PRELIMINARY — NOT PEER REVIEWED

Estimated transmissibility and severity
of novel SARS-CoV-2 Variant of Concern 202012/01 in England

Nicholas G. Davies', Sam Abbott**, Rosanna C. Barnard®*, Christopher I. Jarvis**, Adam J.
Kucharski'*, James Munday'*, Carl A. B. Pearson**, Timothy W. Russell**, Damien C. Tully**,
Alex D. Washburne®*, Tom Wenseleers**, Amy Gimma*, William Waites?, Kerry LM Wong?,
Kevin van Zandvoort?, Justin D. Silverman®, CMMID COVID-19 Working Group, Karla
Diaz-Ordaz®, Ruth Keogh®, Rosalind M. Eggo?, Sebastian Funk?, Mark Jit*, Katherine E. Atkins®®,
W. John Edmunds?

1. Centre for Mathematical Modelling of Infectious Diseases, London School of Hygiene and
Tropical Medicine, London, UK.

2. Selva Analytics LLC, Bozeman, MT, USA.

3. Lab of Socioecology and Social Evolution, KU Leuven, Leuven, Belgium.

4. College of Information Science and Technology, Pennsylvania State University, University
Park, PA, USA.

5. Faculty of Epidemiology and Population Health, London School of Hygiene and Tropical
Medicine, London, UK.

6. Centre for Global Health Research, Usher Institute of Population Health Sciences and
Informatics, University of Edinburgh, Edinburgh, UK

T Corresponding author. E-mail: nicholas.davies@Ishtm.ac.uk
* Equal contribution; listed alphabetically



Note, 6 February 2021 — Recent analysis conducted by LSHTM and other groups has identified
an increase in mortality associated with community-tested infections by VOC 202012/01
(https.//www.gov.uk/government/publications/nervtag-paper-on-covid-19-variant-of-concern-
b117). This preprint, which assesses the transmissibility and severity of VOC 202012/01 using
data up to 24 December 2020, finds that these early data are compatible with a range of

possibilities from a small decrease to a moderate increase in severity associated with the new
variant. Scientific understanding of the severity of VOC 202012/01 will continue to improve as
new data become available.

A novel SARS-CoV-2 variant, VOC 202012/01, emerged in southeast England in November
2020 and is rapidly spreading towards fixation. Using a variety of statistical and dynamic
modelling approaches, we assessed the relative transmissibility of this novel variant.
Depending on the analysis, we estimate that VOC 202012/01 is 43-82% (range of 95%
credible intervals 38—-106%) more transmissible than preexisting variants of SARS-CoV-2. We
did not 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. To assess the potential impact of VOC 202012/01, 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. We find that without stringent
control measures, COVID-19 hospitalisations and deaths are projected to reach higher levels
in 2021 than were observed in 2020. 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 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 southeast England (1). The variant increased in incidence during a
national lockdown from 5 November — 2 December 2020, which was mandated in response to a
previous and unrelated surge in COVID-19 cases, and continued to spread following the
lockdown despite many of the most affected areas being under the then-highest level of
government-mandated restrictions. Concern over this variant led the UK government to place
parts of these three regions under stronger restrictions starting on 20 December 2020, and
eventually to impose a third national lockdown on 5 January 2021. As of 19 January 2021, VOC
202012/01 comprises roughly 75% of new SARS-CoV-2 infections in England, and has now been


https://www.gov.uk/government/publications/nervtag-paper-on-covid-19-variant-of-concern-b117
https://www.gov.uk/government/publications/nervtag-paper-on-covid-19-variant-of-concern-b117
https://paperpile.com/c/sPLOZK/kKeb5
https://paperpile.com/c/sPLOZK/kKeb5
https://paperpile.com/c/sPLOZK/kKeb5

identified in at least 40 countries (2). 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, which mediates SARS-CoV-2 attachment
and entry into human cells. At least three mutations have a potential biological significance.
Mutation N501Y is one of the key contact residues in the receptor binding domain and has
been shown to enhance binding affinity to human angiotensin converting enzyme 2 (ACE2) (3,
4). Mutation P681H is located immediately adjacent to the furin cleavage site in spike, a known
region of importance for infection and transmission (5, 6). 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 (7, 8). This deletion is also responsible for certain commercial testing kits—namely, the
Thermo Fisher TagPath COVID-19 assay—failing to detect the spike glycoprotein gene, with
genomic data confirming these S gene target failures (SGTF) 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 increasing rapidly in all regions
of England, following an initial expansion in the South East (Fig. 1A), and is spreading at
comparable rates among males and females and across age and socioeconomic strata (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 (9) and social contact survey data from September
to December 2020 (10) (Fig. 1B, C), despite that changes in contact patterns closely correlate
with changes in the reproduction number inferred from community infection prevalence (Fig
1D, E) and that regionally-differentiated mobility data have previously informed accurate
predictions for COVID-19 dynamics in England (11). This apparent decoupling between contact
rates and transmission during November and December 2020 could therefore indicate adaptive
evolution of the virus.
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Assessing the growth of VOC 202012/01

VOC 202012/01 has grown faster than any other defined SARS-CoV-2 lineage in the United
Kingdom to date. Analysing all lineages in the COG-UK dataset—which currently comprises over
150,000 sequenced SARS-CoV-2 samples from across the United Kingdom (12)—we found that
the relative growth rate of VOC 202012/01 over the first 31 days following its initial
phylogenetic observation (IPO) was higher than all 307 other lineages with enough observations
to obtain reliable growth rate estimates (Fig. 2A), controlling for changing distributions of
growth rates across lineages over time. Moreover, while the relative growth of VOC 202012/01
has changed over time, it remains among the highest as a function of the lineage age, measured
in days since IPO (Fig. 2B).

To measure the growth rate of VOC 202012/01, we performed a series of multinomial and
logistic regression analyses on the COG-UK data. A time-varying multinomial spline model
estimates an increased growth rate for VOC 202012/01 of +0.10 days™ (95% Cl 0.10-0.11)
relative to the previously dominant lineage B.1.177 (Fig. 2C); assuming a generation interval of
5.5 days (13), this translates to an increase in the basic reproduction number R by 78%
(69—87%). Likewise, a multinomial mixed model, which takes into account spatial heterogeneity
across lower-tier local authorities and overdispersion, estimates an increased growth rate of
66% (63-70%) (Fig. S4). Estimating the growth rate of VOC 202012/01 separately across 7 NHS
England regions, Scotland, and Wales using a binomial mixed model also identifies few
significant differences in the growth rate across regions, and a similar analysis of VOC
202012/01 sequences identified in Denmark yields a compatible estimate of a 59% (44-75%)
increase in R. As an alternative approach, we performed a regression analysis of
previously-estimated reproduction numbers from case data against the frequency of SGTF in
English upper-tier local authorities (UTLAs; Fig. 2D) using local control policies and mobility data
as covariates, and including a time-varying spline to capture any unmeasured confounders. This
yielded an estimated increase in reproduction numbers associated with VOC 202012/01 of 43%
(38-48)%, increasing to a 57% (52-62)% increase if the spline was not included. The various
statistical models we fitted yield slightly different estimates for the growth rate of VOC
202012/01, reflecting different assumptions and model structures, but all identify a
substantially increased growth rate (Tables 1, S1).
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Fig. 1. Rapid spread of VOC 202012/01 in England. (A) Proportion of S-gene target failure
(SGTF) among positive Pillar 2 community SARS-CoV-2 tests in upper-tier local authorities of
England from 1 October 2020-10 January 2021, sorted by latitude.. (B) Spread of SGTF by age,
index of multiple deprivation decile (1 = most deprived), and sex within London. (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 (10) over time and by age for Tier 4 local
authorities compared to the rest of England. Tier 4 local authorities are areas within the South
East, East of England, and London regions that were placed under stringent restrictions from 20
December 2020 due to high prevalence of VOC 202012/01 and growing case rates. Grey shaded
areas show the second national lockdown in England. (E) Estimates of R, (50% and 95% Cl) from
CoMix social contact survey (10) compared to R, estimates from REACT-1 SARS-CoV-2
prevalence survey (15) for England. R, estimates based on single and aggregated REACT-1
survey rounds are shown.
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Fig. 2. Measuring the growth rate of VOC 202012/01. (A) Average relativized fitness in the 31 days
following initial phylogenetic observation (IPO) for all lineages in the COG-UKdataset, highlighting many
lineages that have risen to prominence including B.1.177, the lineage with the highest relative
abundance during the IPO of VOC 202012/01. The shaded regions show conservative 95% rejection
intervals and VOC is the first strain to exceed this threshold of faster relativized growth. While many
lineages exhibit above-average rates of growth post-IPO, VOC 202012/01 has had the highest average
relativized growth of any lineage in the history of COG-UK surveillance of SARS-COV-2. (B) Plotting all
lineages’ relativized growth rates as a function of days since IPO with conservative 95% rejection
intervals highlights the significantly faster growth of VOC 202012/01 relative to other lineages at
comparable times since their IPO. Later declines in VOC and B.1.177 correspond to highly uncertain
estimates of growth rates for data that are yet to be backfilled, and so these declines in p(?) are sensitive
to the processing of future sequences from recent dates (Fig. S1). (C) Muller plots of the relative
abundances of the major SARS-CoV-2 variants in the UK, based on a multinomial spline fit to COG-UK
sequence data (separate-slopes multinomial spline model, Table 1). A model extrapolation until the end
of January is shown (shaded area). Minority variants are 440 circulating SARS-CoV-2 strains that never
reached >15% in any week overall. (D) Mean reproduction number over 7-day periods in 149 upper-tier
local authorities of England (coloured by the NHS region they are within) plotted against the weekly
proportion of Pillar 2 community SARS-CoV-2 tests with SGTF shows the spread of VOC 202012/01, a
corresponding increase in the reproduction number by local authority, and the eventual impact of
government restrictions. Testing data are shown for the week following the reproduction number
estimates to account for delays from infection to test.



Table 1. Estimates of increased reproduction number for VOC 202012/01
See Table S1 for full details.

Model Data Geography Increase in
reproduction number”

separate-slopes multinomial Sequence | NHS regions of England, 78% (69-87%)
spline modelt plus Scotland and Wales
common-slopes multinomial Sequence | Lower-tier local authorities | 66% (63—-70%)

mixed modelt

common-slope binomial Sequence | Lower-tier local authorities | 82% (77—-89%)
GLMMtt

separate-slopes binomial Sequence | NHS regions of England 82% (75-91%)
GLMMtt

separate-slopes binomial Sequence | Regions of Denmark 59% (44-75%)
GLMMtt

R, analysis, regional time-varying | SGTF Upper-tier local authorities | 43% (38-48%)
model

R, analysis, regional static model SGTF Upper-tier local authorities | 57% (52-62%)
Fitted transmission model SGTF All NHS regions of England 71% (39-106%)
Fitted transmission model SGTF East of England, London, 60% (36—-87%)

and South East NHS regions

+VOC 202012/01 versus B.1.177
11 VOC 202012/01 versus all other variants
* Increases in the reproduction number assume a generation interval of 5.5 days.

Hypotheses for increased growth rate of VOC 202012/01

To understand possible biological mechanisms for the observed dynamics of VOC 202012/01,
we considered five alternative hypotheses for why the new variant might be spreading more
efficiently: increased transmissibility; longer infectious period; immune escape; increased
susceptibility among children; and shorter generation time. To assess these hypotheses, we
extended an age- and regionally-structured mathematical model of SARS-CoV-2 transmission
(14, 16) to consider two co-circulating variants of SARS-CoV-2 (Fig. $9). The model is fitted to
observed hospital admissions, hospital and ICU bed occupancy, deaths within 28 days of a
positive SARS-CoV-2 test, PCR prevalence, seroprevalence, and the relative frequency of SGTF in
Pillar 2 SARS-CoV-2 testing data, across the three most heavily affected NHS England regions:
the South East, London, and East of England (Fig. 3). Each model includes a single alternative
parameter capturing the hypothesized mechanism (Figs. S$10-S15). We fit the models using
data up to 24 December 2020 and assessed the performance of each model by comparing
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Deviance Information Criteria (DIC) and by comparing fitted model projections to observed data
from the subsequent 14-day period (25 December 2020 — 7 January 2021).

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 exhibited the best predictive
performance of the five hypotheses tested (relative predictive deviance APD = 0) and the
second-best fit to the data among the hypotheses tested (DIC = 16627, ADIC = 134). Such a
mechanism is consistent, in principle, with (disputed (17)) observations of lower Ct values (i.e.,
higher viral load) for VOC 202012/01 (18).

Second, we modelled a longer infectious period as a multiplicative factor for VOC 202012/01 on
the 5-day infectious period assumed for preexisting variants. This model had the second-best
predictive performance (APD = 1117) and the third-best fit to the data (DIC = 16641, ADIC = 148)
of the hypotheses tested. This model would require that the infectious period is approximately
doubled in individuals infected with VOC 202012/01; it is not currently known whether
individuals infected with VOC 202012/01 have an extended infectious period.

Third, 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 in spike contributing to immune escape
in an immunocompromised patient (7) and could have implications for vaccine effectiveness.
However, this model had the second-worst predictive performance (APD = 2,475) and the worst
fit to data (DIC = 20456, ADIC = 3,963) of the hypotheses tested, and underestimated the
observed relative growth rate of VOC 202012/01 even when assuming complete immune
escape.

Fourth, we modelled increased susceptibility among children (aged 0-19) by assuming their
susceptibility to infection by VOC 202012/01 given exposure was inflated by a multiplicative
factor relative to preexisting variants. Evidence suggests children are typically less susceptible
to SARS-CoV-2 infection than adults (19, 20), possibly due to immune cross-protection resulting
from infection by other human coronaviruses (21). Our baseline model assumes that
0-19-year-olds are approximately half as susceptible to SARS-CoV-2 infection as 20+-year-olds
(19); 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 had the third-best predictive performance
(APD = 1,458) and the best fit to data (DIC = 16493, ADIC = 0). However, this model requires that
children are roughly twice as susceptible to infection with VOC 202012/01 as they are to
preexisting variants. Analysis of household secondary attack rates for VOC 202012/01 identifies
a slight increase in secondary attack rate (SAR) among children aged 0-9, but this increase is not
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statistically significant (binomial GLM, Sidak age group x variant interaction contrast, P = 0.72),
and a nonsignificant decrease in SAR among 10-19 year olds (P = 0.32; Fig. S8).

