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A novel SARS-CoV-2 variant, VOC 202012/01, emerged in southeast England in November
2020 and appears to be rapidly spreading towards fixation. We fitted a two-strain
mathematical model of SARS-CoV-2 transmission to observed COVID-19 hospital admissions,
hospital and ICU bed occupancy, and deaths; SARS-CoV-2 PCR prevalence and
seroprevalence; and the relative frequency of VOC 202012/01 in the three most heavily
affected NHS England regions (South East, East of England, and London). We estimate that
VOC 202012/01 is 56% more transmissible (95% credible interval across three regions 50-74%)
than preexisting variants of SARS-CoV-2. We were unable to find clear evidence that VOC
202012/01 results in greater or lesser severity of disease than preexisting variants.
Nevertheless, the increase in transmissibility is likely to lead to a large increase in incidence,
with COVID-19 hospitalisations and deaths projected to reach higher levels in 2021 than were
observed in 2020, even if regional tiered restrictions implemented before 19 December are
maintained. Our estimates suggest that control measures of a similar stringency to the
national lockdown implemented in England in November 2020 are unlikely to reduce the
effective reproduction number R, to less than 1, unless primary schools, secondary schools,
and universities are also closed. We project that large resurgences of the virus are likely to
occur following easing of control measures. It may be necessary to greatly accelerate vaccine
roll-out to have an appreciable impact in suppressing the resulting disease burden.

In late December 2020, evidence began to emerge that a novel SARS-CoV-2 variant, Variant of
Concern 202012/01 (henceforth VOC 202012/01), was prevalent and rapidly outcompeting
preexisting variants in at least three regions of England: the South East, London and the East of
England (1). This variant seems to have increased in incidence during the last period of national
lockdown (November 5th - December 2nd 2020), and continued to increase following the
lockdown despite many of the affected areas being in the (then) highest level of restrictions
(“Tier 3”). Concern over this variant led the UK government to place parts of these three
regions under “Tier 4” restrictions on 20th December, a package of control measures broadly
equivalent to those enacted during the nationwide lockdown in England in November. Our
current understanding of effective pharmaceutical and non-pharmaceutical control of
SARS-CoV-2 does not reflect potential epidemiological and clinical characteristics of VOC
202012/01. Early estimates of the transmissibility and disease severity for this novel variant are
crucial for informing rapid policy responses to this potential threat.

Details of emergent variant
VOC 202012/01 is defined by 17 mutations (14 non-synonymous mutations and 3 deletions),

among which eight are located in the spike protein. At least three mutations have a potential
biological significance. Mutation N501Y is one of the key contact residues in the receptor
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binding domain and has been shown to enhance binding affinity to human ACE2 (2, 3). The
function of mutation P681H is unclear, but it is located immediately adjacent to the furin
cleavage site in spike, a known region of importance for infection and transmission (4, 5). The
deletion of two amino acids at positions 69-70 in spike has arisen in multiple independent
circulating lineages of SARS-CoV-2, is linked to immune escape in immunocompromised
patients and enhances viral infectivity in vitro (6, 7). This deletion is also responsible for certain
commercial diagnostic assays failing to detect the spike glycoprotein gene (S gene drop-out),
with genomic data confirming these S gene target failures are primarily due to the new variant
(1). Accordingly, molecular evidence is consistent with a potentially altered infectiousness
phenotype for this variant.

The proportion of COVID-19 cases caused by VOC 202012/01 is growing rapidly in the South
East, East of England and London regions (Fig. 1A) and is associated with an increase in the
estimated reproduction number R, (Fig. 1B). Social contacts and mobility data suggest that the
rise in relative prevalence of VOC 202012/01 within England is unlikely to be caused by founder
effects: that is, if certain regions had higher levels of transmission as a result of more social
interactions, genetic variants that were more prevalent within these regions could become
more common overall. However, we did not find evidence of differences in social interactions
between regions of high and low VOC 202012/01 prevalence, as measured by Google mobility
(8) and social contact survey data (9) (Fig. 1C, D), despite the fact that changes in measured
contact patterns appear to closely correlate with changes in the reproduction number inferred
from community infection prevalence (Fig 1E) and that regionally-differentiated mobility data
have previously informed accurate predictions for COVID-19 dynamics in England (10). This
apparent decoupling between social contacts and transmission during November and
December could therefore indicate a change in characteristics of the virus.

To evaluate this possibility, we extended an age- and regionally-structured mathematical model
of SARS-CoV-2 transmission (10, 11) to consider two co-circulating variants of SARS-CoV-2 (Fig.
S1). The model is fitted across 7 NHS England regions to observed hospital admissions, hospital
and ICU bed occupancy, deaths within 28 days of a positive SARS-CoV-2 test, PCR prevalence,
seroprevalence, and, specifically for the East of England, London and South East NHS England
regions, to the relative frequency of VOC 202012/01 identified by genomic sequencing
surveillance from the COVID-19 Genomics UK Consortium (12). We use this model to capture
the emergence of VOC 202012/01 and consider its potential impact.
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Fig. 1. (A) Proportion of VOC 202012/01 in South East, East of England, and London NHS
England regions versus the rest of England from 28 September — 1 December 2020 (mean and
95% Cl). Grey shaded areas (panels A, C, D) reflect the period of time when England was in a
second national lockdown. We cut off the data after 1 December 2020 due to a substantial
decrease in representativeness after this time (Fig. S4). (B) Proportion of S gene drop-outs (5 —
11 December) versus mean reproduction number (27 November — 4 December) by local
authority in England. The one-week lag accounts for delays from infection to test. (C)
Percentage change (95% Cl) in Google Mobility indices relative to baseline over time and (D)
setting-specific mean contacts (95% Cl) from the CoMix study (9) over time and by age for local
authorities that went into Tier 4 compared to the rest of England. Educ = education setting.
*Some local authorities that were within the South East, East of England, and London NHS
England regions did not go into Tier 4 and were therefore included in the rest of England for
panels C and D. (E) Estimates of R, (50% and 95% Cl) from CoMix social contact survey (9)
compared to R, estimates from REACT-1 SARS-CoV-2 prevalence survey (13) for England. R,
estimates based on single and aggregated REACT-1 survey rounds are shown.


