

The data for the latter half of 2021 lie well within the 95% pre-
diction intervals (shaded regions) of the central vaccine efficacy
assumptions, which are wide due to the considerable uncertainty of
long-term projections. For hospital admissions and occupancy the
projected median trajectories provide a reasonable approximation to
the scale of outbreak. The model results do however over-estimate the
number of deaths; the lower realised number of deaths may be attri-
butable to better treatments administered in 2021 lowering the case-
fatality ratio®®. Four factors influence the comparison between model
and data: (i) the model does not include the Delta variant; (ii) the
assumed precautionary mixing in Step 5 was lower than inferred; (iii)
the initial estimates of vaccine protection were too low (as shown in
Table 1); and (iv) the forecast deployment speed of vaccination was
higher than observed (Fig. 2a). The actions of (ii) and (iii) are to push
the projection to be an overestimate of the true disease severity, while
(i) and (iv) would generate underestimates. Our failure to predict the
long-term plateau of severe disease through September and October
2022 is largely attributable to the emergence of the Delta variant, with
higher transmission, the slow relaxation of population behaviour and
the gradual waning of vaccine-derived protection; this is discussed in
more detail in Roadmap 4b.

Roadmap 2, 29th March 2021

Roadmap 2 considered two distinct scenarios: the impact of just
allowing Step 2 (opening of non-essential retail and outdoor hospi-
tality venues); and the longer term dynamics of Steps 2-4. For the
longer term projections, the Roadmap document™ considered a
number of different sensitivities in order to explore a range of para-
meter uncertainties including: the strength of social mixing (and hence
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Fig. 3 | Severe disease projections from Roadmap 1° together with precau-
tionary behaviour assumptions. Low b-d and medium e-g transmission
assumptions together with central vaccine efficacy assumptions are shown. a The
most recently inferred level of precautionary behaviour (grey, showing mean, 50%
and 95% credible intervals) together with three different scenarios and two levels of
transmission in Step 5. The lower figures show projected level of daily hospital

admissions b, e, hospital occupancy c, f and daily deaths d, g together with the
associated data until December 2021; data points from before the Roadmap and
used in parameter inference are in blue, those after the Roadmap are in orange.
Lines are the median values, while shaded regions correspond to the 95% prediction
interval; blue for Scenario Two, orange for Scenario Three and yellow for
Scenario Four.

transmission) in Step 4; the strength of social mixing in Steps 2 and 3;
seasonality, such that transmission is lower in the summer months; as
well as vaccine roll-out speed, efficacy and uptake. Of these uncer-
tainties we focus here on the inclusion of seasonal effects (Fig. 4), as we
subsequently included moderate levels of seasonality (10%) in all
future Roadmaps. Here, seasonality is a measure of the peak-to-trough
drop in transmission relative to the peak; we captured this process by a
sine-wave, whose trough was centred on mid-August based on changes
in relative humidity®’, which also provide the justification for the 10%
seasonality used in subsequent Roadmaps for England®.

Roadmap 2 overestimated the degree to which the population
would return to pre-COVID mixing in each Step of restrictions being
eased (Fig. 4a). Additionally, the Roadmap 2 document only con-
sidered the dynamics of the Alpha variant, whereas in May 2021 the
Delta variant invaded increasing R by an estimated 67% (CI 44-95%)

(Fig. 1b). The action of these two factors works in opposite directions:
our assumed lower level of precautionary behaviour will act to increase
our projections, while maintaining the Alpha variant will suppress the
projections.

We highlight outcomes under different seasonality assump-
tions. In particular, we investigated the impact of assuming no
seasonality (Fig. 4, black line) and 10% seasonality (as assumed in
future Roadmaps, represented in Fig. 4 by the blue line), both of
which are shown with 95% prediction intervals (shaded regions).
The data on hospital admissions (Fig. 4b), hospital occupancy and
deaths (Fig. 4c, d) all fall within the 95% prediction interval of 0%
and 10% seasonality until late August 2021; while the assumption
of 10% seasonality leads to an excellent agreement between the
median prediction and the hospital data prior to the peak in late
July 2021. The median deaths are again an overestimate, likely due
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Table 1| Assumed percentage protection from vaccination against Alpha and Delta variants from the six Roadmap documents

Roadmap
Variant Protection against Vaccine Dose 1 2 3 4a 4b 5 waning booster
Alpha Infection AZ 1 24/48 60 60 60/63/70 63 63 — -
2 30/60 65 65 70/78/90 78 78 0/30/50 —
Pf 1 24/48 60 60 55/63/70 63 63 — —
2 30/60 85 85 70/80/90 80 80 0/30/50 —
Symptoms AZ 1 56/70 60 60 55/63/70 63 63 — —
2 70/88 70 80 70/86/90 80 80 10/35/55 —
Pf 1 56/70 60 60 55/63/70 63 63 — —
2 70/88 90 90 85/88/90 88 88 10/35/55 —
Hospital Admission AZ 1 56/70 80 80 75/80/85 80 80 — -
2 70/88 90 90 90/93/95 90 90 70/79/85 —
Pf 1 56/70 80 80 75/80/85 80 80 = =
2 70/88 90 90 90/93/95 93 93 70/79/85 —
Mortality AZ 1 56/70 80 80 75/78/80 80 80 — —
2 70/88 90 90 95/97/99 95 95 70/79/85 —
Pf 1 56/70 80 80 75/78/80 80 80 — —
2 70/88 90 90 95/97/99 97 97 70/79/85 —
Onward Transmission AZ 1 (0] 0 40 40/45/50 45 45 — —
2 (0] o] 50 40/45/50 45 45 20 -
Pf 1 (0] 0 50 40/45/50 45 45 — —
2 0] 0 50 40/45/50 45 45 20 —
Delta Infection AZ 1 — — — 33/34/45 34 45 — —
2 — — — 58/71/84 64 70 0/30/50 85/92
Pf 1 — - — 30/34/45 56 55 — —
2 — — — 58/73/84 80 85 0/30/50 85/92
Symptoms AZ 1 — — — 27/34/45 34 45
2 — — — 64/82/84 70 70 10/35/55 90/95
Pf 1 — — — 24/34/45 56 55 — —
2 — — — 64/83/84 88 90 10/35/55 90/95
Hospital Admission AZ 1 — — — 60/64/85 81 80 — —
2 — — — 86/90/95 94 95 70/79/85 95/97
Pf 1 — — — 58/64/85 90 80 — —
2 — — — 86/91/95 98 95 70/79/85 95/97
Mortality AZ 1 — — — 60/60/80 81 80 — —
2 — - — 93/96/99 95 98 70/79/85 98/99
Pf 1 — — — 58/60/80 90 80 — —
2 — — — 93/96/99 98 98 70/79/85 98/99
Onward Transmission AZ 1 — — — 40/45/50 45 30 — —
2 — — — 40/45/50 45 30 20 30
Pf 1 — — — 40/45/50 45 30 — —
2 — - — 40/45/50 45 30 20 30