Finally, we modelled a shorter generation time by assuming individuals infected with VOC
202012/01 had a shorter latent period and a shorter infectious period, with the same overall
infectiousness. 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, < 1 is easier to achieve. This final model exhibited the worst
predictive performance (APD = 50,927) and the second-worst fit to data (DIC = 17390, ADIC =
897), predicting that VOC 202012/01 should have decreased in relative frequency during the
stronger restrictions imposed in the south-east of England in late December 2020. When R, < 1
for both variants, a shorter generation time is a selective disadvantage, because infections will
then decline faster compared to a variant with the same R, but transmitting over a longer
timescale.

The five models evaluated here to explain infection resurgence generate further testable
hypotheses. For example, an increase in susceptibility among children would, all else being
equal, generate a marked increase in cases in children, and reductions across young and
middle-aged adults (Fig. $16). Limited cross-protection between variants would entail a higher
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. We fitted a combined
model incorporating the five hypotheses above, but it was not able to identify a single
consistent mechanism across NHS regions (Fig. S15). Based on our analysis, we identify
increased transmissibility as the most parsimonious model, but emphasize that the five
mechanisms explored here are not mutually exclusive and may be operating in concert.

The fitted model based upon increased transmissibility, which reproduces observed
epidemiological dynamics and increases in relative prevalence of VOC 202012/01 (Figs. 3, S17),
finds no clear evidence of a difference in odds of hospitalisation (estimated odds ratio of
hospitalisation given infection, 1.14 [95% credible intervals 0.76—1.73]), critical illness (OR 1.15
[0.62-2.14]), or relative risk of death (OR 1.09 [0.87-1.36]) associated with VOC 202012/01
based upon fitting to the three most heavily affected NHS England regions. However, the
central estimates for all parameters are consistent with increased severity, and we would not
expect to identify a clear signal of the severity of disease caused by VOC 202012/01 when
fitting to data up to 24 December 2020. In particular, given the substantial lag between
infection and death, any increased fatality rate associated with VOC 202012/01 is unlikely to be



detectable in this analysis. However, the fitted model finds strong evidence of higher relative
transmissibility (Fig. 3B, Table 1), estimated at 60% (95% Crl: 36-87%) higher than preexisting
variants for the three most heavily affected NHS England regions, or 71% (39—-106%) when
estimated across all seven NHS England regions. These estimates are consistent with our
statistical estimates (Table 1) and with a previous estimate of 70% increased transmissibility for
VOC 202012/01 (18). 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. 3C—E, Fig. S17-519). This further highlights that
changing contact patterns cannot explain the spread of VOC 202012/01.
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Fig. 3. Comparison of possible biological mechanisms underlying the rapid spread of VOC
202012/01. Each row shows a different assumed mechanism. (A) Relative frequency of VOC
202012/01 (black line and ribbon shows observed SGTF frequency with 95% binomial credible
interval; purple line and ribbon shows mean and 95% credible interval for SGTF frequency from
model fit). (B) Posterior estimates for relative odds of hospitalisation (severe illness), relative
odds of ICU admission (critical iliness), relative odds of death (fatal iliness), and the parameter
that defines the hypothesised mechanism; all parameters are relative to those estimated for
preexisting variants. lllustrative model fits for the South East NHS England region: (C) fitted
single-strain model without emergence of VOC 202012/01; (D) fitted two-strain increased
transmissibility model with VOC 202012/01 removed; (E) fitted two-strain increased
transmissibility model with VOC 202012/01 included.
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Projections of future dynamics

Using the best-performing transmission model (increased transmissibility) fitted to all seven
NHS England regions, we compared projected epidemic dynamics under different assumptions
about control measures from mid-December 2020 to the end of June 2021. We compared four
main scenarios for non-pharmaceutical interventions (NPIs) introduced on 1 January 2021: (i) a
moderate-stringency scenario with mobility levels returning to those observed in the first half
of October 2020; (ii) a high-stringency scenario with mobility levels decreasing to those
observed during the second national lockdown in England in November 2020, with schools
open; (iii) the same high-stringency scenario, but with schools closed until 22 February 2021;
and (iv) a very high-stringency scenario with mobility levels returning to those observed during
the first national lockdown in early April 2020, with schools closed (Fig. S20). In combination
with these NPI scenarios, we examined three vaccination scenarios: no vaccinations; 200,000
vaccinations per week; and 2,000,000 vaccinations per week. We assumed that vaccine rollout
started on 1 January 2021 and that the vaccine exhibited 95% efficacy against disease and 60%
efficacy against infection. For simplicity of modelling, we assumed that vaccine protection was
conferred immediately upon receipt of one vaccine dose. These projections serve as indicative
scenarios rather than formal predictive forecasts.

We found that regardless of control measures simulated, all NHS regions are projected to
experience a new wave of COVID-19 cases and deaths in early 2021, peaking in February 2021 if
no substantial control measures are introduced, or in mid-January 2021 if strong control
measures succeed in reducing R to less than 1 (Fig. 4A). In the absence of substantial vaccine
roll-out, cases, hospitalisations, ICU admissions and deaths in 2021 may exceed those in 2020,
even with stringent NPIs in place (Table 2). Implementing more stringent measures in January
2021 (scenarios iii and iv) leads to a larger rebound in cases when simulated restrictions are
lifted in March 2021, particularly in those regions that have been least affected so far (Fig. $21).
However, these more stringent 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. 4B, Fig. S22). An accelerated uptake of 2 million
people vaccinated per week is predicted to have a much more substantial impact (Fig. 4C, Fig.
$23). The most stringent NPI scenario, along with 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 2). However, accelerated vaccine roll-out has a relatively limited impact on
peak burden, as the peak is largely mediated by the stringency of NPIs enacted in January 2021,
before vaccination has much of an impact. The primary benefit of accelerated vaccine roll-out
lies in helping to avert a resurgence of cases following the relaxation of non-pharmaceutical

11



control measures, and in blunting transmission after the peak burden has already been
reached.

As a sensitivity analysis, we also ran model projections with a seasonal component such that
transmission is 20% higher in the winter than in the summer (Kissler et al. 2020), which did not

qualitatively affect our results (Fig. S24).
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Table 2. Summary of projections for England, 15 Dec 2020 - 30 June 2021.

No vaccination

Moderate (October
2020)

High (November 2020) with
schools open

High with schools
closed

Very high (March
2020)

Peak ICU (rel. to 1st
wave)

264% (253 - 274%)

137% (131 - 144%)

104% (98 - 110%)

115% (110 - 121%)

Peak ICU requirement

10,000 (9,590 - 10,400)

5,200 (4,950 - 5,470)

3,950 (3,710 - 4,190)

4,360 (4,180 - 4,600)

Peak deaths

2,970 (2,890 - 3,070)

1,350 (1,310 - 1,400)

1,030 (999 - 1,080)

1,370 (1,320 - 1,440)

Total admissions

620,000 (605,000 -
644,000)

431,000 (422,000 - 447,000)

441,000 (428,000 -
458,000)

365,000 (351,000 -
380,000)

Total deaths 181,000 (178,000 - 119,000 (117,000 - 123,000) 123,000 (121,000 - 97,900 (95,200 -
187,000) 127,000) 102,000)
200,000 vaccinations per week
Moderate (October High (November 2020) with High with schools Very high (March
2020) schools open closed 2020)

Peak ICU (rel. to 1st
wave)

257% (247 - 267%)

135% (128 - 142%)

104% (98 - 110%)

100% (95 - 104%)

Peak ICU requirement

9,760 (9,360 - 10,100)

5,110 (4,860 - 5,370)

3,950 (3,710 - 4,180)

3,780 (3,610 - 3,940)

Peak deaths

2,740 (2,670 - 2,830)

1,260 (1,220 - 1,310)

1,030 (993 - 1,070)

956 (924 - 999)

Total admissions

592,000 (578,000 -
615,000)

409,000 (401,000 - 425,000)

398,000 (387,000 -
414,000)

315,000 (303,000 -
328,000)

Total deaths

168,000 (164,000 -

109,000 (107,000 - 112,000)

104,000 (102,000 -

78,100 (76,000 -

173,000) 107,000) 80,600)

2 million vaccinations per week
Moderate (October High (November 2020) with High with schools Very high (March
2020) schools open closed 2020)

Peak ICU (rel. to 1st
wave)

213% (204 - 223%)

121% (114 - 128%)

103% (97 - 109%)

96% (90 - 102%)

Peak ICU requirement

8,100 (7,740 - 8,450)

4,600 (4,340 - 4,860)

3,910 (3,670 - 4,140)

3,660 (3,420 - 3,880)

Peak deaths

1,720 (1,660 - 1,770)

1,030 (1,000 - 1,080)

990 (957 - 1,030)

944 (912 - 986)

Total admissions

447,000 (438,000 -
463,000)

302,000 (294,000 - 312,000)

220,000 (214,000 -
228,000)

145,000 (140,000 -
149,000)

Total deaths

110,000 (107,000 -
113,000)

73,600 (71,700 - 76,000)

57,200 (55,600 -
59,300)

40,900 (39,600 -
42,500)
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Fig. 4. Projections of epidemic dynamics under different control measures. We compare four
alternative scenarios for non-pharmaceutical interventions from 1 January 2021: (i) mobility
returning to levels observed during relatively moderate restrictions in early October 2020; (ii)
mobility as observed during the second lockdown in England in November 2020, then gradually
returning to October 2020 levels from 1 March to 1 April 2021, with schools open; (iii) as (ii),
but with school closed until 22 February 2021; (iv) as (iii), but with a lockdown of greater
stringency as observed in March 2020 (Fig. $20). (A) Without vaccination. (B) With 200,000
people vaccinated per week. (C) With 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. Median and 95% credible intervals are shown. The dotted
lines in rows 2 and 3 show peak hospitalisations and deaths from the first COVID-19 wave in
England (April 2020).
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Discussion

Combining multiple behavioural and epidemiological data sources with statistical and dynamic
modelling, we estimated that the novel SARS-CoV-2 variant VOC 202012/01 is 43-82% (range of
95% credible intervals 38—106%) more transmissible than preexisting variants of SARS-CoV-2 in
England. Existing control measures are likely to be less effective in the face of this new variant,
and countries may require stronger proactive interventions to achieve the same level of
control. Based on early population-level data, we were unable to identify a clear signal as to
whether the new variant is associated with higher disease severity. Theoretical considerations
suggest that mutations conferring increased transmissibility to pathogens—such as that
exhibited by VOC 202012/01—may be inextricably linked to reduced severity of disease (22).
However, a fundamental virulence/transmissibility tradeoff requires that a long history of
adaptive evolution has rendered mutations yielding increased transmissibility inaccessible
without a decrease in virulence, which does not obviously hold for a recently emerged human
pathogen such as SARS-CoV-2. Regardless, without strengthened controls, there is a clear risk
that future epidemic waves may be larger —and hence associated with greater burden — than
previous waves. The UK government initiated a third national lockdown on 5 January 2021 in
response to the rapid spread of VOC 202012/01, including school closures. Educational settings
are among the largest institutions linked to SARS-CoV-2 clusters that remained open during
November and December 2020 (23), which means the enacted school and university closures
may substantially assist in reducing the burden of COVID-19 in early 2021.

The rise in transmission from VOC 202012/01 has crucial 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. Additionally, 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 higher vaccination coverage will be required to achieve herd
immunity. It is extremely concerning that VOC 202012/01 has already been identified in at least
40 countries globally (2). 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
(24), the new variant is likely to have spread even more extensively without yet having been
detected. Moreover, although VOC 202012/01 was first identified in England, a rapidly
spreading variant with similar phenotypic properties has also been detected in South Africa
(25), where there has been a marked increase in transmission in late 2020, and another variant
exhibiting immune escape has emerged in Brazil (26). Thus, 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
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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 (11) and it may decrease
again in 2021, or 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
even without increased susceptibility of children to VOC 202012/01, the more efficient spread
of the variant implies that the difficult societal decision of closing schools will be a key public
health question for multiple countries 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
(19), whereas the precise values of these parameters and the impact of school closures (27)
remains the subject of scientific debate (27). We based our assumptions about the efficacy of
control measures on the measured impact on mobility of previous national lockdowns in
England, but cannot predict the impact of policy options with certainty. 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 than preexisting SARS-CoV-2variants. Our modelling analysis suggests this
difference can be explained by an overall higher infectiousness of VOC 202012/01 but not by a
shorter generation time 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—and
the detection of other novel and highly-transmissible variants in South Africa (25) and Brazil
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(26)—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

In response to a resurgence of cases in September and October 2020, a second national
lockdown was implemented in England, lasting from the 5 November to the 2 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. Schools were kept open. 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 to tiered
local restrictions according to medium, high and very high alert levels (Tiers 1, 2 and 3). In
response to rising cases in southeast England and concerns over VOC 202012/01, the UK
government announced on 19 December 2020 that a number of regions in southeast England
would be placed into a new, more stringent ‘Tier 4, corresponding to a Stay at Home alert
level. Regional Tier 4 restrictions were broadly similar to the second national lockdown
restrictions. As cases continued to rise and VOC 202012/01 spread throughout England, on 5
January 2021 a third national lockdown was introduced in England, with schools and
universities closed and individuals advised to stay at home, with measures to be kept in place
until at least mid-February 2021.