https://paperpile.com/c/PTqn4n/6rIP
https://paperpile.com/c/PTqn4n/6rIP
https://paperpile.com/c/PTqn4n/6rIP
https://paperpile.com/c/PTqn4n/6rIP
https://paperpile.com/c/PTqn4n/6rIP
https://paperpile.com/c/PTqn4n/6rIP
https://paperpile.com/c/PTqn4n/72ov
https://paperpile.com/c/PTqn4n/72ov
https://paperpile.com/c/PTqn4n/72ov

Characterising the transmissibility and severity of VOC 202012/01

To understand possible biological mechanisms for the observed dynamics associated with VOC
202012/01, we considered four alternative hypotheses for why the new variant might be
spreading more efficiently: increased infectiousness; immune escape; increased susceptibility
among children; and shorter generation time.

First, we modelled increased infectiousness as an increase in the risk of transmission of VOC
202012/01 per contact, relative to preexisting variants. This model was best able to capture the
data parsimoniously among the four hypotheses tested (Deviance Information Criterion DIC =
9395, ADIC =0, Fig 2A). Such a mechanism is consistent, in principle, with observations of lower
Ct values (i.e., higher viral load) for VOC 202012/01 (14).

Second, we modelled immune escape by assuming individuals previously infected with
preexisting variants had a degree of susceptibility to reinfection by VOC 202012/01. Such a
mechanism is consistent with the AH69/AV70 deletion contributing to immune escape in an
immunocompromised patient (6) and could have implications for vaccine effectiveness.
However, this model performed substantially worse (DIC = 10217, ADIC = 822, Fig 2B) and
underestimated the observed relative growth rate of VOC 202012/01 even when assuming no
cross-protection.

Third, we modelled increased susceptibility among children (aged 0-19) by assuming they could
be as susceptible as adults (aged 20+) to infection by VOC 202012/01 given exposure. Evidence
suggests children are typically less susceptible to SARS-CoV-2 infection than adults (15, 16),
possibly due to immune cross-protection resulting from infection by other human
coronaviruses (17). Our baseline model assumes that 0—19-year-olds are approximately half as
susceptible to SARS-CoV-2 infection as 20+-year-olds (15); if this were to change for the new
variant, it could have implications for the effectiveness of school closures as a control measure.
This model was the least parsimonious model we evaluated (DIC = 11718, ADIC = 2323, Fig 2C),
and underestimated the observed relative growth rate of COV 202012/01.

Finally, we modelled a shorter generation time by assuming individuals could become infectious
more quickly after exposure, but maintained the same infectious period. A shorter generation
time results in a higher growth rate when R, > 1, and would have implications for the
effectiveness of control measures against this variant, because holding the growth rate of an
epidemic constant, a shorter generation time implies a lower reproduction number and hence
R, < 1is easier to achieve. This final model performed poorly (DIC = 10478, ADIC = 1083, Fig.
2D), largely because it predicted that VOC 202012/01 should have decreased in relative
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frequency during the lockdown in November 2020. When R, < 1 for both variants, a shorter
generation time is a selective disadvantage, because infections with this variant decline faster
compared to a variant with the same R, but transmitting on a longer timescale.

The four models evaluated here to explain infection resurgence generate further testable
hypotheses. For example, an increase in susceptibility among children will, all else being equal,
generate a marked increase in cases in children, and reductions across young and middle-aged
adults (Fig. $2). Limited cross-protection between the variants would entail a high reinfection
rate, while a shorter generation time could be corroborated with epidemiologic investigation.
Additional data, when available, could therefore help verify our early findings as well as detect
the possibility of combinations of multiple mechanisms that were not independently
identifiable in the inference process given the data available at the time of writing. There could
be other plausible alternatives for the biological mechanism underlying an increased growth
rate which we have not evaluated here. For example, the duration of infectiousness could be
increased for VOC 202012/01, which would likely produce similar results to our first model
(increased infectiousness).