For Roadmap 1" Cautious/Central assumptions are shown; for Roadmap 4a'°® Cautious/Central/Optimistic assumptions are shown; for Roadmap 5" we also include the level of waning immunity
(where protection wanes to one of three values corresponding to a half-life of 180/270/460 days) and the action of booster vaccines (two assumptions for short-term and long-lasting immunity

respectively) and . All values are based on parameters that were available at the time®*%69-62656"7173 for the Pfizer-BioNTech BNT162b2 vaccine (Pf) and for the Oxford-AstraZeneca ChAdOx1 vaccine
(AZ); the Moderna vaccine (Spikevax) is assumed to have the same efficacy as the Pfizer-BioNTech vaccine.

to improvements in medical treatments that were applied as we
progressed through 2021. In addition, we included in later
Roadmaps a correlation between the mortality risk and hospital
occupancy, meaning smaller waves in the summer of 2021 would
be associated with relatively lower deaths than the major wave of
January 2021.

Roadmap 3, 4th May 2021
Our assumptions in Roadmap 3" about social mixing associated with
Steps 3 and 4 significantly underestimated the level of precautionary

behaviour (Fig. 5a), leading to modelled outputs with greater trans-
mission than was realised. Even our low transmission assumption (blue
line) was an underestimate of precautionary behaviour from late May
until December 2021. Despite this, our projections of hospital admis-
sions and hospital occupancy were underestimates of the true
dynamics (Fig. 5b, c)—although the majority of the data points until
September 2021 fall within the 95% prediction intervals. This is most
clearly seen during May and early June 2021 when hospital admissions
began to slowly climb, but the median projection was for relatively
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constant levels of hospital admissions until the impact of Step 4 was
realised.

There are two main reason for this underestimate. Firstly, given
we expected R to be close to one, even relatively small errors can
translate into substantial divergence in projections—changing trajec-
tories from flat to exponentially increasing. However, the key driver is
undoubtedly the invasion and increase of the Delta variant in late May
2021. Subsequent analysis suggests that Delta is 67% (Cl 44-95%) more
transmissible than Alpha®®, a factor that is more than sufficient to
overcome the errors in our assumptions about precautionary beha-
viour and drive pronounced exponential growth.

Roadmap 4a, 8th June 2021

The assumptions in Roadmap 4a'® for Step 3 and 4 clearly under-
estimated the level of precautionary behaviour (Fig. 6a). The heigh-
tened concerns in late May and early June 2021 over the invasion of the
Delta variant led to an increase in precautionary behaviour at a time
when we were anticipating a decline due to the relaxation of Step 3.
Again, the level of social mixing assumed in Step 4 is far higher (ana-
logously the precautionary behaviour was far lower) than observed at

any point in 2021. In particular, the ‘pingdemic’ of late July 2021 which
led to a massive rapid decline in infection was not included in the
modelled scenarios and could not have been forecast. With the
mounting concern over the Delta variant, one of the pivotal con-
siderations of Roadmap 4a is whether Step 4 (originally scheduled for
21st June 2021 at the earliest) should be delayed. Given the substantial
uncertainty in estimating vaccine efficacy against Delta, this Roadmap
considered three assumptions about vaccine protection: default,
optimistic and cautious (Fig. 6b-d). Later studies (see Table 1) suggest
that the optimistic assumptions are closest to the level of protection
realised. The default assumptions therefore, unsurprisingly, over-
estimate the true level of hospital admissions; the model projected a
far more rapid rise in the Delta variant due to less suppression by
vaccine immunity and no public reaction to the new variant. When
using the optimistic vaccine assumptions (lower left panel), there is
closer correspondence between the model and how the outbreak
unfolded: the data comfortably lie within the 95% prediction interval
until September 2021 for the realised scenario of Step 4 on 19th July
2021 (Fig. 6¢, orange line and shaded area).
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It could be questioned why Roadmap 4a predicted a single,
although broad-peaked, epidemic, while in reality the Delta variant
maintained a plateau of hospital admissions for a duration of around
four months. Again, this is driven by the underlying estimates of pre-
cautionary behaviour. In particular, we had difficulty estimating the
change due to Step 3, which was exacerbated by the emergence of the
Delta variant, the ensuing public response to this threat and the short
time between Step 3 and producing Roadmap 4a. Any substantial drop
in precautionary behaviour is likely to drive a rise in cases (and hence a
rise in hospital admissions) which will eventually decay, leading to a
single-humped wave. In contrast, what was observed was a complex
pattern of falls and rises, followed by a more gradual decline in pre-
cautionary behaviour as people reacted to changing risk (as exempli-
fied by*®), all of which led to the long high plateau of hospital
admissions during the Delta wave. In addition, the waning of vaccine
efficacy, especially in the elderly, who were amongst the first to be
vaccinated, also acted to promote the high plateau of hospital
admissions.