Data sources

To assess the spread of VOC 202012/01 in the United Kingdom, we used publicly-available
sequencing-based data from the COG-UK Consortium (12, 28) and Pillar 2 SARS-CoV-2 testing
data provided by Public Health England for estimating the frequency of S-gene target failure
(SGTF) in England. COG-UK sequencing data for Northern Ireland were only available up to 20
November 2020 at the time of analysis, which precluded us from including Northern Ireland in
our statistical estimates for the growth of VOC 202012/01 in the UK.

To estimate mobility, we used anonymised mobility data collected from smartphone users by
Google Community Mobility (9). 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
(Fig. 1C).

To estimate social contact rates (Fig. 1D), we used data on reported social contacts from the
CoMix survey (10), 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

19


https://paperpile.com/c/sPLOZK/UNr1g+trESn
https://paperpile.com/c/sPLOZK/UNr1g+trESn
https://paperpile.com/c/sPLOZK/UNr1g+trESn
https://paperpile.com/c/sPLOZK/UNr1g+trESn
https://paperpile.com/c/sPLOZK/UNr1g+trESn
https://paperpile.com/c/sPLOZK/LXcak
https://paperpile.com/c/sPLOZK/LXcak
https://paperpile.com/c/sPLOZK/LXcak
https://paperpile.com/c/sPLOZK/klD61
https://paperpile.com/c/sPLOZK/klD61
https://paperpile.com/c/sPLOZK/klD61

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 20
December 20 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.

Statistical methods in brief
See Supplemental Online Material for full details.

Growth of VOC 202012/01 following initial phylogenetic observation — For each lineage i in the
COG-UK dataset, we pool the number of sequences observed within that lineage across the UK
for every day, t, yielding integer-valued sequence counts N(i, t). We estimate the time-varying
exponential growth rates of cases of each strain, r(j, t), using a negative binomial state-space
model correcting for day-of-week effects whose dispersion parameter was optimized for each
strain by marginal likelihood maximization. We defined the relativized growth rate of a lineage i
attime tas p(i, 1) = (r(i, 1) = 7(1))/c,(t) , where 7(?)is the average growth rate of all circulating
strains at time t and 6,(?) the standard deviation of growth rates across all lineages at time t,
such that p(i, ?)is analogous to a z-statistic or Wald-type statistic and allows comparison of
growth rate differences across time when the average growth rate and scale of growth rate
differences varies.

Competitive advantage and increased transmissibility of VOC-202012/01 — To estimate the
increase in growth rate of VOC 202012/01, we fitted a set of multinomial and binomial
generalized linear mixed models (GLMMs), in which we estimated the rate by which the VOC
displaces other resident SARS-CoV-2 variants, both across different regions in the UK, as well as
in Denmark. All models took into account sample date and region plus, if desired, their
interaction, and the mixed models also included local-tier local authority as a random intercept
and took into account possible overdispersion. From these models, we estimate the difference
in Malthusian growth rate between other competing variants Ar, as well as the expected
multiplicative increase in basic reproduction number Rt and infectiousness, assuming unaltered
generation time, which can be shown to be equal to exp( Ar.T), where T is the mean
generation interval. In our calculations, we used estimated SARS-CoV2 mean generation times T’
of either 5.5 days(13) (Table 1) or 3.6 days(29, 30) (Table S1).
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R, analysis — We calculated the weekly proportion of positive tests that were S-gene negative
out of all positive tests that tested for the S-gene by English upper-tier local authority. We used
reproduction number estimates obtained using the method described in (29) and (31) and
implemented in the EpiNow2 R package (32), downloaded from
https://github.com/epiforecasts/covid-rt-estimates/blob/

master/subnational/united-kingdom-local/cases/summary/rt.csv. We then built a separate

model of the expected reproduction number in UTLA i during week t starting in the week
beginning the 5 October 2020 as a function of local restrictions, mobility indicators, residual
temporal variation, and proportion of positive tests S-gene negative. The residual temporal
variation is modelled either as a region-specific thin-plate regression spline ("Regional
time-varying") or a static regional parameter ("Regional static"). The key estimand is the
relative change in reproduction number in the presence of the SGTF that is not explained by
any of the other variables.

Transmission dynamic model

We extended a previously developed modelling framework structured by age (in 5-year age
bands, with no births, deaths, or aging due to the short timescales modelled) and by
geographical region (11, 14) to include two variants of SARS-CoV-2 (VOC 202012/01 and
non-VOC 202012/01) (Fig. S9). 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, seroprevalence, and the daily
frequency of VOC 202012/01 across each of the regions as measured by SGTF frequency
corrected for false positives. 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 (11)(11). See Supporting Information for details of Bayesian
inference including likelihood functions and prior distributions.

Our individual transmission model fits to separate NHS regions of England produce
independent estimates of parameters such as relative transmissibility and differences in odds of
hospitalisation or death resulting from infection with VOC 202012/01. In order to produce
overall estimates for these parameters, we model posterior distributions from individual NHS
regions as draws from a mixture distribution, comprising a normally-distributed top-level
distribution from which central estimates for each NHS region are drawn. We report the mean
and credible intervals of the top-level distribution when reporting model posterior estimates
for England.
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In model fitting, we assume that our deterministic transmission model approximates the
expectation over stochastic epidemic dynamics. This is not exact (Royal Statistical Society

Publications ), but the error in this approximation is small for the population-level processes we
are modelling, as it decays with 1/NN (Ethier and Kurtz 1986). This approach is well developed

for state space models of communicable disease dynamics that fit an epidemic process to
observed data via a stochastic observation process.

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.

Analysis code and data for the R, analysis are available at
https://github.com/epiforecasts/covid19.sgene.utla.rt.
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Supporting Information

Growth rate of VOC 202012/01 following its initial phylogenetic observation

It's possible a strain could get lucky and have faster growth rates than other strains, appearing
more transmissible despite not being so. Several confounds can affect the significance of an
inference of faster growth in a strain such as VOC 202012/01. For instance, any correlated
patterns in people of that network can affect the probability a strain has an impressive run of
faster growth rates than other strains - if a new strain discovers a region of a contact network
with a higher fraction of susceptible people than that experienced by other strains elsewhere
on the contact network, then the lucky strain in a pool of susceptible people may appear to
grow faster due to the human population structure and not the virus’ phenotypic traits.
Similarly, any changes in NPIs that increase the average risk of transmission across subsets of
the contact network (e.g. variation in the tier level across the UK) or any patterns of behavior
that increase the variability of the risk of transmission across people in the network (e.g. when
some connected groups of people have a higher-than-average risk of transmission due to
occupation, less participation in transmission-reducing behaviors, etc.) might affect the
probability that a strain exhibits a large run such as that seen in VOC 202012/01.

Furthermore, since defining a “new strain” requires at least 5 genomes of at least 95% coverage
co-localized in space (33) it’s possible that newly named strains could be more likely to have
faster-than-average growth rates as these growing branches of the viral phylogeny may be
bioindicators of a spatially (or contact-network) autocorrelated pool of susceptible people with
room for further, faster growth.

In this section, we aim to control for time-varying average growth rates, heterogeneity in
population structure, and the potential for lineages to be bioindicators of
spatially-autocorrelated susceptible populations with an expectation of faster growth after the
initial phylogenetic observation (IPO) of the lineage. When accounting for time-varying average
growth rates across lineages in circulation, the time varying scale fitness differences across
lineages at every point in time, and the time since the initial phylogenetic observation (IPO), the
VOC 202012/01 stands out as having the fastest post-IPO relative growth of any lineage in the
COG-UK dataset (Fig. 2A&B, main text).

This analysis centered around what we refer to as the “relativized growth rate”. For each
lineage i in the COG metadata dataset, we pool the number of sequences observed within that
lineage across the UK for every day, t, yielding integer-valued sequence counts N(i, t). We
estimate the time-varying exponential growth rates of cases of each strain, r(i, t), using a
negative binomial state-space model whose dispersion parameter was optimized for each strain
by marginal likelihood maximization. The negative binomial state-space model was
implemented using the R package KFAS (34) to estimate abundances and growth rates with a
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second-order polynomial trend to capture time-varying exponential growth/decay and a 7-day
seasonal component to correct for day-of-week effects.

To remove the impact of leading zeros on estimates of growth rates, we started estimating
growth rates on the first date for which the following week contained at least three
observations of the lineage (including the first observation of that week) — we call the first date
of this week the “initial phylogenetic observation” or IPO of the lineage. For lagging zeroes, we
removed any zeroes after 7 days of consecutive zeros which continued until the final date used
in this analysis. As a result of this filtering of leading and lagging zeroes, there was a variable
number of lineages each day, but these lineages served as a minimal set of lineages whose
growth rates can serve as a reference frame for assessing the significance of the growth and
changes in relative abundance of the VOC (35).

The final date used in this analysis was determined by an analysis of backfilling patterns of the
COG-UK dataset. The COG-UK dataset contains a “sample date” column for every sequence,
and samples are not added on the date they are collected but back-filled once samples are
shipped, sequenced, and uploaded. As a consequence, the recent dates in the COG-UK dataset
exhibit a decline in the total number of counts and lineage richness, a period during which
there will be biases in comparing growth rates across lineages with different relative
abundances as rare lineages flat-line with zero observations and the observed counts of
abundant lineages continue to decline. These biases during the period of backfilling can be
further confounded by any differences in the processing times of sequences across surrogate
data providers which sample different, non-representative subsets of the UK population. By
downloading the COG-UK dataset at multiple dates, we find that over 90% of sequences are
accounted for 1 month prior to the download date. Therefore, to avoid biases and confounds
due to backfilling, we limit our analysis of growth rates to all but the last 1 month of data in the
COG-UK dataset. This results in estimation of growth rates of the VOC up to December 12th,
2020 (Fig. S1).

To control for time-varying average growth rates, we defined a statistic we refer to as
relativized growth rates, denoted p(i, ?) for each lineage i and time t,

Pl 1) = L0,
Where 7(?)is the average growth rate of all circulating strains at time ¢ and 6,(?) the standard
deviation of growth rates across all lineages at time £. This statistic is analogous to a z-statistic
or Wald-type statistic and allows comparison of growth rate differences across time when the
average growth rate and scale of growth rate differences varies. We compute the average
relativized fitness of each lineage for the first month after its IPO. This statistic reflects how
much faster the lineage grew compared to other lineages circulating for that same month, and
allows us to control for potential IPO-effects of lineages whose first observations came at
different times in the UK COVID epidemic.
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For a lineage to increase in frequency, it mainly needs to increase faster than the lineage with
the highest relative abundance, whereas to have an above-average relativized fitness it will
need to increase faster than the average lineage (36). As such, analyzing relativized growth
rates is an additional way to assess not just whether VOC 202012/01 grew faster than the
dominant lineage B 1.177—as it’s possible other lineages with similar rarity could have had
similar runs of positive growth—but rather test whether or not VOC 202012/01 consistently
beat out all other lineages, including the rare ones and recent IPOs, and whether this burst of
positive growth post-IPO in the VOC exceeds that of other major lineages’ post-IPO relativized
growth.

We plot the relativized fitness as a function of days-since-IPO across all lineages, highlighting a
few lineages that have risen to high relative abundance over the course of 2020 (Fig. 2A & B,
main text).

Competitive advantage and increased transmissibility of the SARS-CoV2 VOC-202012/01

To infer the competitive advantage of the VOC-202012/01 over other circulating SARS-CoV2
strains (Fig. 2C, main text; Figs. S2—S7) we use the COG-UK sequencing data to calculate the rate
by which the strain is displacing other variants and increases in relative abundance p. Formally,
this is quantified based on the selection (37) rate coefficient s, which for a newly invading
variant is defined as (38)

_d P
s = Elog(l—_p)

This coefficient measures the rate at which any new variant would displace the resident variant
in terms of the increase in the log(odds) to encounter the new variant. A great advantage of the
selection rate coefficient is that it can readily be calculated from a logistic regression model as
the slope of the proportion of the new variant on a logit (log-odds) link scale. We can further
observe that since the ratio of relative frequencies is equal to the ratio of the absolute
representation of the new variant V and the wild-type W that (38)

_ dlog(V) _ dlog(W)
dt dt

Hence, if selection is density independent and there are no interactions between genotypes,
the selection rate is also equal to the difference in Malthusian growth rates between the new
variant (r,) and wild-type (r,, ) (38):

S=r, —ry =Ar

If we further multiply the selection rate by mean generation time T then we obtain the
dimensionless selection coefficient (38)

sp =sT=Ar-T
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Selection coefficients s and s, represent the most direct measures possible of the fitness
advantage enjoyed by any new variant, and are the best possible predictors of whether or not it
is expected to increase in frequency during an outbreak (39). However, assuming that the
generation time of the competing variants remain unaltered (e.g. that the non-infectious period
after exposure remains the same), it is also possible to relate the selection coefficient s, to the
expected multiplicative increase in the infectiousness of the virus, as measured by the ratio of
the basic reproduction number R, of the new variant relative to that of the wild type.
Specifically, if generation time is gamma distributed with mean Tand SD &, and if we set

k= (cs/T)2 , it is the case that the basic reproduction number (40) R,

R=(+k-r T)"*

Furthermore, for small k (small SD of the generation time ¢ relative to the mean T), the
following approximation (41) holds

R, =exp(r-T)

From this, it follows that the ratio of the effective reproduction number of the invading new
variant R, relative to that of the wild type R, i.e. the expected multiplicative increase in the R,
value M, assuming no change in generation time T between the variants, equals approximately

M =R,,/R,, =exp(r, - T)exp(ry - T)=exp(Ar-T) = exp(s;)

Although this formula is strictly speaking only exact for the limit of £ — 0, in practice with our
parameter estimates, the error made is extremely small (41) even for larger k. E.g. with

ry =Ar=0.11, r, =0, T=5.5days and ¢ = 1.8(13), k=0.33 and application of the exact
formula (5) would yield M = 1.71, whilst the approximate formula (7) would yield M = 1.73,
which would amount to an error on M of only 1.6%. The exact formula (5) could only be used if
we would be able to estimate the variant-specific intrinsic growth rates r,andr,, (38)
separately, e.g. using the raw counts, to which one could fit a spline-based Poisson GLM, to
yield intrinsic growth rates as the first derivative of the fitted curve on the log link scale. Such a
fit, however, would show very large fluctuations due to the implementation of various
non-pharmaceutical interventions, and would also require accurate corrections for changes in
testing and sequencing intensity over time. Hence, such a calculation would carry a much larger
error. Instead, it is much more accurate to estimate the expected multiplicative effect on R,
from the rate of change in the log(odds) of the relative abundance of any new variant p, Ar.