The fitted model based upon increased transmissibility, which reproduces observed
epidemiological dynamics and increases in relative prevalence of VOC 202012/01 (Figs. 3, S3),
suggests no clear evidence of a difference in odds of hospitalisation or relative risk of death, but
finds strong evidence of higher relative transmissibility (Fig. 2A), estimated at 56% higher than
preexisting variants (95% Crl across three regions: 50-74%). This estimate is consistent with a
previous estimate of 70% increased transmissibility for VOC 202012/01 (14). By contrast, a
model without these differences in transmissibility between VOC 202012/01 and preexisting
variants was unable to reproduce observed patterns in the data, particularly for December
2020 (Fig. 3). This further highlights that changing contact patterns cannot explain the growth
of VOC 202012/01.
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Fig. 2. Comparison of possible biological mechanisms underlying the rapid spread of VOC

202012/01. Each row shows a different assumed mechanism: (A) increased transmissibility; (B)
immune escape; (C) increased susceptibility among children; (D) shorter generation time. The

first three panels in each row show the relative frequency of VOC 202012/01 (black line shows
data with 95% binomial confidence interval; purple ribbon shows model fit). The last three

panels in each row show posterior estimates for odds of hospitalisation, relative risk of death,

and the parameter that defines the hypothesised mechanism (grey line shows prior

distributions for each parameter).
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Fig 3. Comparison of fitted model and data across East of England, London, and South East

NHS England regions. Black lines show observed data, while coloured lines and shaded regions

show median and 95% credible intervals from the fitted model. Note that the deaths data are

lagged due to delays from death to notification, so sharp drops in the number of deaths for the

most recent 2-4 days are likely to be underestimates. (A) Model fit without introduction of VOC
202012/01 variant. (B) Model fit with introduction of VOC 202012/01 variant. Full model fit for
all regions is shown in Fig. S3.



Projections of future dynamics

Using the best-fitting transmission model (increased transmissibility), we compared epidemic
dynamics under different assumptions about control measures from mid-December 2020 to the
end of June 2021. We compared three main scenarios for non-pharmaceutical interventions: (i)
a counterfactual scenario with Tiers 1-3 only, i.e. without additional Tier 4 restrictions that
were first introduced on 20 December 2020; (ii) Tier 4 introduced from 20 December 2020 in
East of England, London, and the South East, with Tier 4 restrictions introduced from 26
December 2020 in all other regions of England, lasting until 31 January 2021 and with schools
and universities opening from 4 January 2021; (iii) scenario ii, but with schools and universities
remaining closed until 31 January 2021. We also examined two vaccination scenarios: (iv)
200,000 vaccinations per week and (v) 2,000,000 vaccinations per week. Both vaccination
scenarios occurred against a backdrop of non-pharmaceutical interventions as in scenario iii.
We assumed that vaccine rollout started on 1 January 2021 and that the vaccine exhibited 95%
efficacy against disease and 60% efficacy against infection (Fig. S1). For simplicity of modelling,
we assumed that vaccine protection was conferred immediately upon receipt of one vaccine
dose. Because VOC 202012/01 has now been detected in all parts of England (14), for the
purposes of these projections we assume that community transmission of VOC 202012/01
begins 30 days later in the rest of England than in the East of England, London, and the South
East.

We found that regardless of control measures simulated, all NHS regions are projected to
experience a subsequent wave of COVID-19 cases and deaths, peaking in spring 2021 for
London, South East and East of England, and in summer 2021 for the rest of England (Fig. 4). In
the absence of substantial vaccine roll-out, cases, hospitalisations, ICU admissions and deaths in
2021 may exceed those in 2020 (Table 1). School closures in January 2021 may delay the peak
(Fig. 4) and decrease the total burden in the short term. However, implementation of more
stringent measures now with a subsequent lifting of these restrictions in February 2021 leads to
a bigger rebound in cases, particularly in those regions that have been least affected so far (Fig.
4 and Table 1). However, these delaying measures may buy time to reach more widespread
population immunity through vaccination. Vaccine roll-out will further mitigate transmission,
although the impact of vaccinating 200,000 people per week—similar in magnitude to the rates
reached in December 2020—may be relatively small (Fig. 5). An accelerated uptake of 2 million
people vaccinated per week is predicted to have a much more substantial impact. The most
stringent intervention scenario with Tier 4 England-wide and schools closed during January, and
2 million individuals vaccinated per week, is the only scenario we considered which reduces
peak ICU burden below the levels seen during the first wave (Table 1).
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Table 1. Summary of projections for England, 15 Dec 2020 — 30 June 2021.

indicator

Tiers 1-3 only

Tier 4, schools open

Tier 4, schools
closed

Plus 200k immunised per
week

Plus 2M immunised per
week

Peak ICU (rel. to 1st
wave)*

162% (146 - 181%)

113% (90 - 151%)

114% (85 - 158%)

104% (82 - 148%)

84% (75 - 91%)

Peak ICU
requirement*

4,750 (4,300 - 5,320)

3,310 (2,660 - 4,450)

3,360 (2,510 - 4,650)

3,060 (2,430 - 4,340)

2,460 (2,200 - 2,660)

Peak deaths* 942 (831 - 1,090) 784 (622 - 1,040) 822 (655 - 1,060) 629 (461 - 835) 413 (383 - 450)

Total admissions 426,000 (379,000 - [ 394,000 (340,000~  [375,000 (319,000~ | 335,000 (288,000 - 147,000 (130,000 -
471,000) 449,000) 432,000) 387,000) 172,000)

Total deaths 118,000 (110,000 - | 107,000 (98,300 - 102,000 (90,800 - 83,300 (73,800 - 93,800) | 35,700 (31,800 - 40,400)
126,000) 118,000) 115,000)

Weeks in Tier 2 3(1.83-3.96) 3.04 (2.16 - 4.06) 412 (3.15-5) 4.48 (3.45 - 5.59) 3.72 (2.55-5.52)