Roadmap 4b, 6th July
The assumptions in Roadmap 4b" for the behaviour in response to
moving to Step 4 cover a wide range of scenarios (Fig. 7, top panel);
however, none captured the sudden increase in mixing during the
2020 UEFA European Football Championships, nor the sudden sub-
sequent decline from the ‘pingdemic’ (a sudden surge in contact tra-
cing App alerts due to a combined increase in mixing and cases). With
the advantage of hindsight, the fact that these events would pre-
cipitate changes may have been anticipated but their scale was
unforeseeable. Of the scenarios considered, the slow decline (Fig. 7a,
green line) was the closest to the realised pattern of social mixing but,
since there were pronounced changes in behaviour during June and
July 2021 that were absent from the modelled scenarios, we would not
expect the associated modelled projections to closely match the data.
The data predominantly lie within the envelop of model projec-
tions. Many of the individual median trajectories (for example the
green, blue, red and cyan trajectories Fig. 7b-g) capture the approx-
imate level of severe disease - although in relative terms hospital
occupancy is lower than hospital admissions due to a slight reduction
in the average length of stay in hospitals over this period. The data
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in orange. Lines are the median values, while shaded regions correspond to the 95%
prediction intervals for the default model (black) and the delay until 19th July 2021
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between July 2021 and December 2021 is characterised by a high pla-
teau of infection with gradual oscillations that we conjecture is caused
by a finely balanced combination of susceptible depletion, waning
immunity and changes in social mixing. As such, many of the median
trajectories (e.g. red curve) show this type of pattern, which comes
from over-compensatory cycles (of the kind that generate traditional
damped oscillations around the endemic equilibrium) with the linear
decline in precautionary behaviour maintaining a high level of infec-
tion, whereas a constant level of precautionary behaviour would lead
to a single-humped wave. However, we should not expect a close

match between the data and any one trajectory, as the perturbations
that occurred in June and July 2021 will have long-lasting consequences
by changing the level of infection and the number of susceptibles.

Roadmap 5, 12th October

This final Roadmap of 2021, considering possible SARS-CoV-2 trans-
mission dynamics and the associated COVID-19 disease burden for
Autumn and Winter 2021, was by far the most complex in terms of the
dynamics being modelled. The Roadmap document also sought to
capture the widest range of uncertainties in combination: three
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Fig. 7| Severe disease projections from Roadmap 4b Figure 57, which shows the
projections associated with seven assumptions about Step 4 precautionary

behaviour. a The most recently inferred level of precautionary behaviour (grey,

showing mean, 50% and 95% credible intervals) together with the seven different
assumptions from Roadmap 4b. The lower panels show daily hospital admissions
b, e, hospital occupancy c, f and daily deaths d, g for the seven main assumptions
(coloured lines giving the median values) and for the naive assumption of an abrupt

return to pre-COVID mixing (black dashed line) together with the combined
envelope of all 95% prediction intervals (shaded grey). The lower panels e-g show a
magnified section of upper panels b-d, which include median projections for other
intermediate declines in precautionary behaviour (thin dark-grey lines). Data points
from before the Roadmap and used in parameter inference are in blue, with sub-
sequent data points displayed in yellow. Vertical lines show the dates of Steps 2 and
3, and the revised Step 4.

assumptions about waning immunity (red, green and blue in Fig. 8),
two assumptions about the duration of boosters (centre and right-
hand panels in Fig. 8), and multiple assumptions about the return to
pre-pandemic mixing (of which we show three: cyan, magenta and
purple in Fig. 8 rows b-d).

The four assumptions about the return to pre-pandemic mixing
(Fig. 8a) clearly span the range of inferred behaviour, although our
initial estimates of precautionary behaviour in August and September
2021 were lower than our most recent estimates for these values- with
implications for the inferred parameters for the Delta variant (includ-
ing the transmission rate and the risk of requiring hospital treatment).

The projections show the true number of hospital admissions in
England both when the Delta variant dominated (orange circles,
Fig. 8b-d) and at later times when the Omicron variant generated the
majority of hospital admissions (red crosses, Fig. 8b-d). Although the
model fits well to the data available at the time of simulation, it fails to
capture the final oscillatory rise in Delta cases (during October 2021),

and as expected cannot predict the Omicron wave. This discrepancy
has three main attributes: the absence of a clear signal of another rise
in the data at the time the inference and simulations were performed; a
slight but systematic bias in the estimation of precautionary behaviour
during much of the Delta wave; and a lack of detailed quantitative
information on waning immunity and the long-term protection against
hospital admissions. We address these three points in turn. First,
without a clear signal of rising cases or rising hospital admissions, the
model (unsurprisingly) continues the most recent trend of declining
admissions throughout October 2021; in a relatively short period
where frequent oscillations are observed it is difficult to identify such
patterns in the noisy data. Second, the perturbations due to the UEFA
European Football Championships in June 2021 and the pingdemic in
July 2021, together with problems with testing in September and
October 2021* caused substantial difficulties is estimating the level of
precautionary behaviour. Finally, the most recent data suggest a
notable difference in waning between AstraZeneca and Pfizer vaccines
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Fig. 8 | Hospital admission projections from Roadmap 5 Fig. 5'°. Scenarios cover
three assumptions about precautionary behaviour (rows b-d), three assumptions
about waning vaccine efficacy (red, green blue) and two assumptions about the
long-term action of boosters (repeated waning in centre column and long term
protection in the right column). a The most recently inferred level of precautionary
behaviour (grey, showing mean, 50% and 95% credible intervals) together with the
three different assumptions (cyan, pink and purple) about the return to pre-

pandemic mixing used in Roadmap 5. Rows b-d show daily hospital admissions for
the different assumptions (solid lines are the medians and shaded regions are the
95% projection intervals); points correspond to the data, with marker style
denoting the times corresponding to dates before the projections were performed
(blue circles), later times dominated by Delta (orange circles) and later times
dominated by Omicron (red crosses). Vertical lines show the dates of Step 3 and the
revised Step 4.

in terms of protecting against symptomatic infections (closer to
Assumption 3, blue curve in Fig. 8b-d), although both vaccines
maintain relatively high levels of protection against hospital admis-
sions (closer to Assumption 1, red curves in Fig. 8b-d).