To estimate pairwise differences in growth rates Ar between the VOC variant and other sets of

lineages, i.e. pairwise selection rate coefficients, we used both binomial GLMMs (generalized
linear mixed models), using data on the representation of pairs of lineages in the COG-UK (12)
sequencing data at time of invasion, as well as multinomial spline regression or multinomial
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mixed models, where we could simultaneously consider the competition for representation
among all the major SARS-CoV-2 variants and lineages in different regions across the UK. In
both sets of analyses, we considered both the Ar of the VOC 202012/01 (defined as lineage
B.1.1.7 and carrying defining mutation N501Y and deletion A69/A70 in the spike protein)
relative to either the earlier dominant lineage B.1.177 (42), a set of 440 minority variants, which
never reached >15% in the aggregated UK counts in any week or all other circulating variants.
For lineage B.1.177, we included any later descendent lineages into the same group.

Binomial GLMMs fit to the UK data included a fixed factor for NHS England region, a continuous
covariate for sampling date, the interaction between both if this yielded a more parsimonious
fit (based on the Bayesian Information Criterion) or if we were specifically interested to test for
differences in rates of spread across regions, as well as random effects for the local-tier local
authority (LTLA) and an observation-level random effect to take into account overdispersion
(43). These GLMMs were fit using R’s g/imer function in the Ime4 package version 1.1.23. For
these binomial GLMMs, we used the part of the data where either variant VOC 202012/01 or
lineage B.1.177 were initially invading, and for which there was good linearity on a logit scale
(Fig. S3). For VOC 202012/01, we therefore used the subset of the data from August 1 2020
onwards, while for lineage B.1.177 we used data for the period between July 1** 2020 and
September 30 2020, before it starting to be displaced by VOC 202012/01. From these binomial
GLMMs, we subsequently estimated the selection rate Ar from the slope in the log(odds) to
encounter the focal variant. Both this slope as well as its 95% confidence intervals were
estimated using the emtrends function in the emmeans R package version 1.5.1. Model
predictions or marginal mean model predictions and 95% confidence intervals as well as Tukey
posthoc tests to test for differences in slopes (rates of displacement of other strains) across
regions were also calculated using this same package. In the calculation of marginal means, we
used a bias correction for the presence of the random (44) effects. Under the assumption of
unaltered generation times, we also made two estimates of the expected multiplicative effect
on the R, value, M, and M,, based on eqn. (7) above, M =R, /R, = exp(Ar - T), using
estimated SARS-CoV2 mean generation times T of either 5.5 days (13) or 3.6 days (29, 30). Both
the mean and confidence intervals on Ar - T were exponentiated, in this way resulting in the
estimated geometric mean multiplicative effect on R..

To be able to make another independent baseline estimate of Ar outside the UK, we also used
a binomial GLMM to estimate the rate of spread by which VOC 202012/01 is displacing other
variants in Denmark, where SARS-CoV2 sequencing is carried out approximately randomly with
respect to sample variant identity, and for which data on the incidence of the VOC 202012/01
(lineage B.1.1.7) aggregated by week and by region are openly available (45). These analyses
either used the Danish data alone (using data from week 39 of 2020 until week 1 of 2021), or
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used a combined analysis of the Danish and UK data (also aggregated by region and week, to
match the Danish data, and including data from August 1 2020 onwards). These analyses
included region as a fixed factor, sample date as a continuous covariate as well as country and
country x sample date in the combined DK+UK analysis, plus an observation-level random
effect to take into account overdispersion.

Finally, we also fitted two multinomial models in which we considered the multinomial spline
model to the COG-UK sequence data using the multinom function of the nnet R package (46)
considering the frequencies of 9 major SARS-CoV2 lineages (all reaching at least 15% in some
week) as separate variant outcome levels, and subsuming the remaining 440 variants in a
category of “minor variants”, thereby allowing us to simultaneously model the competition for
representation among all the major variants. This model included a fixed factor region plus a
natural cubic spline in function of sample date to allow for slight variation in the selection rate
in function of time, plus the interaction between both to allow for different selection rates
across regions. A two-degree of freedom natural cubic spline was chosen, as this model both
resulted in a visually realistic fit and in a stable and realistic extrapolation (which was no longer
the case for natural cubic splines with more knots). In this multinomial model, pairwise Ar
values between variants VOC 202012/01, B.1.177 and the category of minority variants were
calculated using the emmeans emtrends function as contrasts in the above-average growth
rates of each variant (using argument mode="Ilatent”(47)). Since the growth differences (Ar) in
this model were time-dependent, we calculated the average growth difference for the VOC vs.
minority variants and for the VOC vs. B.1.177 variant contrasts for the period from November 1
2020 onwards and from July 1st 2020 until the 30th of September 2020, respectively, when
each of these variants were actively invading in the population. Second, we also fit a
multinomial mixed model in which we included a random intercept for the local-tier local
authority (LTLA) and also jointly estimated overdispersion. To allow us to estimate the average
growth advantage of the VOC, this model was fit under the assumption of identical and
non-time varying selection coefficients across regions, and included NHS region and sample
date as additive main effects. This model was fit using the mblogit function of the mclogit R
package. The difference in growth rate relative to a particular chosen reference variant was in
this model directly inferred from the model coefficients. Finally, the predictions of both models
were used to produce Muller plots, to display the change in relative frequencies of the major
SARS-CoV2 lineages over time in the UK (Fig. 2C, main text, and Fig. S4).

Rt analysis

For the Rt analysis, we used 4 main sources of data: test positive Covid-19 notifications by UTLA
(48), S-gene status from PCR tests by local authority provided by Public Health England (PHE),
Google mobility data stratified by context (9), and two publicly available databases of of
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non-pharmaceutical interventions by UTLA (49, 50). We aggregated the data at the weekly level
and restricted the analysis to the period beginning Monday, 5 October.

We calculated the weekly proportion of positive tests that were S-gene negative over time by
local authority. We estimated reproduction numbers using the method described in (29) and
(31) and implemented in the EpiNow2 R package (51). Daily updated estimates can be
downloaded at https://github.com/epiforecasts/covid-rt-estimates/blob/master/subnational/

united-kingdom-local/cases/summary/rt.csv. We used two sets of estimates, obtained using

uncertain, gamma distributed, generation interval distributions with a mean of 3.6 days
(standard deviation (SD): 0.7), and SD of 3.1 days (SD: 0.8) (30) or with a mean of 5.5 days (SD:
0.5 days), and SD of 2.1 days (SD: 0.25 days) (13), respectively.

We then built a separate model of the expected reproduction number in UTLA i during week t
starting in the week beginning 14 September 2020 as a function of local restrictions, mobility
indicators, residual temporal variation, and proportion of positive tests S-gene negative:

R;, = (1 +af;) exp (S(t) + ZBjTijt + Zk:YkGikt + lOgRi)
J

where R; is an UTLA-level intercept corresponding to Rt during national lockdown in November,
T
relative mobility in context k (home, parks, workplace, etc.) at time t in UTLA i as measured by

, is 1if intervention j (out of: no tiers, tier 1/2/3) is in place and 0 otherwise, G, is the

Google, and 5() is a time-varying component, modelled either as a region-specific thin-plate
regression spline ("Regional time-varying") or a static regional parameter ("Regional static").
The key parameter is a, the relative change in reproduction number in the presence of the
SGTF that is not explained by any of the other variables, where f;, is the proportion out of all
positive tests for SARS-CoV-2 where the S-gene was tested with SGTF, and the reproduction
number in any given UTLA is

R, =(1~-f)R t+,i R
where R ;,- is the S-gene negative reproduction number, R Zi is the S-gene positive

reproduction number, and it is assumed that R ;= (1 T @R ;.

We used a Student's t-distribution observation model with a single variance parameter and a
single degrees of freedom parameter. All models were implemented using the brms (52)
package in R. All code required to reproduce this analysis is available from
https://github.com/epiforecasts/covid19.sgene.utla.rt/.
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Analysis of differential age susceptibility for VOC 202012/01 based on secondary attack rates
To determine if there was any difference across age cohorts in susceptibility for the new
VOC-202012/01, we analysed the age-stratified aggregated data of secondary attack rates
reported by Public Health England (53) using a binomial GLM (Fig. S8). These data comprise
secondary attack rates among contact tracing data (from NHS Test and Trace) for the variant of
concern (VOC 202012/01), with the identity of strain carried by the index patients (VOC or not)
called based on either genomic sequence or S-gene target failure (SGTF) data, and with data
split by age bracket of the person that was infected. In total, the dataset contains 17,701 and
456,086 secondary contact records of known age with index patients for which either sequence
or SGTF data were available, for the period between 30 November 2020 and 20 December
2020. Out of these secondary contacts, 2,455 and 64,325 became cases, which translates into
overall secondary attack rates of 13.87% and 14.10%. To determine the odds ratios for people
to be infected by index patients carrying the VOC vs. by those carrying other variants, we fitted
a binomial GLM with factors data type (sequence data or SGTF data), age group, variant (VOC or
other strains) plus all first order interaction effects. Overdispersion was tested for by fitting an
equivalent quasibinomial GLM, but was found to be absent. The R package emmeans was used
to make effect plots of marginal and predicted means and carry out Sidak posthoc tests to test
if the odds for people to be infected by index patients carrying the VOC was higher than that for
those carrying other strains (54) across the different age categories as well as overall. Possible
differential age susceptibility was tested for by comparing the log(odds ratios) for people of
different age to be infected by the VOC against the average log(odds ratio) for people to be
infected by the VOC overall. These age group X variant interaction contrasts were again
calculated using the emmeans package, employing a Sidak p value correction for multiple
testing. Type Il Anova tests were carried out using the Anova function in R’s MASS package.

Details of Bayesian inference

To fit the dynamic transmission 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 (55). For each posterior sample, we simulated epidemics from 1
January to 24 December 2020, using data that were current as of 8 January 2021. We used
Google Community Mobility data up to 24 December 2020 to capture how interpersonal
contact rates changed over the course of the epidemic.

When fitting deaths, hospital admissions, hospital bed occupancy and ICU bed occupancy, we

used a negative binomial likelihood with a fitted size parameter for each series and region. For
seroprevalence and PCR prevalence, we used a skew-normal likelihood for each data point
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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 beta-binomial likelihood with the daily
proportion of detected samples that were VOC 202012/01 and a fitted dispersion parameter.

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; and
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. Full details of
all fitted parameters, along with prior distributions assumed for each parameter, are in Table

S2.
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 S1) =
Yot (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 (11). All parameters that we adopted as assumptions are given in Table S3.

31


https://paperpile.com/c/sPLOZK/Ot5pS
https://paperpile.com/c/sPLOZK/Ot5pS
https://paperpile.com/c/sPLOZK/Ot5pS

Supplementary Figures

A COG-UK sequence-counts

20001 ‘ |

h
1500
10004

500+

01 —

aul Ot Jan

sample_date

Apr

B lineage richness

100 A

Lineage_Richness
o ~
o o

N
w
L

Apr Jul Oct Jan

sample_date
C lineages per sequence
1.00 A
210757
ml
@
24 0.50 -
()
(@2}
©
[
£ 025+
0.00 1

D

20004

1500 4

N(t)

E

10001

500 4

1.00

(
o
b
»

Fraction of Most Recent N(t)

0.001

Backfilling

Sep

Oct

Nov
sample_date

Dec Jan

di_date [l 20201222 [ 20201227 [} 20201226 [ 20210111

Estimating completion of past samples

0o®0pAl 'lll!Al.l' ", o3 4 L)
am gt s n
= .Al-". oy
. 2 M « .AAII
A ..!A?‘I ® Am it
o &
PY A m A m
Kll ®
@
YL
i A m
i
o‘:
4 u
- |
ALADS -
.l‘i’