Weeks in Tier 3 10.8 (10.2 - 12) 9.1(7.89-10) 8.6(7.61-9.87) 8.17 (6.88 - 9.39) 2.76 (1.76 - 4.18)

Weeks in Tier 4 0(0-0) 5.52(5.52 - 5.52) 5.52 (5.52 - 5.52) 5.52 (5.52 - 5.52) 5.52 (5.52 - 5.52)

* Peak ICU requirement and peak deaths are higher under the “Tier 4, schools closed” than under the “Tier 4,

schools open” scenario because closing schools shifts the peak later in East of England, South East, and London
NHS regions, so that it coincides with the projected peak in other NHS regions.
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Fig. 4. Projections of epidemic dynamics under different control measures, in the absence of
widespread vaccination. Results shown for: (A) NHS England regions with data suggesting
extensive spread of VOC 202012/01 (B) regions without data suggesting extensive spread of
VOC 202012/01. Grey shaded areas correspond to the time each region spends under Tier 4
control measures. Note the wider uncertainty in projections for those regions that have, as yet,
had few cases of VOC 202012/01.
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Fig. 5. Projections of epidemic dynamics under different vaccination scenarios. We compare a
baseline scenario without vaccination and with Tier 4 restrictions including school closures
across all regions of England until 31 January 2021 (as in Fig. 4) to two alternative vaccination
scenarios: a roll-out of 200,000 people vaccinated per week, and a roll-out of 2 million people
vaccinated per week. We assume that vaccination confers 95% vaccine efficacy against disease
and 60% vaccine efficacy against infection, and that vaccination starts on 1 January 2021 with
vaccine protection starting immediately upon receipt. This is intended to approximate the fact
that vaccination started in early December, but that full protection occurs after a time lag and
potentially after a second dose. Vaccines are given first to 70+ year olds until 85% coverage is
reached in this age group, then to 60+ year olds until 85% coverage is reached in this age group,
continuing into younger age groups in 10-year decrements. (A) Regions with data suggesting
extensive spread of VOC 202012/01. (B) Regions without data suggesting extensive spread of
VOC 202012/01. Grey shaded areas correspond to the time each region spends under Tier 4
restrictions.
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Discussion

Combining multiple behavioural and epidemiological data sources with mathematical models,
we estimated that the novel SARS-CoV-2 variant VOC 202012/01 is more transmissible than
existing circulating SARS-CoV-2 viruses. As a result of this increased transmissibility, existing
control measures are likely to be less effective, and countries may require stronger proactive
interventions to achieve the same level of control. We found no evidence that the new variant
is associated with higher disease severity, but without strengthened controls, there is a clear
risk that future epidemic waves may be larger — and hence associated with greater burden —
than previous waves.

Given the extensive Tier 4 measures introduced in London, East of England and South East
England, there are limited options available to further reduce transmission in these regions.
Educational settings are among the largest institutions linked to SARS-CoV-2 clusters that have
remained open during November and December 2020 (18), which means school or university
closures may be required to prevent a large epidemic in these affected regions in early 2021.
We note that even Tier 4 measures together with closure of educational facilities are less
stringent than the measures imposed in March 2020, and therefore it is possible that
restrictions beyond Tier 4 may be required. If children are more susceptible to VOC 202012/01
than to preexisting variants, we expect that the impact of school closures would be larger;
further work is urgently required to more completely characterise epidemiological differences
between VOC 202012/01 and preexisting variants. Elsewhere in the UK, similarly strong
measures are also likely to be required if the local prevalence of VOC 202012/01, and hence
transmissibility, increases. We observe slight increases in hospital admissions in December 2020
in relation to the fitted single-variant model in regions where the spread of VOC 202012/01 is
poorly characterised (e.g. Midlands, Fig. S3), which could be an indication of changes in
underlying transmission. It remains to be seen whether this increase is due to VOC 202012/01.

The rise in transmission from VOC 202012/01 has several potential implications for vaccination.
First, it means prompt and efficient vaccine delivery and distribution is even more important to
reduce the impact of the epidemic in the near future. Moreover, increased transmission
resulting from VOC 202012/01 will raise the herd immunity threshold, meaning the potential
future burden of SARS-CoV-2 is larger and it will require higher vaccination coverage to achieve
herd immunity. Given the relatively high rate of travel between the UK and other countries, and
the high sequencing capacity in the UK relative to other locations worldwide (19), the new
variant may have already spread elsewhere undetected. Furthermore, although VOC 202012/01
was first identified in England, a rapidly spreading variant with similar phenotypic properties
has also been detected in South Africa (20), where there has been a marked increase in
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transmission in late 2020. This implies vaccination timelines will also be a crucial determinant of
future burden in other countries where similar new variants are present. Second, there is a
need to determine whether VOC 202012/01 — or any subsequent emerging lineages — could
affect the efficacy of vaccines. Vaccine developers may therefore need to consider
experimenting with variant sequences as a precautionary measure, and powering
post-licensure studies to detect differences in efficacy between the preexisting and new
variants. Licensing authorities may need to clarify abbreviated pathways to marketing for
vaccines that involve altering strain formulation without any other changes to their
composition.