Discussion

Here we have discussed the development of the model outputs, gen-
erated using the Warwick SARS-CoV-2 transmission and COVID-19
disease model, that underpinned the six Roadmap documents pro-
duced to study the easement of restrictions in England during 2021.
The chronological evolution across these documents is characterised
by an increased understanding of vaccine efficacy, a greater appre-
ciation for the uncertainty in population behaviour and a corre-
sponding increase in model complexity. In general we believe the

models acted as a useful policy tool; although the median projected
wave of hospital admissions never precisely matched the realised data
(sometimes over-estimating, sometimes under-estimating) there was
in general an overlap between the data and the 95% prediction inter-
vals over multiple models. In respect of the aim to provide scientific
evidence before each step in the relaxation of controls”, suggesting
when the steps would lead to a minor increase in cases or when greater
caution may be needed, in our view the six Roadmap documents ful-
filled their purpose, although not without their critics'>*%. The work
highlights two clear lessons for the future: firstly, the difficulties of
making detailed long-term predictions due to uncertainties in vaccine
efficacy (until large amounts of data are collected), the uncertainty in
human behaviour, intrinsic uncertainties in the data, and the
unknowable timing of any new variant of concern; and secondly, the
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difficulties of communicating projections to a policy and lay audience.
We deal with these issues in turn.

The six Roadmap models have been driven by externally gener-
ated estimates of vaccine efficacy (Table 1). Any changes to these
assumptions requires a refitting of the model to the entire period since
vaccination began, and therefore we were constrained to use a small
number of vaccine assumptions. Moreover, small changes to vaccine
efficacy can generate large changes in model outcomes; changing the
vaccine efficacy against death from 98% to 99%, for example, would
halve the number of COVID-19 related mortalities in the vaccinated
group. Similarly, small changes in the vaccine efficacy against infection
or the reduction in onward transmission (both of which are inherently
difficult to measure directly) will generate changes in growth rate;
long-term projections are highly sensitive to any variation in the
growth rate due to the amplifying effects of exponential processes. In
general, early estimates of vaccine efficacy have been slightly pessi-
mistic (comparing early and later values in Table 1), which may be due
to early biases in the initial vaccine prioritisation as well as biases due
to targeting those most likely to contract SARS-CoV-2 and require
treatment.

A second consistent issue is estimating population behaviour in
response to changes in legislation, case numbers and media messa-
ging. Although we often conceptualise precautionary behaviour in
terms of social mixing, it really refers to a reduction in risky mixing
between susceptible and infected individuals. Therefore, mass testing
followed by strict adherence to isolation rules is likely to prevent more
transmission and hence lead to a higher estimate of precautionary
behaviour than a simple change in the population-wide level of social
mixing. Similarly, mask wearing will also reduce transmission and
hence be reflected as an increase in precautionary behaviour.

The initial models™™®, in the absence of any other data, assumed
that changes in legislation would generate a step-change in population
behaviour as people took advantage of new freedoms and opportu-
nities. While the assumption of a step-change responding to relaxing
measures was supported by the sudden increases in precautionary
behaviour when measures were initially introduced (Fig. 1), we now
observe that the response to the introduction of measures was much
quicker than the response to the relaxation of measures. While with
hindsight it is clear that behaviour was only responding slowly to each
Step, in real time and with a variety of influencing factors this was
difficult to detect; for example, in Roadmap 4a it had been impossible
to robustly determine the impact of Step 3 (due to insufficient data and
the complicating spread of the Delta variant), and the inferred change
following Step 2 was relatively close our earlier assumptions.

Later models"*® assumed a more gradual response to the relaxa-
tion steps; but population behaviour remains unpredictable over long
timescales. Although we have generally seen a decline in the inferred
precautionary behaviour (and hence an increase in social mixing) since
the end of the January 2021 lockdown (Fig. 1) the change has been
anything but smooth. While an increase in mixing during the 2020
UEFA European Football Championship, which occurred in late June to
early July 2021, could have been foreseen, the magnitude and duration
was unpredictable; similarly the ‘pingdemic’ of late July 2021 was an
unexpected and emergent phenomenon that only subsided due to a
change in the NHS App (switching from a notification window of 5 days
to just 2 days for asymptomatically infected individuals, and hence
minimising the number of individuals isolating). As such, the relaxation
of legislation for each Step acts to provide a lower bound for precau-
tionary behaviour by placing strict limits on social mixing, but multiple
factors that contribute to individual perceived risk determine the true
level. In December 2021, warnings and concerns over the Omicron
variant generated marked changes in behaviour over the Christmas
and New Year period (Fig. 8a) in the absence of legislation. The chal-
lenges posed in bringing together behavioural science and epidemio-
logical theory have been recognised for some time in the infectious

disease modelling community®. That being said, recent theoretical
modelling analysis that have coupled transmission dynamics to
behavioural mechanisms have illustrated emergent phenomenon that
we have empirically witnessed during the COVID-19 pandemic, such as
slow declines and plateau-like behaviour in incidence/prevalence®’>**,
To achieve the ultimate ambition of developing robust, general the-
ories about human behaviour in relation to infectious diseases®, we
advocate further work in this understudied area to hasten our under-
standing of the feedback between behaviour, intervention response,
policy and the perceived risk from the current epidemiological
situation.

Other factors affecting our predictive ability are the inherent
uncertainty when fitting models to data, estimates of vaccine delivery,
and the unknowable character of future variants. Models will never be
a perfect representation of the natural world and when fitting models
to data parameter uncertainty will always be present. We represent this
parameter uncertainty by showing the 95% prediction interval (which
contains 95% of all projections at each time point, ignoring the top and
bottom 2.5%). We make use of multiple data sources (reported cases,
hospital admissions, hospital occupancy and death) to obtain a more
accurate estimation of the parameters, but uncertainties still exist. In
addition, given epidemic models often show exponential growth, small
uncertainties in this growth rate are magnified by the exponential
process generating large upper bounds on the 95% prediction interval
—this is especially true when cases are just beginning to rise from a
trough as in Roadmap 4a (Fig. 6).