T :
Jul Oct
sample_date

T
Apr Jan

10

y
20 30

40 50

days_since_download

Fig S1. Analysis of COG-UK backfilling. This plot shows the trends in COG-UK sequence counts (A),
lineage richness (B), and lineages per-sequence (C) for data downloaded on 2021-01-11. Comparing
January 11th download to previous downloads reveals the backfilling of samples from previous sample
dates but (D) by 1-month or 31 days prior to a download most of the samples are processed and
uploaded to COG-UK. We use data up to 31 days prior to our final download to avoid potential
backfilling biases when comparing growth rates across lineages.
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Fig. S2. Muller plots of the relative abundance of the major SARS-CoV2 lineages (reaching at least 15% in
any week overall) in different NHS regions across the UK, based on the raw COG-UK sequencing data,
aggregated by week. The remaining minority variants comprise a collection of a total of 440 lineages.
Note that the large fluctuations seen in July & August in some regions such as Scotland are caused by
low sample size.
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Fig. S3. Fitted spread of variants to B.1.177 and VOC 202012/01 estimated from a multinomial spline
model by NHS region (model 1a in Table S1 and Fig. 2C) with 95% confidence intervals and per-week
aggregated raw proportions, shown on a logit (log(odds)) scale. The ca. 3 times faster rate of spread of
VOC 202012/01 compared to B.1.177 is apparent (cf. Ar values in Table S1). The excellent linearity on a
logit scale for VOC 202012/01 allows us to realistically model the spread of this variant using spatially
more fine-grained binomial GLMMs (carried out the level of LTLAs), using a subset of the data from
August 1 2020 onwards. Likewise, a binomial GLMM was used to model the spread of variant B.1.177 for
the period between July 1 2020 and September 30 2020, before it starting to be displaced by VOC
202012/01.
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Fig. S4. Muller plots of the relative abundances of the major SARS-CoV-2 variants in the UK, based on a
multinomial mixed model fit to COG-UK sequence data, incorporating lower-tier local authority as a
random intercept as well as overdispersion (common-slopes multinomial mixed model 1b in Table 1). A
model extrapolation until the end of January is shown (shaded area). Minority variants are 440
circulating SARS-CoV-2 strains that never reached >15% in any week overall.
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Fig. S5. Binomial GLMMs with separate-slopes by region (models 2b and 2g in Table S1) show that VOC
202012/01 has been displacing all other SARS-CoV2 at a near-constant rate across different regions in
the UK (A), with pairwise Tukey posthoc tests for differences in slopes across regions only demonstrating
a slightly slower rate of displacement in the East of England vs. in the North East and Yorkshire (z ratio =
-3.68, P =0.007, all other P > 0.05). In addition, a common slope model with a constant rate of spread in
different regions had a better BIC value (model 2a in Table S1). By contrast, variant B.1.177, which in
the UK became the major strain at the end of September, had a much lower competitive advantage in
comparison with the minority variants that it displaced, evident from a ca. 3 times lower slope on a
log(odds) scale (Table S1). In addition, pairwise Tukey posthoc tests for differences in slopes across
regions demonstrate significant cross-regional variation in the rate of spread of this variant (12 out of 36
pairwise comparisons with P < 0.05), and a model with separate slopes per region provided the best fit
based on the BIC criterion. This supports the idea that VOC 202012/01 enjoys a consistent competitive
advantage, whilst the small competitive advantage enjoyed by variant B.1.177 may have been largely,
though perhaps not exclusively, the result of stochastic introduction events, e.g. linked with travel to
Spain (42), where it was first observed.
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Fig. S6. Independent estimate of the rate at which VOC 202012/01 is displacing other variants based on
the random sequencing of SARS-CoV2 strains in Denmark, reported on an aggregated per-week basis
(56) (for week 39 of 2020 until week 1 of 2021). A binomial GLMM with a common slope across regions
and an observation-level random effect to take into account overdispersion fitted the data best, based
on the BIC criterion, and resulted in an estimated selection rate Ar of 0.10 [0.07, 0.12] 95% Cls (Table S1,
model 3a). In addition, a model with separate slopes per region showed that there were no significant
differences in the slopes and implied rates of spread across regions (pairwise Tukey posthoc tests for
differences in slope, all P> 0.05).
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Fig. S7. Estimates of the rate at which VOC 202012/01 is displacing other variants across Denmark and
the UK, based on a joint fit of the per-week aggregated data from both countries. A binomial GLMM
with separate slopes per country but identical slopes per region nested within country provided the best
fit based on the BIC criterion, resulting in selection rates Ar estimated for Denmark and the UK of 0.08
[0.07,0.10] 95% Cls and 0.11 [0.10, 0.12] 95% Cls, respectively (Table S1, model 3b). The rate by which
the VOC displaces resident variants was slightly but significantly lower in Denmark than in the UK (z ratio
=2.60, 2-sided P = 0.009), but this might be due to the presence of other resident strains in Denmark
than in the UK.
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Fig. S8. Analysis of age-stratified secondary attack rates, based on data reported by Public Health
England (57) (data derived from the COG-UK dataset, the PHE Second Generation Surveillance System
and NHS Test and Trace). A binomial GLM with data type (sequence data or S-gene target failure), age
group of the person being infected, and variant (VOC 202012/01 or not) plus all first order interaction
effects shows that the odds to be infected by an index patient carrying the VOC is consistently higher
than by those carrying other variants (A). Sidak posthoc tests show the odds to be infected by the VOC
to be significantly greater than by a non-VOC variant for nearly all age groups (for all age groups and
both data types 2-sided P < 1E-7, except for 80+ where P = 0.07 and 0.06 for sequencing and SGTF data,
respectively). The mean probability for secondary contacts to become infected in function of age was
not significantly different across both types of data (no significant data type by age interaction effect,
Type lll test, X% =2.90, P = 0.94) and there was also no difference in the estimated increased odds to be
infected by a VOC vs. a non-VOC index patient (no significant data type by variant interaction effect,
Type lll test, X% =0.09, P = 0.77). The mean odds ratio to be infected by an index patient carrying the
VOC vs. a non-VOC variant across all age groups and both data types was 1.41 [1.34, 1.48] 95% Cls. The
relative susceptibility to be infected by the VOC showed little variation in function of the age of the
person being infected, with only the 40-49 category being slightly more susceptible to be infected by a
VOC vs a non-VOC carrying index patient than average (measured in terms of difference in log odds
ratios, Sidak age group x variant interaction contrasts, z ratio = 3.45, P = 0.01, all other P > 0.05).
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Fig. S9. 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; |,
represents compartments and parameters for VOC 202012/01. Above, A and A, are the force of infection

for preexisting variants versus VOC 202012/01; y and y, are the fraction of cases that develop clinical

clinically infectious; I, subclinically infectious; R, recovered; V, vaccinated. Subscript 2

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. $10. Model posterior densities for the “increased transmissibility” model for seven NHS England

regions. See Table S2 for parameter definitions.
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Fig. S11. Model posterior densities for “longer infectious period” for three NHS England regions. See
Table S2 for parameter definitions.

42



ts u death_mean hosp_admission icu_admission cfr_rlo

5 40
9 20 4 150
30
4000 15 3 100
¢ 0 ) 20
2000 ! 50
3 05 1 wh 10
0 o 0.0 0 = 0 = 0
3% 36 37 38 39 0.10 0.11 15 20 25 11 12 13 14 15 16 8 10 12 14 -0.35-0.30-0.25-0.20-0.15
cfr_rlo2 cfr_rlo3 hosp_rlo icu_rlo icu_rlo2 contact_final
20 30 30
15 % 30 200
20 20 20 150
10
° 10 10 109
5 5 10 50
0 24 o1—4 0{% L o 0 L o
-0.50 -0.25 0.00 -0.2 0.0 02 04 06 0.0 01 0.2 0.3 04 02 00 -0.6 -0.4 -0.2 072 074 076
contact_s0 contact_s1 disp_deaths disp_hosp_inc disp_hosp_prev disp_icu_prev
30
40 60
20 9 o NHS England
= 30 20 region
® 6 40
< 20 [] East of England
a0 3 10 20 20 [] Londen
10 [ ] south East
0 o 04V 0 A 0 0
20 30 40 50 60 70 10 20 30 40 0.1 0.2 03 04 05 06 07 08 04 05 06 0.3 0.4 0.5
concentration concentration2 concentration3 v2_when v2_sgtf0 v2_disp
40 2 40 0.8
] 75
30 15 30 06 2000
20 10 20 04 00 50
8]
10 /-A 5 10 02 2 ’/\\
0 o 0 0.0 0 0
200 2.25 2.50 2.75 3.00 27 28 29 30 31 22 23 24 25 28 200 210 220 0.000 0.001 0.002 0.003 0.15 0.20 0.25 0.30 0.35
v2_hosp_rlo v2_icu_rlo v2_cfr_rlo v2_immesc
12 s 500
g 20 400
5 5 10 300
10 5 200
3 5 100
0 [ 0 0

02 -01 00 01 02 -04 -03-0.2-0.1 0.0 0.1 00 01 02 03 0.000 0.005 0.010 0.015
Parameter value

Fig. S12. Model posterior densities for “immune escape” model for three NHS England regions. See
Table S2 for parameter definitions.
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Fig. S13. Model posterior densities for “increased susceptibility in children” model for three NHS

England regions. See Table S2 for parameter definitions.
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Fig. S14. Model posterior densities for “shorter generation time” model for three NHS England regions.

See Table S2 for parameter definitions.

45



18 u death_mean hosp_admission icu_admission cfr_rlo

4000 8 6 10.0 a0
10 3000 5 7.5
4 20
2000 4 5.0
° 1000 ﬁ 2 2 pﬁ\ ﬂ 25 % 10
A
0 0 0 0 0.0 Ll ol
40 41 42 43 0.1000.1050.1100.115 10 15 20 9 12 15 18 115 12.0 125 130 135 00 01 02 03 04
cfr_rlo2 cfr_rle3 hosp_rlo icu_rlo icu_rlo2 contact_final
20 40
30
- " P 20 300
20 10 50 20 200
20
10 5 10 Jf‘\ 10 ﬂ 100
a 0 a 0 0 ]
-0.25 0.00 0.25 050 -02 00 02 04 0.1 0.2 0.3 -04 02 00 02 -0.8 -06 -04 -0.2 00 0.66 0.67 0.68 0.6 0.70
contact_s0 it contact_s1 disp_deaths disp_hosp_inc disp_hosp_prev disp_icu_prev
30 50 50 60
8 7.5 40 40
4 50 20 23 30 40
2 25 10 s fg 20
i NHS England
= 0 0.0 o] 0 0 0 region
5 12 16 20 10 15 20 25 01 02 03 04 0.4 0.5 06 024 028 032 036 0.1 0.2 0.3
c [] East of England
8 concentration1 concentration2 concentration3 v2_when v2 sgtfd v2_disp D London
40 28 4 [ ] south East
20 20 3 600 200
0 15 15 400
20 10 10 2 100 fy
: s 5 L Li=A |
0 odd 0 [EES 0 0
20 21 22 23 24 26 28 3.0 32 20 22 24 26 28 160 200 240 0.01 002 0.03 004 002 004 0.06 008
v2_hosp_rlo v2_icu_rlo v2_cfr_rlo v2_relu v2_serial v2_immesc
20 400
© = 30 o 75 -
20 50
10 200
2 5 10 A 100 25 G
o ol a a 7 i 0 A 9 A, A
0.2 -01 00 01 0.2 0.2 00 02 04 -0.26 0.00 025 050 08 12 16 20 05 10 15 20 25 0.25 0.50 075 1.00
v2 ch u
40
30
20
10
0

S —
08 12 16 20
Parameter value

Fig. S15. Model posterior densities for a “combined” model with increased transmissibility, altered serial
interval, immune escape, and altered susceptibility in children. See Table S2 for parameter definitions.
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Fig. S16. Comparison of age distribution of infections in the two-strain model depending upon
biological mechanism of VOC 202012/01 growth rate. Contrasting (A) longer infectious period and (B)
increased susceptibility among children models. Measured from infections in the fitted model between
1 November and 15 December 2020 in the South East NHS region..
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Fig. S17. Fit of “increased transmissibility” model to data up to 24 December 2020. Black lines show
observed data, while coloured lines and shaded regions show median and 95% credible intervals from
the fitted model.
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Fig. S20. Google Mobility indices used for projections in the main text (Fig. 4).
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shown. See Fig. 4A, main text.
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Table S2. 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(0.09, 0.02) Determines basic reproduction number R,

death_mean

admission

icu admission

hosp rlo

icu_rlo,
icu rlo2

cfr rlo,
cfr_rlo2,
cfr rlo3

contact final

contact_s0

contact sl

Mean delay in days 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. (60).

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

Relative log-odds of fatality
due to COVID-19

Relative rate of effective
contact at end of 2020

Parameter for curve specified
by contact final

Parameter for curve specified
by contact final

~normal(15, 2)

~normal(7.5, 1)

~normal(11.1, 1)

~normal(0, 0.1)

~normal(0, 0.1)

~normal(0, 0.1)

~normal(1, 0.1) < 1

~exponential(0.1)

~exponential(0.1)

Delay is assumed to follow a gamma
distribution with shape parameter 2.2. Prior
and shape of distribution informed by
analysis of CO-CIN data (59).

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 (59).

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 (59).

Based on Salje et al. (60), 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
basedonthe icu rloandicu rlo2
parameters. icu_rlo applies for the first
half of 2020 while icu_rlo2 applies for the
second half of 2020 into 2021.

Based on Levin et al. (67), 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 adjusted by cfr rlo,
cfr rlo2,and cfr rlo3 toadjustthe
fatality rate for each region.

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.
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concentrationl

concentration2

concentration3

disp_deaths,
disp hosp inc,
disp hosp prev,
disp_icu prev

Increased contact among
young people in July

Increased contact among
young people in August

Increased contact among
young people from September

Negative binomial dispersion
for deaths, hospital incidence
(admissions), hospital
prevalence (beds occupied),
and ICU prevalence

Parameters for VOC 202012/01 strain

Parameter

Description

~normal(2, 0.3) = 2

~normal(2, 0.2) 2 2

~normal(2, 0.1) = 2

~exponential(10)

Prior distribution

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=0.8k-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.

We estimate the size parameter for negative
binomial likelihood functions of deaths,
hospital incidence, hospital prevalence and
ICU prevalence, where size = 1/(disp?) (62)

Notes

v2_when

v2_hosp_rlo

v2_icu_rlo

v2 cfr rlo

v2 relu

v2_immesc

v2_ch u

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 log-odds of ICU
admission for VOC
202012/01, compared to
preexisting variants

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

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

Relative transmission rate of
VOC 202012/01

Relative susceptibility to VOC
202012/01, compared to
preexisting variants, for
0-19yo individuals

~uniform(144, 365)

~normal(0, 0.1)

~normal(0, 0.1)

~normal(0, 0.1)

~lognormal(0, 0.4)

~beta(3, 1)

~lognormal(0, 0.4)

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

Vague prior

Vague prior

Vague prior

Vague prior

Vague prior

Vague prior; v2_ch_u = 1 corresponds to
children having reduced susceptibility relative
to adults as in ref. (79). Susceptibility of 0-19
year olds to VOC 202012/01 is multiplied by
v2_ch_u.
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v2 infdur

v2_serial

Relative length of infectious ~lognormal(0, 0.4)
period of VOC 202012/01,

compared to preexisting

variants

Relative length of generation ~normal(0, 0.4)
interval of VOC 202012/01,

compared to preexisting

variants

Vague prior

Vague prior. The latent and infectious
periods are multiplied by v2 serial, while
the infectiousness is multiplied by 1/

v2_ serial, in order to maintain overall
infectiousness when integrated over the
infectious period.
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Table S3. 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(63)
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
(13)
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(64-66)
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 (19)
infection for age group i distributions across 6 countries
f Relative infectiousness of subclinical cases 50% Assumed(74, 19)
c, Number of age-j individuals contacted by an ~ UK-specific contact matrix (67)
age-i individual per day, prior to changes in
mobility
N, Number of age-i individuals From demographic data (68)
At Time step for discrete-time simulation 0.25 days
P(ICU), Proportion of hospitalised cases that require  Estimated from CO-CIN data (59)
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) (59)
los, Length of stay in ICU ~lognormal(p,,, = 13.33, sd,,, =  Estimated from CO-CIN data

log —

1.25)

(59)
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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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Table S4. Summary of projections for England, 15 Dec 2020 - 30 June 2021, with a seasonal decline in
transmission. Compare to Table 2, main text.