We have examined the impact of a small number of intervention and vaccination scenarios, and
the scenarios we project should not be regarded as the only available options for policymakers.
Moreover, there are substantial uncertainties not fully captured by our model: for example, we
do not explicitly model care home or hospital transmission of SARS-CoV-2, and we assume that
there are no further changes in the infection fatality ratio (IFR) of SARS-CoV-2 in the future. The
IFR for SARS-CoV-2 declined substantially in the UK over mid-2020 (10) and it may further
decrease in 2021, or alternatively it may increase if there are substantial pressures on the
health service. Finally, there are uncertainties in the choice of model used to generate these
predictions, and the exact choice will yield differences in the measures needed to control the
epidemic. We note that both the increased transmissibility and the increased child
susceptibility hypotheses are consistent in their conclusion that the difficult societal decision of
closing schools will be a key public health question in the months ahead.

There are some limitations to our analysis. We can only assess relative support in the data for
the hypotheses proposed, but there may be other plausible mechanisms driving the resurgence
of cases that we did not consider. Our conclusions about school closures were based on the
assumption that children had reduced susceptibility and infectiousness compared to adults
(15), whereas the precise values of these parameters and the impact of school closures (21)
remains the subject of scientific debate (21). We based our assumptions about the efficacy of
Tier 4 on the efficacy of the second national lockdown in England in November 2020, as the
policies are very similar. The Tier 4 intervention has not been in place for long enough in order
to reliably quantify its impact from epidemiological or behavioural data, and contact rates
during the December holiday season may not be representative of other times. Finally, as the
emergence of VOC 202012/01 has only recently been identified, our estimates may change
substantially as more data become available.

Despite these limitations, we found strong evidence that VOC 202012/01 is spreading
significantly faster within southeast England than preexisting non-VOC 202012/01 variants. Our
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modelling analysis suggests this difference can be explained by an overall higher infectiousness
of VOC 202012/01—with some evidence that the increase may be particularly marked in
children—but not by a shorter latent period or immune escape alone. Further experimental
work could provide insights into the biological mechanisms for our observations, but given our
projections of a rapid rise in future incidence from VOC 202012/01 without additional control
measures, there is an urgent need to consider what new approaches may be required to
sufficiently reduce the ongoing transmission of SARS-CoV-2.
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Methods

Summary of second wave control measures in England

A second national ‘lockdown” was announced in England on the 31st of October 2020, lasting
for four weeks from the 5th of November to the 3rd of December 2020. Restrictions included a
stay at home order with a number of exemptions including for exercise, essential shopping,
obtaining or providing medical care, education and work for those unable to work from home.
Non-essential shops, retail and leisure venues were required to close. Pubs, bars and
restaurants were allowed to offer takeaway services only. Following the end of this second
national lockdown, regions in England were assigned tiered local restrictions according to
medium, high and very high alert levels (Tiers 1, 2 and 3). On the 19th of December 2020, the
UK government announced that a number of regions in the South East of England would be
placed into a new higher ‘Tier 4’, corresponding to a Stay at Home alert level. Regional Tier 4
restrictions were broadly similar to the national lockdown restrictions, except that Tier 4
allowed places of worship to continue providing services and did not have a fixed four-week
duration.

Proportion of variant over time

We used publicly-available data from the COG-UK Consortium (12, 22) to calculate the
proportion of VOC 202012/01 over time from 1 October to 1 December. Values were
aggregated by NHS region and by day, and pointwise binomial confidence intervals were
estimated for each day.

Estimate of R,

We calculated the weekly proportion of positive tests that were S-gene negative during the
week beginning 4 December out of all positive tests that tested for the S-gene by English local
authority. We used reproduction number estimates using the method described in (23) and (24)
and implemented in the EpiNow2 R package (25), downloaded from
https://github.com/epiforecasts/covid-rt-estimates/blob/

master/subnational/united-kingdom-local/cases/summary/rt.csv.

Estimation of change in mobility over time

We used anonymised mobility data collected from smartphone users by Google Community
Mobility (8). Percentage change in mobility per day was calculated for each lower-tier local
authority in England and a generalised additive model with a spline for time was fitted to these
observations to provide a smoothed effect of the change in mobility over time.
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Estimation of social contacts over time

We used data on reported social contacts from the CoMix survey (9), which is a weekly survey
of face-to-face contact patterns, taken from a sample of approximately 2500 individuals broadly
representative of the UK population with respect to age and geographical location. We
calculated the distribution of contacts using 1000 bootstrap samples with replacement from the
raw data. Bootstrap samples were calculated at the participant level, then all observations for
those participants are included in a sample to respect the correlation structure of the data. We
collect data in two panels which alternate weekly, therefore we calculated the mean smoothed
over the 2 week intervals to give a larger number of participants per estimate and account for
panel effects. We calculated the mean number of contacts (face to face conversational contact
or physical contact) in the settings “home”, “work”, “education” (including childcare, nurseries,
schools and universities and colleges), and “other” settings. We calculate the mean contacts by
age group and area of residence (those areas which were subsequently placed under Tier 4
restrictions on December 20th as they were experiencing high and rapidly increasing incidence
and those areas of England that were not placed under these restrictions). The mean number of
contacts is influenced by a few individuals who report very high numbers of contacts (often in a
work context). The means shown here are calculated based on truncating the maximum
number of contacts recorded at 200 per individual per day.