Vaccine uptake and the speed of vaccine delivery also both affect
the projected scale of future outbreaks. Inaccuracies in the delivery
speed generally impact the short-term dynamics, while inaccuracies in
the assumed level of vaccine uptake have longer term consequences
due to changing the ultimate level of protection in the population (in a
similar manner to errors in estimating vaccine efficacy). While esti-
mates of future vaccine delivery speed were prescribed to the mod-
elling teams, estimates of uptake were instead based on observed
historical patterns. However, it is worth noting that while there is
highly accurate data on the number of vaccines delivered, the infor-
mation on the number of people of a given age within England is an
estimate, here taken from ONS* which is based on the 2011 census. In
particular, the recorded number of vaccine first doses given to 55-59
and 60-64 years old exceeds the estimated population size used in the
model (Fig. 2, thin black bar and wide grey bar) and hence requires re-
scaling. Given that we are primarily interested in those not vaccinated
(and hence more likely to be susceptible to the virus), small errors in
the estimation of population size could affect both the model pro-
jections and our ability to estimate vaccine efficacy.

Finally, novel variants pose a major problem for robust and
accurate prediction—their timing and characteristics cannot be pre-
dicted in advance—and hence all the Roadmap documents assume a
continuation of the dominant variant.

Such uncertainties (from behaviour, data and variants) highlight
our inability to make truly accurate long-term predictions (as opposed
to scenario-based projections); for example neither the timing of
Omicron emergence, the characteristics of this variant in terms of
transmission and vaccine protection, nor the public response to this
potential health problem could be forecast before the event. This
uncertainty highlights why model results should be considered as
projections of particular (epidemiologically plausible) scenarios,
rather than predictions or forecasts. To generate true predictions
would require models that incorporated the full uncertainty in public
behaviour and the emergence of novel variants**—leading to predic-
tion intervals that would likely be too large for the results to be useful.

The challenges in producing accurate projections are not unique
to England, and are exemplified by the work of the COVID-19 Scenario
Modelling Hub in the USA. The COVID-19 Scenario Modelling Hub has
specified a set of scenarios to conduct multi-model studies, with these
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scenarios being designed in consultation with academic modelling
teams and government agencies, such as the Centers for Disease
Control and Prevention (CDC). Work was convened in multiple rounds
with prescribed target outcomes that allowed collective insights to be
drawn across the independent model submissions; rounds included an
assessment of NPI scenarios over April-September 2021*° and resi-
lience to new variants for the period November 2021-March 2022,

While the six Roadmaps had a definite purpose at the time, with
hindsight we can consider the lessons learned from this process and
how that can inform future modelling. Models were only one part of
the advice that fed into the decision-making, and yet was one of the
few elements that was publicly available; this level of visibility together
with the quantitative nature of the work makes modelling an easy
target for those that do not agree with the associated policy decision.
Therefore, one of the key issues for the future involves the effective
communication of model results, approaches and expectations.
Potentially the main message is that our results are a projection of
plausible scenarios (not detailed forecasts), and hence we learn more
from discrepancies between models and data, than we do from close
agreement. When models and data diverge it is usually an indication of
inaccuracies in the underlying assumptions, identifying and correcting
such errors is how science rapidly progresses, or it may point to
unanticipated changes in behaviour, control or transmission.

Associated with the prominence of epidemiological modelling
results is the potential for the integration of epidemiological results
with other factors (such as social and economic consequences), and
for this holistic package to be publicly communicated. A more joined-
up approach, balancing all aspects, would provide greater clarity and
allow the trade-offs to be more fully explored.

A second key lesson is the huge advantage of multiple groups
taking independent approaches, but with a common goal. The Road-
map documents produced by SPI-M-O were a combination of projec-
tions from three groups (University of Warwick, the London School of
Hygiene and Tropical Medicine, and Imperial College London), this
plurality of approaches brings far greater robustness (as highlighted
by the Macpherson report™) especially when projections are having to
be generated under very tight time constraints. Ideally, the involve-
ment of more groups would be beneficial, as was seen with SPI-M-O’s
estimates of the reproductive number*’ and Medium Term
Projections*** in the UK and CDC’s COVID-19 Forecasts for the USA*,
but the Roadmaps required longer-term projections which restricted
participation to a smaller group of mechanistic models.

It is often quoted that “all models are wrong, but some models are
useful”*, and this is especially true of models used during an unfolding
outbreak and attempting to make relatively long-term projections.
Therefore it is important to temper our expectations of such models,
and realise that departures between model projections and data are
also useful policy guides.

Finally, in any epidemic, high-quality and timely data is key. Ide-
ally, anonymised and linked records of testing, cases, vaccination and
severe health outcomes would be readily available to those making
projections, although this is both ethically and logistically
challenging*®*’. In general, UK modellers that were part of SPI-M-O had
access to a vast amount of information—far larger than in any previous
outbreak—although hospital data was generally aggregated, and link-
age between data sets only occurred later in the pandemic. Other
countries had different approaches to data-sharing*®, but clearly there
were many countries where such detailed data were not accessible,
although on-line resources became an invaluable tool for monitoring
the unfolding epidemic*’.

It is often tempting with hindsight to revisit the decisions made
during the pandemic®°, for example we may wish to calculate the
effects of taking the relaxation steps faster or slower. While this is
possible under the simple assumption that everything else remains
fixed, the lesson from trying to forecast precautionary behaviour is

that there are multiple inter-related factors. The scale of the ‘ping-
demic’ is clearly related to both the social mixing and the number of
cases at the time, the slight rise in precautionary behaviour in June
2021is likely in response to media coverage and concern over the Delta
variant. The desire to understand the implications of different policy
decisions at different times therefore necessitates a larger more hol-
istic view of the epidemic where the broader consequences of any
policy change are reflected in projections.

These Roadmap projections” ™, together with the projections
from other groups”?*, have provided quantitative support for the
steady relaxation of mitigation measures. In general, Roadmap mod-
elling suggested that hospital admissions would not rise to the
extreme levels observed during the first and second waves (with peak
admissions of 3099 and 4134 in England respectively) following the
relaxation steps. The exception to this was Roadmap 4a'®*’, where
uncertainty over the Delta variant (especially the protection afforded
by vaccination) led to a range of projections many with high peak
hospital admissions (Fig. 6). As such, these model projections have
proved to be a useful policy tool, providing a mechanism for trans-
lating epidemiological knowledge and uncertainties into medium-term
assessments of the likely range of public health burden.