No vaccination

Moderate (October
2020)

High (November 2020) with
schools open

High with schools
closed

Very high (March
2020)

Peak ICU (rel. to 1st
wave)

259% (248 - 269%)

135% (128 - 142%)

104% (98 - 110%)

97% (90 - 103%)

Peak ICU requirement

9,820 (9,410 - 10,200)

5,110 (4,860 - 5,380)

3,950 (3,710 - 4,190)

3,670 (3,430 - 3,900)

Peak deaths

2,910 (2,830 - 3,000)

1,320 (1,280 - 1,370)

1,030 (999 - 1,080)

958 (926 - 1,000)

Total admissions

606,000 (591,000 -
629,000)

402,000 (394,000 - 418,000)

355,000 (346,000 -
370,000)

228,000 (219,000 -
238,000)

Total deaths

176,000 (173,000 -

111,000 (109,000 - 114,000)

98,400 (96,400 -

61,900 (59,700 -

182,000) 102,000) 64,100)
200,000 vaccinations per week
indicator Moderate (October High (November 2020) with High with schools Very high (March
2020) schools open closed 2020)

Peak ICU (rel. to 1st
wave)

253% (242 - 263%)

133% (126 - 140%)

104% (98 - 110%)

97% (90 - 103%)

Peak ICU requirement

9,580 (9,200 - 9,960)

5,030 (4,780 - 5,290)

3,950 (3,710 - 4,180)

3,670 (3,430 - 3,890)

Peak deaths 2,680 (2,610 - 2,770) 1,240 (1,200 - 1,290) 1,030 (992 - 1,070) 956 (924 - 999)

Total admissions 579,000 (566,000 - 385,000 (377,000 - 400,000) 328,000 (320,000 - 207,000 (200,000 -
602,000) 341,000) 216,000)

Total deaths 164,000 (160,000 - 103,000 (100,000 - 106,000) 86,800 (84,800 - 54,400 (52,600 -
168,000) 89,300) 56,600)

2 million vaccinations per week

indicator

Moderate (October
2020)

High (November 2020) with
schools open

High with schools
closed

Very high (March
2020)

Peak ICU (rel. to 1st
wave)

211% (202 - 220%)

121% (114 - 127%)

103% (97 - 109%)

96% (90 - 102%)

Peak ICU requirement

8,000 (7,650 - 8,350)

4,570 (4,310 - 4,830)

3,910 (3,670 - 4,140)

3,660 (3,420 - 3,880)

Peak deaths

1,700 (1,640 - 1,750)

1,030 (999 - 1,080)

990 (957 - 1,030)

944 (912 - 986)

Total admissions

440,000 (431,000 -
456,000)

295,000 (287,000 - 305,000)

210,000 (203,000 -
217,000)

144,000 (139,000 -
148,000)

Total deaths

109,000 (106,000 -
111,000)

72,100 (70,100 - 74,400)

54,900 (53,300 -
56,900)

40,500 (39,200 -
42,000)

64



References

1.

10.

11.

Public Health England, Investigation of novel SARS-COV-2 variant: Variant of Concern
202012/01 (2020), (available at
https://www.gov.uk/government/publications/investigation-of-novel-sars-cov-2-variant-varia
nt-of-concern-20201201).

A. O'Toole, et al., Tracking the international spread of SARS-CoV-2 lineages B.1.1.7 and
B.1.351/501Y-V2, (available at https://cov-lineages.org/global_report_B.1.1.7.html).

H. Gu, Q. Chen, G. Yang, L. He, H. Fan, Y.-Q. Deng, Y. Wang, Y. Teng, Z. Zhao, Y. Cui, Y.
Li, X.-F. Li, J. Li, N.-N. Zhang, X. Yang, S. Chen, Y. Guo, G. Zhao, X. Wang, D.-Y. Luo, H.
Wang, X. Yang, Y. Li, G. Han, Y. He, X. Zhou, S. Geng, X. Sheng, S. Jiang, S. Sun, C.-F.
Qin, Y. Zhou, Adaptation of SARS-CoV-2 in BALB/c mice for testing vaccine efficacy.
Science. 369, 1603—-1607 (2020).

T. N. Starr, et al. Deep Mutational Scanning of SARS-CoV-2 Receptor Binding Domain
Reveals Constraints on Folding and ACE2 Binding, Cell, 182, 1295-1310.e20 (2020).

M. Hoffmann, H. Kleine-Weber, S. P6himann, A Multibasic Cleavage Site in the Spike
Protein of SARS-CoV-2 Is Essential for Infection of Human Lung Cells. Mol. Cell. 78,
779-784.e5 (2020).

T. P. Peacock, D. H. Goldhill, J. Zhou, L. Baillon, R. Frise, O. C. Swann, R. Kugathasan, R.
Penn, J. C. Brown, R. Y. Sanchez-David, L. Braga, M. K. Williamson, J. A. Hassard, E.
Staller, B. Hanley, M. Osborn, M. Giacca, A. D. Davidson, D. A. Matthews, W. S. Barclay,
The furin cleavage site of SARS-CoV-2 spike protein is a key determinant for transmission
due to enhanced replication in airway cells, , doi:10.1101/2020.09.30.318311.

S. A. Kemp, D. A. Collier, R. Datir, S. Gayed, A. Jahun, M. Hosmillo, I. A. Ferreira, C.
Rees-Spear, P. Milcochova, I. U. Lumb, D. Roberts, A. Chandra, N. Temperton, K.
Sharrocks, E. Blane, J. A. Briggs, The COVID-19 Genomics UK (COG-UK) Consortium,
The CITIID-NIHR BioResource COVID-19 Collaboration, K. G. Smith, J. R. Bradley, C.
Smith, R. Goldstein, |. G. Goodfellow, A. Smielewska, J. P. Skittrall, T. Gouliouris, E.
Gkrania-Klotsas, C. J. R. lllingworth, L. E. McCoy, R. K. Gupta, Neutralising antibodies
drive Spike mediated SARS-CoV-2 evasion. medRxiv, 2020.12.05.20241927 (2020).

S. Kemp, W. Harvey, R. Datir, D. Collier, I. Ferreira, A. Carabelii, D. L. Robertson, R. K.
Gupta, Recurrent emergence and transmission of a SARS-CoV-2 Spike deletion AH69/V70.
Cold Spring Harbor Laboratory (2020), p. 2020.12.14.422555.

Google, COVID-19 Community Mobility Reports, (available at
https://www.google.com/covid19/mobility/).

C. I. Jarvis, K. Van Zandvoort, A. Gimma, K. Prem, CMMID COVID-19 working group, P.
Klepac, G. J. Rubin, W. J. Edmunds, Quantifying the impact of physical distance measures
on the transmission of COVID-19 in the UK. BMC Med. 18, 124 (2020).

Nicholas G Davies, Rosanna C Barnard, Christopher | Jarvis, Timothy W Russell, Malcolm
G Semple, Mark Jit, W John Edmunds, on behalf of the Centre for Mathematical Modelling
of Infectious Diseases COVID-19 Working Group and ISARIC4C investigators, Assessment
of tiered restrictions and a second lockdown on COVID-19 deaths and hospitalisations in

65


http://paperpile.com/b/sPLOZK/kKeb5
http://paperpile.com/b/sPLOZK/kKeb5
https://www.gov.uk/government/publications/investigation-of-novel-sars-cov-2-variant-variant-of-concern-20201201
https://www.gov.uk/government/publications/investigation-of-novel-sars-cov-2-variant-variant-of-concern-20201201
http://paperpile.com/b/sPLOZK/kKeb5
http://paperpile.com/b/sPLOZK/98B6
https://cov-lineages.org/global_report_B.1.1.7.html
http://paperpile.com/b/sPLOZK/98B6
http://paperpile.com/b/sPLOZK/N5ndr
http://paperpile.com/b/sPLOZK/N5ndr
http://paperpile.com/b/sPLOZK/N5ndr
http://paperpile.com/b/sPLOZK/N5ndr
http://paperpile.com/b/sPLOZK/N5ndr
http://paperpile.com/b/sPLOZK/N5ndr
http://paperpile.com/b/sPLOZK/N5ndr
http://paperpile.com/b/sPLOZK/N5ndr
http://paperpile.com/b/sPLOZK/I9ThG
http://paperpile.com/b/sPLOZK/I9ThG
http://paperpile.com/b/sPLOZK/I9ThG
http://paperpile.com/b/sPLOZK/I9ThG
http://paperpile.com/b/sPLOZK/I9ThG
http://paperpile.com/b/sPLOZK/I9ThG
http://paperpile.com/b/sPLOZK/jfIio
http://paperpile.com/b/sPLOZK/jfIio
http://paperpile.com/b/sPLOZK/jfIio
http://paperpile.com/b/sPLOZK/jfIio
http://paperpile.com/b/sPLOZK/jfIio
http://paperpile.com/b/sPLOZK/jfIio
http://paperpile.com/b/sPLOZK/jfIio
http://paperpile.com/b/sPLOZK/bth4D
http://paperpile.com/b/sPLOZK/bth4D
http://paperpile.com/b/sPLOZK/bth4D
http://paperpile.com/b/sPLOZK/bth4D
http://paperpile.com/b/sPLOZK/bth4D
http://dx.doi.org/10.1101/2020.09.30.318311
http://paperpile.com/b/sPLOZK/bth4D
http://paperpile.com/b/sPLOZK/4H5FZ
http://paperpile.com/b/sPLOZK/4H5FZ
http://paperpile.com/b/sPLOZK/4H5FZ
http://paperpile.com/b/sPLOZK/4H5FZ
http://paperpile.com/b/sPLOZK/4H5FZ
http://paperpile.com/b/sPLOZK/4H5FZ
http://paperpile.com/b/sPLOZK/4H5FZ
http://paperpile.com/b/sPLOZK/4H5FZ
http://paperpile.com/b/sPLOZK/4H5FZ
http://paperpile.com/b/sPLOZK/vd02l
http://paperpile.com/b/sPLOZK/vd02l
http://paperpile.com/b/sPLOZK/vd02l
http://paperpile.com/b/sPLOZK/vd02l
http://paperpile.com/b/sPLOZK/LXcak
https://www.google.com/covid19/mobility/
http://paperpile.com/b/sPLOZK/LXcak
http://paperpile.com/b/sPLOZK/klD61
http://paperpile.com/b/sPLOZK/klD61
http://paperpile.com/b/sPLOZK/klD61
http://paperpile.com/b/sPLOZK/klD61
http://paperpile.com/b/sPLOZK/klD61
http://paperpile.com/b/sPLOZK/klD61
http://paperpile.com/b/sPLOZK/klD61
http://paperpile.com/b/sPLOZK/Ot5pS
http://paperpile.com/b/sPLOZK/Ot5pS

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

England: a modelling study, Lancet Infectious Diseases,
https://doi.org/10.1016/S1473-3099(20)30984-1 (2020).

Data - COG-UK Consortium, (available at https://www.cogconsortium.uk/data/).

L. Ferretti, A. Ledda, C. Wymant, L. Zhao, V. Ledda, L. A.- Dorner, M. Kendall, A. Nurtay,
H.-Y. Cheng, T.-C. Ng, H.-H. Lin, R. Hinch, J. Masel, A. Marm Kilpatrick, C. Fraser, The
timing of COVID-19 transmission. medRxiv, 2020.09.04.20188516 (2020).

N. G. Davies, A. J. Kucharski, R. M. Eggo, A. Gimma, W. J. Edmunds, Centre for the
Mathematical Modelling of Infectious Diseases COVID-19 working group, Effects of

non-pharmaceutical interventions on COVID-19 cases, deaths, and demand for hospital
services in the UK: a modelling study. Lancet Public Health. 5, e375—e385 (2020).

Real-Time Assessment of Community Transmission: Findings, (available at
https://www.imperial.ac.uk/medicine/research-and-impact/groups/react-study/real-time-asse
ssment-of-community-transmission-findings/).

Nicholas G Davies, Rosanna C Barnard, Christopher | Jarvis, Timothy W Russell, Malcolm
G Semple, Mark Jit, W John Edmunds, on behalf of the Centre for Mathematical Modelling
of Infectious Diseases COVID-19 Working Group and ISARIC4C investigators, Assessment
of tiered restrictions and a second lockdown on COVID-19 deaths and hospitalisations in
England: a modelling study, Lancet Infectious Diseases,
https://doi.org/10.1016/S1473-3099(20)30984-1 (2020).

A. Sarah Walker, K.-D. Vihta, O. Gethings, E. Pritchard, J. Jones, T. House, I. Bell, J. I.
Bell, J. N. Newton, J. Farrar, |. Diamond, R. Studley, E. Rourke, J. Hay, S. Hopkins, D.
Crook, T. Peto, P. C. Matthews, D. W. Eyre, N. Stoesser, K. B. Pouwels, COVID-19

Infection Survey team, Increased infections, but not viral burden, with a new SARS-CoV-2
variant. medRXxiv, 2021.01.13.21249721 (2021).