Transmission dynamic model

We extended a previously developed modelling framework structured by age and spatial region
(10, 11) to include two variants of SARS-CoV-2 (VOC 202012/01 and non-VOC 202012/01) (Fig.
$1). The model is a discrete-time deterministic compartmental model which allows for arbitrary
delay distributions for transitions between compartments. We fitted this model to multiple
regionally-stratified data sources across the 7 NHS England regions as previously: deaths,
hospital admissions, hospital bed occupancy, ICU bed occupancy, daily incidence of new
infections, PCR prevalence of active infection, and seroprevalence. In addition, for the East of
England, South East and London regions, we fit to the daily frequency of VOC 202012/01 across
each of the regions as reported in COG-UK data. Tiered restrictions were parameterised to
match the stringency of Tiers 1-3 in the period of 14 October — 4 November (10), with Tier 4
parameterised to match the stringency of the second national lockdown in England (5th
November — 1st December 2020) as measured by changes to Google Mobility indices for these
periods (10). We assumed that Tiers 1-3 in the period after the end of the second national
lockdown (December 2 onward) had the same stringency as Tiers 1-3 before the national
lockdown, but that the threshold for a region entering Tier 3 was 200 cases per 100,000
individuals per week rather than 300 cases per 100,000 individuals per week, which was the
assumption we adopted for previous work examining the impact of tiered restrictions (10). We
also examined keeping schools (primary and secondary as well as universities) open versus
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keeping schools closed during these lockdowns, and examined two alternative vaccination
programmes (200,000 vaccinations per week versus 2,000,000 vaccinations per week). To
model school closure, we removed all school contacts from our contact matrix based upon
POLYMOD data and varying over time according to Google Mobility indices (as described
previously (10)) and also assumed that transmissibility in all age groups would be reduced by a
further multiplicative factor estimated previously from an observed increase in transmission in
England when schools reopened in September 2020 (10). See Supporting Information for details
of Bayesian inference including likelihood functions and prior distributions.

Apparent growth of VOC 202012/01 not a result of testing artefacts

The apparent frequency of VOC 202012/01 could be inflated relative to reality if this variant
leads to increased test-seeking behaviour (e.g. if it leads to a higher rate of symptoms than
preexisting variants). However, this would not explain the growth in the relative frequency of
VOC 202012/01 over time. Mathematically, if variant 1 has growth rate r, and variant 2 has
growth rate r,, the relative frequency over time is exp(r,t) / (exp(r,t) + exp(r,t)). However, if
variant 1 has probability x of being reported and variant 2 has probability y, and both have
growth rate r, the relative frequency over time is y exp(rt) / (x exp(rt) + y exp(rt)), which is
constant.

Code and data availability
Analysis code and data are available at https://www.github.com/nicholasdavies/newcovid.
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Supporting Information

Details of Bayesian inference

To fit the model to data on deaths, hospital admissions, hospital bed and ICU bed occupancy,
PCR positivity, and seroprevalence for each of the 7 NHS England regions, we performed
Bayesian inference using Markov chain Monte Carlo, employing the Differential Evolution
MCMC algorithm (26). For each posterior sample, we simulated epidemics from 1 January to 15
December 2020, using data that were current as of 20 December 2020. We used Google
Community Mobility data up to 15 December 2020 to capture how interpersonal contact rates
changed over the course of the epidemic; from 16 December 2020, we assumed that mobility
indicators were “frozen” at their mean values for each region as measured over the week of
9-15 December, with further changes dictated by the introduction of tiered restrictions and
lockdowns.

As previously described (10), when fitting deaths, hospital admissions, hospital bed occupancy
and ICU bed occupancy, we used a negative binomial likelihood with size parameter fixed at 20
for each daily data point. For seroprevalence and PCR prevalence, we used a skew-normal
likelihood for each data point fitted to produce the same mean and 95% confidence interval as
was reported for the data, and took the expected value of the model prediction over the date
range during which the prevalence was measured. For fitting to VOC 202012/01 relative
frequency over time in the three heavily affected NHS England regions, we used a binomial
likelihood with the daily proportion of detected samples that were VOC 202012/01.

As part of model estimation, we separately fit for each region: the start time of community
transmission; the basic reproduction number R, prior to any changes in mobility or closure of
schools; the delay from infection to hospital admission, to ICU admission, and to death; a
region-specific relative probability of hospital admission and of ICU admission given infection;
the relative infection fatality ratio at the start and at the end of the simulation period, as
fatality due to COVID-19 has dropped substantially over time in the UK; a decreasing rate of
effective contact between individuals over time, representing better practices of self-isolation
and precautions against infection taken by individuals over the course of the year; coefficients
determining the relative mobility of younger people, around age 20, relative to the rest of the
population, for the months of July, August, and September onwards; and the magnitude and
timing of a boost to R, around the end of summer, which we hypothesise is related to the
opening of schools, but which was not fully captured in our model by the resumption of
school-specific contacts on 1 September. Full details of all fitted parameters, along with prior
distributions assumed for each parameter, are in Table S1.
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We use two parametric functions extensively in parameterising the model. The first,
logistic(x) = exp(x) / (1 + exp(x))
is the standard logistic curve. The second,

asc(X, Yo ¥ Sy S4) =
Yo+ (v;- Y, [logistic(s +x(s,- s,)) - logistic(s,)] / [logistic(s,) - logistic(s,)]

is a logistic-shaped curve parameterised to be a smooth S-shaped function of x from 0 to 1,
which goes from y, at x = 0 to y, at x = 1, with an inflection point at x = -s,/(-s, + s,) if s, < 0 and

s,>0.

Basic epidemiological parameters were broadly informed from the literature and previously
reported (10). All parameters that we adopted as assumptions are given in Table S2.
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Table S1. Details of fitted parameters.