Methods

Although the development of the Warwick SARS-CoV-2 transmission
and COVID-19 disease model has been described elsewhere in exten-
sive detail>’'>!, here we summarise the main salient components and
the method of parameter inference.

Model overview

The model is built around the traditional deterministic SEIR (Suscep-
tible, Exposed, Infectious, Recovered) model framework®, with three
exposed classes to capture the distribution of times from infection to
becoming infectious®, and splitting the infectious group into symp-
tomatic and asymptomatic infection (Fig. 9a). To this simple model we
add additional structure to capture the effects of restricted social
interaction whilst maintaining household transmission®, and this fun-
damental model is then ‘replicated’ twenty-one times to mimic five-
year age-groups (0—4, 5-9, ..., 100 +). The model is written as a large
number of ODEs (ordinary differential equations).

This basic model was sufficient for the early waves of infection
(from January to November 2020) with a single variant and without
vaccination. During this early phase of the pandemic, the main driving
parameter was the level of precautionary behaviour, which determined
the level of social-mixing and therefore the scale of transmission out-
side the household®, although we also fitted a number of other para-
meters (including case:hospitalisation and case:mortality ratios, age-
dependent effects and the relative strength of asymptomatic com-
pared to symptomatic transmission). From the age-structured symp-
tomatic class, we calculate the number of severe outcomes (hospital
admissions, intensive care unit admissions and deaths), which are both
key public health observables and measures of concern for this pan-
demic, although these quantities do not impact the transmission
dynamics (Fig. 9a). The fitting is performed in a Bayesian framework,
matching the data on the daily hospital admissions, hospital occu-
pancy, ICU occupancy, deaths and proportion of community (Pillar 2)
tests that are positive in each of the seven National Health Service
(NHS) regions of England to a Poisson distribution with a mean given
by the ODE model.

From late 2020, variants and vaccination increased the
dimensionality of this model. Each new variant required a dupli-
cate of all the infected model classes (Fig. 9b, shows the addition
of the Alpha variant), to capture differences in transmission and
risks of severe outcomes; the rise of each variant was captured by
additionally fitting to the proportion of S-gene target failures (a
measure of variant-type) from TaqPath PCR testing™*. Early
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Fig. 9 | Caricatures of the development of the Warwick SARS-CoV-2 transmis-
sion and COVID-19 disease model. a The basic SE/IR-type structure of the model,
with three exposed classes, infectious individuals partitioned into symptomatic (/)
and asymptomatic (4), and with severe outcomes driven by symptomatic cases; the
multiple layers represent age-structure. b The inclusion of an extra variant
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increases the number of infection classes that are required (here, the layers
representing age-structure have been removed for clarity). ¢ The introduction of
vaccination, waning immunity (blue) and booster vaccination (pink) dramatically
increases the complexity of the model, hence we group all infected classes for
clarity and do not show the multiple variants or age-structure).

Roadmap models (1-3) just modelled wildtype and Alpha variants,
while Roadmaps 4a, 4b and 5 also included the Delta variant. The
start of the vaccination campaign in December 2020 necessitated
a further partitioning of the population by vaccination status
(first three elements in Fig. 9c), allowing us to capture both the
reduced risk of infection and the reduced risk of severe out-
comes. For the final Roadmap, waning levels of protection both in
terms of vaccine-induced and infection-induced immunity were
added (generating additional elements in Fig. 9c, with waning
immunity processes shown as blue arrows) and booster vaccina-
tion (shown as pink arrows in Fig. 9c) leading to long-lasting
immunity (bright pink solid lines) or repeated waning (dark pink
dotted lines).

Each of the Roadmaps required assumptions to be made
about how changes in policy associated with Steps 1-4 would
translate into changes in precautionary behaviour. For early Steps
(and hence early Roadmaps), the precautionary behaviour after
each Step was estimated with reference to historical values,
matching future restrictions with comparable restrictions in the
past and assuming that population adherence would be similar.
For later Steps, it was assumed that either a moderate amount of
precautionary behaviour would remain after Step 4 (the
assumption applied in Roadmaps 1-4a, and sensitivity to this level
was generally assessed) or that behaviour would gradually return
to pre-pandemic levels over several months (Roadmaps 4b and 5).
In the descriptions that follow, we quote the estimates associated
with each Step in terms of R excluding immunity (R.;), which
provides an unambiguous measure of transmission during each
period. This is inversely related to the precautionary behaviour
(high precautionary behaviour leads to low R; and lower trans-
mission) but the relationship is non-linear being derived from an
eigenvalue of transmission matrices; with precautionary beha-
viour providing a proportional scaling between transmission
matrices associated with pre-pandemic and stringent lockdown
behaviour.

One of the key sets of parameters feeding into each Roadmap
model was the protective effects of vaccination. This is partitioned into

five elements: protection against infection; protection against symp-
tomatic disease; protection against requiring hospital admission;
protection against death; and the reduction in onward transmission
for vaccinated individuals who do become infected (Table 1). For
Roadmaps 1 to 3 only protection against the Alpha variant is required;
whereas in Roadmaps 4a-5 projection against the Delta variant is also
included. For Roadmap 5, we also model waning immunity (using 3
different assumptions) and boosting (2 assumptions).

We now consider the models used in each Roadmap in more
detail, contrasting the changes that were needed to keep pace with our
knowledge of the pandemic.