NERVTAG, “NERVTAG meeting on SARS-CoV-2 variant under investigation
VUI-202012/01,” (available at
https://khub.net/documents/135939561/338928724/SARS-CoV-2+variant+under+investigati
on%2C+meeting+minutes.pdf/962e866b-161f-2fd5-1030-32b6ab467896).

N. G. Davies, P. Klepac, Y. Liu, K. Prem, M. Jit, CMMID COVID-19 working group, R. M.
Eggo, Age-dependent effects in the transmission and control of COVID-19 epidemics. Nat.
Med. 26, 1205-1211 (2020).

R. M. Viner, O. T. Mytton, C. Bonell, G. J. Melendez-Torres, J. Ward, L. Hudson, C.
Waddington, J. Thomas, S. Russell, F. van der Klis, A. Koirala, S. Ladhani, J.
Panovska-Griffiths, N. G. Davies, R. Booy, R. M. Eggo, Susceptibility to SARS-CoV-2
Infection Among Children and Adolescents Compared With Adults: A Systematic Review
and Meta-analysis. JAMA Pediatr. (2020), doi:10.1001/jamapediatrics.2020.4573.

K. W. Ng, N. Faulkner, G. H. Cornish, A. Rosa, R. Harvey, S. Hussain, R. Ulferts, C. Earl,
A. G. Wrobel, D. J. Benton, C. Roustan, W. Bolland, R. Thompson, A. Agua-Doce, P.
Hobson, J. Heaney, H. Rickman, S. Paraskevopoulou, C. F. Houlihan, K. Thomson, E.
Sanchez, G. Y. Shin, M. J. Spyer, D. Joshi, N. O'Reilly, P. A. Walker, S. Kjaer, A. Riddell,
C. Moore, B. R. Jebson, M. Wilkinson, L. R. Marshall, E. C. Rosser, A. Radziszewska, H.
Peckham, C. Ciurtin, L. R. Wedderburn, R. Beale, C. Swanton, S. Gandhi, B. Stockinger, J.

66


http://paperpile.com/b/sPLOZK/Ot5pS
http://paperpile.com/b/sPLOZK/Ot5pS
http://paperpile.com/b/sPLOZK/Ot5pS
http://paperpile.com/b/sPLOZK/Ot5pS
http://paperpile.com/b/sPLOZK/trESn
https://www.cogconsortium.uk/data/
http://paperpile.com/b/sPLOZK/trESn
http://paperpile.com/b/sPLOZK/mAYwx
http://paperpile.com/b/sPLOZK/mAYwx
http://paperpile.com/b/sPLOZK/mAYwx
http://paperpile.com/b/sPLOZK/mAYwx
http://paperpile.com/b/sPLOZK/mAYwx
http://paperpile.com/b/sPLOZK/oeafT
http://paperpile.com/b/sPLOZK/oeafT
http://paperpile.com/b/sPLOZK/oeafT
http://paperpile.com/b/sPLOZK/oeafT
http://paperpile.com/b/sPLOZK/oeafT
http://paperpile.com/b/sPLOZK/oeafT
http://paperpile.com/b/sPLOZK/oeafT
http://paperpile.com/b/sPLOZK/oeafT
http://paperpile.com/b/sPLOZK/9l3Bd
https://www.imperial.ac.uk/medicine/research-and-impact/groups/react-study/real-time-assessment-of-community-transmission-findings/
https://www.imperial.ac.uk/medicine/research-and-impact/groups/react-study/real-time-assessment-of-community-transmission-findings/
http://paperpile.com/b/sPLOZK/9l3Bd
http://paperpile.com/b/sPLOZK/ThDZR
http://paperpile.com/b/sPLOZK/ppo8
http://paperpile.com/b/sPLOZK/ppo8
http://paperpile.com/b/sPLOZK/ppo8
http://paperpile.com/b/sPLOZK/ppo8
http://paperpile.com/b/sPLOZK/ppo8
http://paperpile.com/b/sPLOZK/ppo8
http://paperpile.com/b/sPLOZK/ppo8
http://paperpile.com/b/sPLOZK/Fu3PW
http://paperpile.com/b/sPLOZK/Fu3PW
https://khub.net/documents/135939561/338928724/SARS-CoV-2+variant+under+investigation%2C+meeting+minutes.pdf/962e866b-161f-2fd5-1030-32b6ab467896
https://khub.net/documents/135939561/338928724/SARS-CoV-2+variant+under+investigation%2C+meeting+minutes.pdf/962e866b-161f-2fd5-1030-32b6ab467896
http://paperpile.com/b/sPLOZK/Fu3PW
http://paperpile.com/b/sPLOZK/UpfAi
http://paperpile.com/b/sPLOZK/UpfAi
http://paperpile.com/b/sPLOZK/UpfAi
http://paperpile.com/b/sPLOZK/UpfAi
http://paperpile.com/b/sPLOZK/UpfAi
http://paperpile.com/b/sPLOZK/UpfAi
http://paperpile.com/b/sPLOZK/UpfAi
http://paperpile.com/b/sPLOZK/frF7C
http://paperpile.com/b/sPLOZK/frF7C
http://paperpile.com/b/sPLOZK/frF7C
http://paperpile.com/b/sPLOZK/frF7C
http://paperpile.com/b/sPLOZK/frF7C
http://paperpile.com/b/sPLOZK/frF7C
http://paperpile.com/b/sPLOZK/frF7C
http://dx.doi.org/10.1001/jamapediatrics.2020.4573
http://paperpile.com/b/sPLOZK/frF7C
http://paperpile.com/b/sPLOZK/BXS7z
http://paperpile.com/b/sPLOZK/BXS7z
http://paperpile.com/b/sPLOZK/BXS7z
http://paperpile.com/b/sPLOZK/BXS7z
http://paperpile.com/b/sPLOZK/BXS7z
http://paperpile.com/b/sPLOZK/BXS7z

22.

23.

24.

25.

26.

27.

28.

29.

McCauley, S. J. Gamblin, L. E. McCoy, P. Cherepanov, E. Nastouli, G. Kassiotis,

Preexisting and de novo humoral immunity to SARS-CoV-2 in humans. Science. 370,
1339-1343 (2020).

S. A. Frank, Models of parasite virulence. Q. Rev. Biol. 71 (1996), doi:10.1086/419267.

Public Health England, National flu and COVID-19 surveillance reports (2020), (available at
https://www.gov.uk/government/statistics/national-flu-and-covid-19-surveillance-reports).

E. C. Thomson, L. E. Rosen, J. G. Shepherd, R. Spreafico, A. da Silva Filipe, J. A.
Wojcechowskyj, C. Davis, L. Piccoli, D. J. Pascall, J. Dillen, S. Lytras, N. Czudnochowski,
R. Shah, M. Meury, N. Jesudason, A. De Marco, K. Li, J. Bassi, A. O'Toole, D. Pinto, R. M.
Colquhoun, K. Culap, B. Jackson, F. Zatta, A. Rambaut, S. Jaconi, V. B. Sreenu, J. Nix, R.
F. Jarrett, M. Beltramello, K. Nomikou, M. Pizzuto, L. Tong, E. Cameroni, N. Johnson, A.
Wickenhagen, A. Ceschi, D. Mair, P. Ferrari, K. Smollett, F. Sallusto, S. Carmichael, C.
Garzoni, J. Nichols, M. Galli, J. Hughes, A. Riva, A. Ho, M. G. Semple, P. J. M. Openshaw,
J. Kenneth Baillie, The ISARIC4C Investigators, the COVID-19 Genomics UK (COG-UK)
consortium, S. J. Rihn, S. J. Lycett, H. W. Virgin, A. Telenti, D. Corti, D. L. Robertson, G.
Snell, The circulating SARS-CoV-2 spike variant N439K maintains fitness while evading
antibody-mediated immunity. Cold Spring Harbor Laboratory (2020), p. 2020.11.04.355842.

H. Tegally, E. Wilkinson, M. Giovanetti, A. Iranzadeh, V. Fonseca, J. Giandhari, D.
Doolabh, S. Pillay, E. J. San, N. Msomi, K. Mlisana, A. von Gottberg, S. Walaza, M. Allam,
A. Ismail, T. Mohale, A. J. Glass, S. Engelbrecht, G. Van Zyl, W. Preiser, F. Petruccione, A.
Sigal, D. Hardie, G. Marais, M. Hsiao, S. Korsman, M.-A. Davies, L. Tyers, |I. Mudau, D.
York, C. Maslo, D. Goedhals, S. Abrahams, O. Laguda-Akingba, A. Alisoltani-Dehkordi, A.
Godzik, C. K. Wibmer, B. T. Sewell, J. Lourenco, L. C. J. Alcantara, S. L. Kosakovsky
Pond, S. Weaver, D. Martin, R. J. Lessells, J. N. Bhiman, C. Williamson, T. de de Oliveira,
Emergence and rapid spread of a new severe acute respiratory syndrome-related
coronavirus 2 (SARS-CoV-2) lineage with multiple spike mutations in South Africa.
medRxiv, 2020.12.21.20248640 (2020).

F. Naveca, C. da Costa, V. Nascimento, V. Souza, A. Corado, F. Nascimento, A. Costa, D.
Duarte, G. Silva, M. Mejia, K. Pessoa, L. Gongalves, M. J. Brandao, M. Jesus, R. Pinto, M.
Silva, T. Mattos, L. Abdalla, J. H. Santos, R. Costa-Filho, G. Luz Wallau, M. Mendonga
Siqueira, E. Delatorre, T. Graf, G. Bello, P. C. Resende, SARS-CoV-2 reinfection by the
new Variant of Concern (VOC) P.1 in Amazonas, Brazil (2021), (available at
https://virological.org/t/sars-cov-2-reinfection-by-the-new-variant-of-concern-voc-p-1-in-ama
zonas-brazil/596).

K. T. D. Eames, N. L. Tilston, W. J. Edmunds, The impact of school holidays on the social
mixing patterns of school children, Epidemics, 3, 103—108 (2011).

Imperial College London, Microreact - Open data visualization and sharing for genomic
epidemiology, (available at
https://beta.microreact.org/project/kcdhiZuzrAzPb52gmMB9bj-cog-uk-2020-12-18-sars-cov-
2-in-the-uk/).

S. Abbott, J. Hellewell, R. N. Thompson, K. Sherratt, H. P. Gibbs, N. I. Bosse, J. D.
Munday, S. Meakin, E. L. Doughty, J. Y. Chun, Y.-W. D. Chan, F. Finger, P. Campbell, A.
Endo, C. A. B. Pearson, A. Gimma, T. Russell, S. Flasche, A. J. Kucharski, R. M. Eggo, S.
Funk, CMMID COVID modelling group, Estimating the time-varying reproduction number of

67


http://paperpile.com/b/sPLOZK/BXS7z
http://paperpile.com/b/sPLOZK/BXS7z
http://paperpile.com/b/sPLOZK/BXS7z
http://paperpile.com/b/sPLOZK/BXS7z
http://paperpile.com/b/sPLOZK/BXS7z
http://paperpile.com/b/sPLOZK/BXS7z
http://paperpile.com/b/sPLOZK/BXS7z
http://paperpile.com/b/sPLOZK/h0GW
http://paperpile.com/b/sPLOZK/h0GW
http://paperpile.com/b/sPLOZK/h0GW
http://paperpile.com/b/sPLOZK/h0GW
http://paperpile.com/b/sPLOZK/h0GW
http://dx.doi.org/10.1086/419267
http://paperpile.com/b/sPLOZK/h0GW
http://paperpile.com/b/sPLOZK/wTqZ3
https://www.gov.uk/government/statistics/national-flu-and-covid-19-surveillance-reports
http://paperpile.com/b/sPLOZK/wTqZ3
http://paperpile.com/b/sPLOZK/jMKLR
http://paperpile.com/b/sPLOZK/jMKLR
http://paperpile.com/b/sPLOZK/jMKLR
http://paperpile.com/b/sPLOZK/jMKLR
http://paperpile.com/b/sPLOZK/jMKLR
http://paperpile.com/b/sPLOZK/jMKLR
http://paperpile.com/b/sPLOZK/jMKLR
http://paperpile.com/b/sPLOZK/jMKLR
http://paperpile.com/b/sPLOZK/jMKLR
http://paperpile.com/b/sPLOZK/jMKLR
http://paperpile.com/b/sPLOZK/jMKLR
http://paperpile.com/b/sPLOZK/jMKLR
http://paperpile.com/b/sPLOZK/jMKLR
http://paperpile.com/b/sPLOZK/xAIbz
http://paperpile.com/b/sPLOZK/xAIbz
http://paperpile.com/b/sPLOZK/xAIbz
http://paperpile.com/b/sPLOZK/xAIbz
http://paperpile.com/b/sPLOZK/xAIbz
http://paperpile.com/b/sPLOZK/xAIbz
http://paperpile.com/b/sPLOZK/xAIbz
http://paperpile.com/b/sPLOZK/xAIbz
http://paperpile.com/b/sPLOZK/xAIbz
http://paperpile.com/b/sPLOZK/xAIbz
http://paperpile.com/b/sPLOZK/xAIbz
http://paperpile.com/b/sPLOZK/EzEw
http://paperpile.com/b/sPLOZK/EzEw
https://virological.org/t/sars-cov-2-reinfection-by-the-new-variant-of-concern-voc-p-1-in-amazonas-brazil/596
https://virological.org/t/sars-cov-2-reinfection-by-the-new-variant-of-concern-voc-p-1-in-amazonas-brazil/596
http://paperpile.com/b/sPLOZK/EzEw
http://paperpile.com/b/sPLOZK/QJCJ1
http://paperpile.com/b/sPLOZK/QJCJ1
http://paperpile.com/b/sPLOZK/QJCJ1
http://paperpile.com/b/sPLOZK/QJCJ1
http://paperpile.com/b/sPLOZK/QJCJ1
http://paperpile.com/b/sPLOZK/QJCJ1
http://paperpile.com/b/sPLOZK/UNr1g
http://paperpile.com/b/sPLOZK/UNr1g
https://beta.microreact.org/project/kcdhiZuzrAzPb52qmMB9bj-cog-uk-2020-12-18-sars-cov-2-in-the-uk/
https://beta.microreact.org/project/kcdhiZuzrAzPb52qmMB9bj-cog-uk-2020-12-18-sars-cov-2-in-the-uk/
http://paperpile.com/b/sPLOZK/UNr1g
http://paperpile.com/b/sPLOZK/lTg9k
http://paperpile.com/b/sPLOZK/lTg9k
http://paperpile.com/b/sPLOZK/lTg9k
http://paperpile.com/b/sPLOZK/lTg9k

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

SARS-CoV-2 using national and subnational case counts. Wellcome Open Research. 5
(2020), p. 112.