Parameter Description Prior distribution Notes
ts Start date of epidemic in days  ~uniform(0, 60) Determines date at which seeding begins in
after 1 January 2020 region; starting on this date, one random
individual per day contracts SARS-CoV-2 for
28 days
u Basic susceptibility to infection ~ ~normal(0.07, 0.01) Determines basic reproduction number R,

death mean

death_shape

admission

icu admission

hosp_rlo

icu rlo

cfr_rel

cfr rel2

Mean delay in days from start
of infectious period to death

Shape parameter of gamma
distribution for delay from start
of infectious period to death

Mean delay in days from start
of infectious period to hospital
admission

Mean delay in days from start
of infectious period to ICU
admission

Log-odds of hospital
admission, relative to
age-specific probabilities of
hospital admission given
infection derived from Salje et
al. (28).

Log-odds of ICU admission,
relative to age-specific
probabilities of ICU admission
given hospital admission
derived from CO-CIN data.

Relative fatality rate of
COVID-19 at beginning of
2020

Relative fatality rate of
COVID-19 at end of 2020

~normal(15, 2)

~normal(1.9, 0.2)

~normal(7.5, 1)

~normal(11.1, 1)

~normal(0, 0.1)

~normal(0, 0.1)

normal(1, 0.05)

~normal(0.45, 0.1)

Prior informed by analysis of CO-CIN data
(27)

Prior informed by analysis of CO-CIN data
(27)

Delay is assumed to follow a gamma
distribution with shape parameter 0.71. Prior
and shape of distribution informed by
analysis of CO-CIN data (27).

Delay is assumed to follow a gamma
distribution with shape parameter 1.91. Prior
and shape of distribution informed by
analysis of CO-CIN data (27).

Based on Salje et al. (28), we assumed that
the basic shape of the age-specific
probability of hospitalisation given infection
was logistic(7.37 + 0.068a), where a is the
individual’s age in years. This overall
relationship is then adjusted according to the
hosp_rlo parameter.

We fit a spline to CO-CIN data on hospital
admission and ICU admission by age to
derive the basic age-specific probability of
ICU admission, which was then adjusted
based on the icu_ rlo parameter.

Based on Levin et al. (29), we assumed the
basic shape of the age-specific infection
fatality ratio of SARS-CoV-2 was
logistic(~7.56 + 0.121a) (see entry for
hosp_rlo). This is multiplied by cfr rel
to adjust the fatality rate for each region.

Based on CO-CIN data (27), we estimated

that the mortality rate of COVID-19
decreased by approximately 55% by
September 2020 relative to the beginning of
the year. The product of cfr rel and

cfr rel2 gives the mortality rate by
September. Specifically, the IFR is multiplied
by a factor asc(t / 366, cfr_rel, cfr_rel *
cfr_rel2, —2.9, 7.8) where tis the time in days
since 1 January 2020.
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contact_final

contact_ s0

contact_sl

concentrationl

concentration2

concentration3

sep_boost

sep_when

Relative rate of effective
contact at end of 2020

Parameter for curve specified
by contact final

Parameter for curve specified
by contact final

Increased contact among
young people in July

Increased contact among
young people in August

Increased contact among
young people from September

Increase in transmission
around 1 September 2020

Date of increase in
transmission

Parameters for VOC 202012/01 strain

Parameter

Description

~normal(1, 0.1) <1

~exponential(0.1)

~exponential(0.1)

~normal(2, 0.3) 2 2

~normal(2, 0.2) 2 2

~normal(2, 0.1) 2 2

~normal(1, 0.05)

~uniform(224, 264)
(i.e. 12 Aug—21 Sep)

Prior distribution

To capture continued low incidence of
SARS-CoV-2 infection in spite of rising
contact rates as shown by mobility data and
social contact surveys, we assume that the
effective contact rate over time is multiplied
by a factor asc(t/366, 1, contact,,,, -contact,
contact,,), where t is time in days since 1
January 2020.

Because initial increases in SARS-CoV-2
prevalence from July in England were
especially apparent in young people, we
allow increases in mobility to be more
emphasized in young people starting from
July. We model a relative contact-rate
multiplier for individuals of age a as
beta(a/100|a=0.2(k—2)+1,b=0.8(k-2)
+ 1), where k is the concentration parameter
and beta is the beta distribution probability
density function. This gives flat contact rates
across age groups when k = 2, and relatively
higher contact rates in individuals around
age 20 when k> 2.

After the date specified by sep when,
transmission is multiplied by the factor
sep_boost. This is to capture a sudden
increase in transmission rates observed
around 1 September in England.

Notes

v2_when

v2_hosp _rlo

v2_cfr _rel

v2_relu

v2_immesc

Introduction date of VOC
202012/01 in days after 1
January 2020

Relative log-odds of
hospitalisation for VOC
202012/01, compared to
preexisting variants

Relative rate of death for VOC
202012/01, compared to
preexisting variants

Relative transmission rate of
VOC 202012/01, compared to
preexisting variants, for model
A

Relative transmission rate of
VOC 202012/01, for model B

~uniform(144, 365)

~normal(0, 0.1)

~normal(0, 0.1)

~lognormal(0, 0.2)

~beta(2, 1)

On this date, ten random individuals contract
VOC 202012/01

Vague prior

Vague prior

Vague prior

Vague prior
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v2_susc

v2_latent

Relative transmission rate of
VOC 202012/01, compared to
preexisting variants, for model
C

Relative length of latent period
of VOC 202012/01, compared
to preexisting variants, for
model D

~uniform(0, 1)

~normal(1, 0.2)

Vague prior; v2_susc = 0 corresponds to
children having reduced susceptibility relative
to adults as in ref. (15), while v2_susc =1
corresponds to children having the same
susceptibility as adults.