Roadmap 1, 6th February 2021
During early modelling, upon which Roadmap 1 was based, data
on the degree of vaccine protection was extremely limited. Clin-
ical trials had been against the wild-type virus, whereas at this
time the population in England was predominantly infected with
the Alpha variant (Table 1). We used two levels of vaccine pro-
tection, which were independent of the type of vaccine (Astra-
Zeneca or Pfizer) administered, and due to lack of evidence, the
modelled vaccine provided no additional protection against
hospital admission or death beyond blocking infection
(although® appendix 13 did consider a scenario of very high
efficacy against severe disease). The central assumptions were
chosen to be close to the mid-points of the confidence intervals
for efficacy values estimated at the time** . The cautious
assumptions were chosen as half this protective effect for infec-
tion blocking (where there was limited data) and closer to the
lower confidence intervals for efficacy against symptomatic dis-
ease. The central and cautious assumptions also differ in the
assumed level of vaccine uptake in 18-49 year olds, assuming 85%
and 75%, respectively; whereas in all projections vaccine uptake
was modelled as 95% in the over 80s, and 85% in those
aged 50-79.

Four timing scenarios were investigated that set the scene for
the relaxation of controls, each based on 5 Steps (although we
note that the adopted policy on 22nd February 2021 was for 4
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Steps®’)—from a return of children in primary and secondary
schools to full-time education (Step 1) to an absence of all con-
trols (Step 5). Only the three timing scenarios (scenarios Two,
Three and Four) that most closely correspond to the realised
relaxation are shown here. For each relaxation step, there was the
challenge of determining the level of social mixing and hence the
modelled degree of transmission. Stage 1 was based upon the
January lockdown data (but with children returning to schools),
while Stage 4 was based upon behaviour in September 2020;
Stages 2 and 3 were a 70:30 and 30:70 mix of Stages 1 and 4
respectively. Stage 5, which removed all controls was considered
at three levels of transmission (low, medium and high)—which we
achieved by setting precautionary behaviour at 20%, 10% or 0%.
These levels of precautionary behaviour (Fig. 1a) are better
characterised in terms of the (model independent) reproductive
ratio excluding immunity R.;: low (R.;=3.0), medium (R.;=3.6),
and high (R.;=4.0). Here, the reproductive ratio excluding
immunity corresponds to the average number of secondary cases
produced by an average infectious individual when the entire
population is susceptible, but when some degree of control
potential exists; as such it provides a useful model-independent
quantification for the strength of controls—and later for the
impact of new variants.

Roadmap 2, 29th March 2021

By the time the second Roadmap document was produced, the
relaxation pathway taking England from lockdown to the complete
absence of controls was clearly defined, with four Steps between the
January 2021 lockdown and removal of all social mixing restrictions.
The second Roadmap document™ considered a number of sensitivity
analyses, including the impact of seasonal forcing (which we present
in this paper, as including a moderate level of seasonality became a
default assumption in future work). Estimates of social mixing within
each of the relaxation steps was still challenging, having to be based
on assumptions about how the population was expected to react to
each of the relaxation step changes. From consideration of previous
controls and the inferred levels of precautionary behaviour, we
assumed that each Step would lead to a discrete change in precau-
tionary behaviour (75% of the early March 2021 level in Step 2, 35% in
Step 3 and 15% in Step 4), which we again translate into R excluding
immunity: Step 1 R.;=1.49 (CI 1.27-1.65); Step 2 R.;=1.76 (CI 1.59—
1.90); Step 3 R.;=2.53 (CI 2.40-2.69); and Step 4 R.;=2.97 (CI 2.79—
3.14). We note that the assumptions for Step 4 (complete absence of
legislation) is most comparable to the medium mixing assumption
during Stage 5 in Roadmap 1.

By the end of March 2021, the parameters for vaccine efficacy
(against Alpha) had also been refined, with new estimates for the
protection against severe disease (hospital admission and death)
and the differences between the AstraZeneca and Pfizer vaccines
(Table 1) based on early reports from Israel and England®®~®, The
reduction in onward transmission (from individuals that have
been vaccinated but then later infected) was still unknown due to
the difficulties of estimating this quantity; taking a precautionary
approach this reduction was set to zero (Table 1). The absence of
attenuation in onward transmission from infectious but vacci-
nated individuals reduces the estimated impact of vaccination in
terms of indirect protection, although there is still considerable
indirect protection from both reduced levels of infection and
lower levels of symptomatic disease.

Roadmap 3, 4th May 2021

By late April 2021, the clear exponential decline in cases and severe
disease was well established. Vaccine efficacy for the Alpha variant was
also reasonably well defined (Table 1), although higher and lower
efficacies were considered as a sensitivity analysis. For this Roadmap,

modelling the easing of restrictions for England®, two major refine-
ments were made to the model structure: the inclusion of a reduction
in onward transmission from vaccinated individuals who become
infected (although the precise scale of this reduction was, and remains,
difficult to estimate); and the inclusion of 10% seasonality as a default—
reducing the scale of any summer outbreaks.

The model still assumed that each Step would lead to a discrete
change in the level of precautionary behaviour estimated at 55% of the
value at the end of the third lockdown in early March 2021 for Step 3
and 15% for Step 4. This can be translated into R excluding immunity:
Step 1 R.;=1.66 (Cl 1.42—1.83); Step 2 R.;=1.88 (CI 1.64—2.10); Step 3
R.;=2.41(Cl2.25-2.57); and Step 4 R.; = 3.51 (C1 3.31-3.71)—with Steps 1
and 2 informed by the most recent data.

Roadmap 4a, 8th June 2021

We produced our initial Roadmap modelling for the Step 4 easing
restrictions in England using data up to 4th June 2021', less than a
month after Delta was declared a Variant of Concern (6th May 2021%*)
and around the time that Delta became the dominant variant in the UK.
These circumstances inherently meant that the projections were being
made with relatively little data on the transmission advantage of Delta
over Alpha and with extremely limited data on the protection offered
by vaccination. We estimated that the Delta variant had a 56% (CI
34-81%) transmission advantage over the Alpha variant, which pro-
duced a good match to the early increase in S-gene positive cases—a
rapid signal from PCR testing of the spread of Delta®. It was thought at
this time that a single dose (of either vaccine) would offer far less
protection against Delta compared to Alpha. The lower protection
afforded by the vaccine towards the Delta variant was reflected in the
model assumptions; the Central vaccine assumptions were taken from
the preliminary PHE estimates®, where a single dose of vaccine only
generated 34% protection against Delta, compared to 60% against
Alpha (Table 1). A range of vaccine efficacy parameters were explored
to capture the uncertainty in these parameters.

In this Roadmap we also still assumed that Step 4 (and the removal
of all legal restrictions on behaviour) would lead to a large increase in
social mixing, and hence a large increase in transmission. The assumed
mixing for Step 3 and 4 would lead to R excluding immunity estimates
for the more transmissible Delta variant of R,; = 3.85 (CI 3.63—4.10) and
Re;=5.66 (C15.4—5.95) respectively. Although Step 3 had begun on 17th
May 2021, there was still insufficient evidence from cases and more
severe disease to infer the level of precautionary behaviour.

This uncertainty is acknowledged in the Roadmap document'®
where we state that any delay to the relaxation roadmap would have
three main epidemiological advantages: (a) delay and reduce the epi-
demic peak providing more time for additional vaccination and pro-
tection; (b) provide additional time to understand the degree to which
the vaccine protects against the Delta variant; (c) allow more con-
fidence to separate the impacts of the Delta variant from changes due
to Step 3. There was also concern at the time that Delta had a slightly
elevated case hospitalisation rate when compared with Alpha®, which
would increase associated projections by a multiplicative scaling.

Roadmap 4b, 6th July 2021

Our second Roadmap modelling focusing on easing restrictions for
England (Step 4) used data up to 2nd July 2021", by which point far
more information had been gathered on vaccine efficacy®’, suggesting
that protection against hospitalisation was closer to the most opti-
mistic of earlier assumptions, whilst protection against infection from
the Pfizer vaccine was again very high (Table 1). Despite the availability
of an additional month of data to refine vaccine efficacy estimates,
within this Roadmap we still considered more cautious and more
optimistic assumptions as part of the sensitivity analysis given the
importance of vaccine efficacy parameters. The extra data (since
Roadmap 4a) also allowed better inference of the precautionary
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behaviour in Step 3 and hence a refinement of the transmission
advantage of Delta over Alpha, with an updated estimate of
68% (38-86%).

For the first time in our Roadmap modelling we also had sufficient
data to establish that behaviour did not respond rapidly to legislation
and consequently that individuals were unlikely to return to pre-
COVID mixing as soon as restrictions were lifted. However, this gave
rise to substantial uncertainty about the future, and as such, multiple
pathways to a complete return to normality were investigated, ranging
in both the initial drop once Step 4 occurred and the time taken to
reach pre-COVID mixing.

Roadmap 5, 12th October 2021

In our final Roadmap document of 2021, the aim was to consider the
likely dynamics for Autumn and Winter 2021. Echoing the previous
Roadmap document”, we considered the return to pre-COVID mixing
over multiple time-scales (from December 2021 to June 2022).

The largest change in model structure for this Roadmap was the
inclusion of waning vaccine efficacy—supported by growing evidence
about the decline in protection over time®*”°, To combat this decline
in immunity, booster vaccines were modelled in this Roadmap docu-
ment as being offered to all those over 50 years old at a rate of 1.3
million doses per week. Therefore, while the early protection against
the Delta variant offered by vaccination was by this point well-defined
(Table 1), we now encountered a new set of uncertainties about waning
and boosters. Firstly, would vaccine efficacy from the first two doses
continue to decline to zero, or would protection asymptote to a low
(but non-zero) level (Table 1)? To address this question we made three
different assumptions about the long-term level of vaccine protection
which corresponded to three different half-lives for the rate of waning
(180, 270 and 460 days respectively) to match the available data®®"°.
Secondly, there was also considerable uncertainty about the strength
and duration of protection after the booster. We modelled two limiting
scenarios (Table 1): in the first the booster resets vaccine protection to
the level after the second dose (nullifying the waning effect after the
primary vaccine doses), but efficacy then wanes as before; in the sec-
ond the action of boosters provided high levels of long-lasting
protection’’.

Similarities and differences between Roadmap models

In summary, Roadmap models 1-3 (generated on 6th February, 29th
March and 4th May 2021) were remarkably similar in structure,
accounting for wildtype and Alpha variants together with the ongoing
rollout of vaccination. The main improvements between the models
were the increasingly reliable estimates of vaccine protection, and the
historic behaviour at previous steps on which to base projections.
Roadmap 4 (8th June 2021) necessitated the inclusion of the Delta
variant (expanding the model complexity and the number of vaccine
parameters required). Roadmap 4b (6th July 2021) had more accurate
estimates of vaccine protection against Delta, and for the first time
modelled a slow public response to each step potentially lasting many
months. Finally, for Roadmap 5 (12th October 2021) we included both
waning immunity and booster vaccines, which again increased the
underlying dimensionality of the model.

Ethical considerations

Data from the CHESS and SARI databases were supplied after anon-
ymisation under strict data protection protocols agreed between the
University of Warwick and Public Health England. The ethics of the use
of these data for these purposes was agreed by Public Health England
with the Government’s SPI-M-O/SAGE committees.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Data on cases were obtained from the COVID-19 Hospitalisation in
England Surveillance System (CHESS) data set that collects detailed
data on patients infected with COVID-19. Data on COVID-19 deaths
were obtained from Public Health England. These raw data contain
confidential information, with public data deposition non-permissible
for privacy reasons. The CHESS data resides with the National Health
Service (www.nhs.gov.uk) whilst the death data are available from
Public Health England (www.phe.gov.uk). Again these raw data contain
confidential information, with public data deposition non-permissible
for privacy reasons. The ethics of the use of these data for these pur-
poses was agreed by Public Health England with the Governments SPI-
M-0 / SAGE committees. Processed data (which is more aggregated) is
freely available from the UK Coronavirus dashboard: https://
coronavirus.data.gov.uk/.

Code availability

Examples of the code needed to generate Roadmaps 1-4b without
waning and boosters (as shown in Fig. 9b), and to generate the more
complex Roadmap 5 (as shown in Fig. 9c) can be found at https://
github.com/MattKeeling/RelaxationRoadmaps.git’.
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