Vague prior
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Table S2. Model parameters not subject to fitting.

Parameter Description Value Notes
de Latent period (E to I,, E to I, L to Ig; days) ~gamma(y = 2.5, k = 2.5) Set to 2.5 so that incubation
period (latent period plus
period of preclinical
infectiousness) is 5 days(30)
de Duration of preclinical infectiousness (I, to ~gamma(y = 2.5, k = 4) Assumed to be half the
I d duration of total
o+ days) I :
infectiousness in
clinically-infected individuals
(31)
dg Duration of clinical infectiousness (I to R; ~gamma(y = 2.5, k = 4) Infectious period set to 5
days) days, to result in a serial
interval of approximately 6
days(32-34)
ds Duration of subclinical infectiousness (I to ~gamma(y = 5.0, k = 4) Assumed to be the same
. duration as total infectious
R; days) . .
period for clinical cases,
including preclinical
transmission
Y Probability of clinical symptoms given Estimated from case (15)
infection for age group i distributions across 6 countries
f Relative infectiousness of subclinical cases 50% Assumed(71, 15)
c, Number of age-j individuals contacted by an ~ UK-specific contact matrix (35)
age-i individual per day, prior to changes in
mobility
N, Number of age-i individuals From demographic data (36)
At Time step for discrete-time simulation 0.25 days
P(ICU), Proportion of hospitalised cases that require  Estimated from CO-CIN data (27)
critical care for age group i
W, Waning rate of seropositivity 224 days™ Estimated from serology data
108,455 Length of stay in hospital ~lognormal(p,,, = 11.08, sd,,, =  Estimated from CO-CIN data
1.20) (27)
los, Length of stay in ICU ~lognormal(p,,, = 13.33, sd,,, =  Estimated from CO-CIN data

log —

1.25)

(27)
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detect,,
detect,,
detect,,
detect,

Delay from hospital admission to
SARS-CoV-2 test

detect, = 14
detect, = 1
detect , = 5.86
detect, = 33.4

To capture substantial delays
in testing at the beginning of
the epidemic in the UK, we
assume that the delay from
hospital admission to
confirmed SARS-CoV-2
infection is asc(t/366, detect,
detect,, detect, detect,,),
where t is time in days since 1
January 2020. Estimated from
a previous round of model
fitting.
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Supplementary Figures
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Fig. S1. Diagram of the two-strain model with vaccination. Subscripts for age group and region
are omitted from this diagram and only certain key parameters are shown. Compartments and
processes in purple apply to the vaccine model only. S, susceptible; E, exposed; L, latent (see
below); I, preclinically infectious; I, clinically infectious; I, subclinically infectious; R,
recovered; V, vaccinated. Subscript 2 represents compartments and parameters for VOC
202012/01. Above, A and 4, are the force of infection for preexisting variants versus VOC
202012/01; y and y, are the fraction of cases that develop clinical symptoms for preexisting
variants versus VOC 202012/01; v is the rate of vaccination; w, is the waning rate of vaccination
(assumed to be zero for this manuscript); p captures cross-protection against VOC 202012/01
conferred by immunity to preexisting variants; g captures vaccine protection against disease;
and r captures vaccine protection against infection. L and L, are additional compartments for a
latent period prior to subclinical infection only (i.e. with zero probability of clinical infection).
For a vaccine with efficacy against disease e, (e.g. e, = 0.95 for this manuscript) and efficacy
against infection e, (e.g. e, = 0.6 for this manuscript), we assumer=(1-¢e) *e,andg=(1-¢) *
(1-e,).
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Fig. S2. Comparison of age distribution of infections in the two-strain model depending upon
biological mechanism of VOC 202012/01 growth rate. Each panel shows a different assumed
mechanism: (A) increased transmissibility; (B) immune escape; (C) increased susceptibility
among children; (D) shorter generation time. Measured from infections in the fitted model
between 1 October and 30 November, 2020, in the London, South East, and East of England
NHS regions. Age distribution of infections are similar for both variants, except in hypothesis C
(increased susceptibility among children), where VOC 202012/01 is relatively overrepresented
in children.
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Fig. S3. Comparison of fitted model and data across 7 NHS England regions. Black lines show
observed data, while coloured lines and shaded regions show median and 95% credible
intervals from the fitted model. For London, South East and East of England, solid lines show fits
for the model with two variants. For all NHS England regions, dashed lines show model fits
assuming a single variant.
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Fig S4. Proportion of COG-UK samples from each sample site in the UK by NHS Region /
devolved administration. This plot shows the spatial heterogeneity in samples available for
analysis from COG-UK over time. Each colour represents a different amalgamated longitude and
latitude for the residence of the individual who provided the sample. There is an apparent lack
of diversity in London sampling sites because the public COG-UK data (22) provide rounded
longitude and latitude, and London has a much smaller area than other NHS regions. After 1
December 2020 (black vertical line), the diversity of sampling sites decreases. Accordingly, we
cut off our analysis of COG-UK samples after this point.
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