T. Ganyani, C. Kremer, D. Chen, A. Torneri, C. Faes, J. Wallinga, N. Hens, Estimating the
generation interval for coronavirus disease (COVID-19) based on symptom onset data,
March 2020. Euro Surveill. 25 (2020), doi:10.2807/1560-7917.ES.2020.25.17.2000257.

K. Sherratt, S. Abbott, S. R. Meakin, J. Hellewell, J. D. Munday, N. Bosse, CMMID
Covid-19 working group, M. Jit, S. Funk, Evaluating the use of the reproduction number as
an epidemiological tool, using spatio-temporal trends of the Covid-19 outbreak in England.
medRxiv, 2020.10.18.20214585 (2020).

Sam Abbott, Joel Hellewell, Katharine Sherratt, Katelyn Gostic, Joe Hickson, Hamada S. Badr,
Michael DeWitt, Robin Thompson, EpiForecasts, and Sebastian Funk (2020). EpiNow?2:
Estimate Real-Time Case Counts and Time-Varying Epidemiological Parameters, DOI:
10.5281/zen0do.3957489

A. Rambaut, E. C. Holmes, A. O’'Toole, V. Hill, J. T. McCrone, C. Ruis, L. du Plessis, O. G.
Pybus, A dynamic nomenclature proposal for SARS-CoV-2 lineages to assist genomic
epidemiology. Nat Microbiol. 5, 1403—-1407 (2020).

J. Helske, KFAS: Exponential family state space models in R. Journal of Statistical
Software. 78, doi:10.18637/jss.v078.i10.

J. T. Morton, C. Marotz, A. Washburne, J. Silverman, L. S. Zaramela, A. Edlund, K.
Zengler, R. Knight, Establishing microbial composition measurement standards with
reference frames. Nat. Commun. 10, 2719 (2019).

A. D. Washburne, D. E. Crowley, D. J. Becker, K. R. Manlove, M. L. Childs, R. K. Plowright,
Percolation models of pathogen spillover. Philos. Trans. R. Soc. Lond. B Biol. Sci. 374,
20180331 (2019).

M. Travisano, R. E. Lenski, Long-term experimental evolution in Escherichia coli. IV.
Targets of selection and the specificity of adaptation. Genetics. 143, 15-26 (1996).

L.-M. Chevin, On measuring selection in experimental evolution. Biology Letters. 7 (2011),
pp. 210-213.

T. Day, S. Gandon, Applying population-genetic models in theoretical evolutionary
epidemiology. Ecol. Lett. 10, 876-888 (2007).

S. W. Park, B. M. Bolker, D. Champredon, D. J. D. Earn, M. Li, J. S. Weitz, B. T. Grenfell, J.
Dushoff, Reconciling early-outbreak estimates of the basic reproductive number and its
uncertainty: framework and applications to the novel coronavirus (SARS-CoV-2) outbreak.
J. R. Soc. Interface. 17, 20200144 (2020).

J. Wallinga, M. Lipsitch, How generation intervals shape the relationship between growth
rates and reproductive numbers. Proc. Biol. Sci. 274, 599-604 (2007).

E. B. Hodcroft, M. Zuber, S. Nadeau, K. H. D. Crawford, J. D. Bloom, D. Veesler, T. G.

Vaughan, I. Comas, F. G. Candelas, T. Stadler, R. A. Neher, Emergence and spread of a
SARS-CoV-2 variant through Europe in the summer of 2020. medRxiv (2020),

68


http://paperpile.com/b/sPLOZK/lTg9k
http://paperpile.com/b/sPLOZK/lTg9k
http://paperpile.com/b/sPLOZK/lTg9k
http://paperpile.com/b/sPLOZK/lTg9k
http://paperpile.com/b/sPLOZK/lTg9k
http://paperpile.com/b/sPLOZK/lTg9k
http://paperpile.com/b/sPLOZK/zPU9
http://paperpile.com/b/sPLOZK/zPU9
http://paperpile.com/b/sPLOZK/zPU9
http://paperpile.com/b/sPLOZK/zPU9
http://paperpile.com/b/sPLOZK/zPU9
http://paperpile.com/b/sPLOZK/zPU9
http://paperpile.com/b/sPLOZK/zPU9
http://dx.doi.org/10.2807/1560-7917.ES.2020.25.17.2000257
http://paperpile.com/b/sPLOZK/zPU9
http://paperpile.com/b/sPLOZK/9stiZ
http://paperpile.com/b/sPLOZK/9stiZ
http://paperpile.com/b/sPLOZK/9stiZ
http://paperpile.com/b/sPLOZK/9stiZ
http://paperpile.com/b/sPLOZK/9stiZ
http://paperpile.com/b/sPLOZK/fzQ8
http://paperpile.com/b/sPLOZK/fzQ8
http://paperpile.com/b/sPLOZK/fzQ8
http://paperpile.com/b/sPLOZK/fzQ8
http://paperpile.com/b/sPLOZK/fzQ8
http://paperpile.com/b/sPLOZK/fzQ8
http://paperpile.com/b/sPLOZK/fzQ8
http://paperpile.com/b/sPLOZK/pdUc
http://paperpile.com/b/sPLOZK/pdUc
http://paperpile.com/b/sPLOZK/pdUc
http://paperpile.com/b/sPLOZK/pdUc
http://paperpile.com/b/sPLOZK/pdUc
http://paperpile.com/b/sPLOZK/pdUc
http://dx.doi.org/10.18637/jss.v078.i10
http://paperpile.com/b/sPLOZK/pdUc
http://paperpile.com/b/sPLOZK/oeYL
http://paperpile.com/b/sPLOZK/oeYL
http://paperpile.com/b/sPLOZK/oeYL
http://paperpile.com/b/sPLOZK/oeYL
http://paperpile.com/b/sPLOZK/oeYL
http://paperpile.com/b/sPLOZK/oeYL
http://paperpile.com/b/sPLOZK/oeYL
http://paperpile.com/b/sPLOZK/XAcX
http://paperpile.com/b/sPLOZK/XAcX
http://paperpile.com/b/sPLOZK/XAcX
http://paperpile.com/b/sPLOZK/XAcX
http://paperpile.com/b/sPLOZK/XAcX
http://paperpile.com/b/sPLOZK/XAcX
http://paperpile.com/b/sPLOZK/XAcX
http://paperpile.com/b/sPLOZK/9Ajl
http://paperpile.com/b/sPLOZK/9Ajl
http://paperpile.com/b/sPLOZK/9Ajl
http://paperpile.com/b/sPLOZK/9Ajl
http://paperpile.com/b/sPLOZK/9Ajl
http://paperpile.com/b/sPLOZK/9Ajl
http://paperpile.com/b/sPLOZK/03aY
http://paperpile.com/b/sPLOZK/03aY
http://paperpile.com/b/sPLOZK/03aY
http://paperpile.com/b/sPLOZK/03aY
http://paperpile.com/b/sPLOZK/03aY
http://paperpile.com/b/sPLOZK/03aY
http://paperpile.com/b/sPLOZK/Pwxp
http://paperpile.com/b/sPLOZK/Pwxp
http://paperpile.com/b/sPLOZK/Pwxp
http://paperpile.com/b/sPLOZK/Pwxp
http://paperpile.com/b/sPLOZK/Pwxp
http://paperpile.com/b/sPLOZK/Pwxp
http://paperpile.com/b/sPLOZK/Y5AD
http://paperpile.com/b/sPLOZK/Y5AD
http://paperpile.com/b/sPLOZK/Y5AD
http://paperpile.com/b/sPLOZK/Y5AD
http://paperpile.com/b/sPLOZK/Y5AD
http://paperpile.com/b/sPLOZK/Y5AD
http://paperpile.com/b/sPLOZK/Y5AD
http://paperpile.com/b/sPLOZK/HW57
http://paperpile.com/b/sPLOZK/HW57
http://paperpile.com/b/sPLOZK/HW57
http://paperpile.com/b/sPLOZK/HW57
http://paperpile.com/b/sPLOZK/HW57
http://paperpile.com/b/sPLOZK/HW57
http://paperpile.com/b/sPLOZK/BGhF
http://paperpile.com/b/sPLOZK/BGhF
http://paperpile.com/b/sPLOZK/BGhF
http://paperpile.com/b/sPLOZK/BGhF
http://paperpile.com/b/sPLOZK/BGhF

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

doi:10.1101/2020.10.25.20219063.

Royal Statistical Society Publications, (available at
https://rss.onlinelibrary.wiley.com/doi/10.1111/j.1467-985X.2004.00365.x).

V. 1. 5. Emmeans package, Transformations and link functions in emmeans, (available at
https://cran.r-project.org/web/packages/emmeans/vignettes/transformations.html#bias-adj).

Danish Covid-19 Genome Consortium, (available at
https://www.covid19genomics.dk/statistics).

B. Ripley, Feed-Forward Neural Networks and Multinomial Log-Linear Models [R package
nnet version 7.3-14] (2020) (available at https://CRAN.R-project.org/package=nnet).

R. V. Lenth, V. 1. 5. Emmeans package, Models supported by emmeans, (available at
https://cran.r-project.org/web/packages/emmeans/vignettes/models.html).

Official UK Coronavirus Dashboard, (available at
https://coronavirus.data.gov.uk/details/healthcare).

H. Gibbs, C. I. Jarvis, R. M. Eggo, uk_tier_data, (available at
https://zenodo.org/record/4421649)

Office for National Statistics, ONSgeo/Covid19_Tiers, (available at
https://github.com/ONSgeo/Covid19_Tiers).

S. Abbott, S, epiforecasts/EpiNow?2: Initial release, (available at
https://zenodo.org/record/3957490)

P.-C. Burkner, Advanced Bayesian Multilevel Modeling with the R Package brms. R J. 10,
395-411 (2018).

Public Health England, Investigation of novel SARS-CoV-2 variant Variant of Concern
202012/01 Technical briefing 3, (available at
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_d
ata/file/950823/Variant_of Concern_VOC _202012_01_Technical_Briefing_3 - England.pd
f).

R. V. Lenth, Estimated Marginal Means, aka Least-Squares Means [R package emmeans
version 1.5.3] (2020) (available at https://CRAN.R-project.org/package=emmeans).

C. J. F. T. Braak, C. J. F. Ter Braak, A Markov Chain Monte Carlo version of the genetic
algorithm Differential Evolution: easy Bayesian computing for real parameter spaces.
Statistics and Computing. 16 (2006), pp. 239-249.

Danish Covid-19 Genome Consortium, (available at
https://www.covid19genomics.dk/statistics).

Public Health England, Investigation of novel SARS-CoV-2 variant Variant of Concern
202012/01 Technical briefing 3, (available at
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_d
ata/file/950823/Variant_of Concern_VOC_202012_01_Technical_Briefing_3 - England.pd
f).

69


http://paperpile.com/b/sPLOZK/BGhF
http://dx.doi.org/10.1101/2020.10.25.20219063
http://paperpile.com/b/sPLOZK/BGhF
http://paperpile.com/b/sPLOZK/buFu
https://rss.onlinelibrary.wiley.com/doi/10.1111/j.1467-985X.2004.00365.x
http://paperpile.com/b/sPLOZK/buFu
http://paperpile.com/b/sPLOZK/G2hu
https://cran.r-project.org/web/packages/emmeans/vignettes/transformations.html#bias-adj
http://paperpile.com/b/sPLOZK/G2hu
http://paperpile.com/b/sPLOZK/mz6I
https://www.covid19genomics.dk/statistics
http://paperpile.com/b/sPLOZK/mz6I
http://paperpile.com/b/sPLOZK/bSw9
http://paperpile.com/b/sPLOZK/bSw9
https://cran.r-project.org/package=nnet
http://paperpile.com/b/sPLOZK/bSw9
http://paperpile.com/b/sPLOZK/SnJw
https://cran.r-project.org/web/packages/emmeans/vignettes/models.html
http://paperpile.com/b/sPLOZK/SnJw
http://paperpile.com/b/sPLOZK/SxuQ
https://coronavirus.data.gov.uk/details/healthcare
http://paperpile.com/b/sPLOZK/SxuQ
http://paperpile.com/b/sPLOZK/XLxo
https://github.com/ONSgeo/Covid19_Tiers
http://paperpile.com/b/sPLOZK/XLxo
http://paperpile.com/b/sPLOZK/smw6
http://paperpile.com/b/sPLOZK/smw6
http://paperpile.com/b/sPLOZK/smw6
http://paperpile.com/b/sPLOZK/smw6
http://paperpile.com/b/sPLOZK/smw6
http://paperpile.com/b/sPLOZK/smw6
http://paperpile.com/b/sPLOZK/C2m7
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/950823/Variant_of_Concern_VOC_202012_01_Technical_Briefing_3_-_England.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/950823/Variant_of_Concern_VOC_202012_01_Technical_Briefing_3_-_England.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/950823/Variant_of_Concern_VOC_202012_01_Technical_Briefing_3_-_England.pdf
http://paperpile.com/b/sPLOZK/C2m7
http://paperpile.com/b/sPLOZK/ji7f
http://paperpile.com/b/sPLOZK/ji7f
https://cran.r-project.org/package=emmeans
http://paperpile.com/b/sPLOZK/ji7f
http://paperpile.com/b/sPLOZK/1vfHx
http://paperpile.com/b/sPLOZK/1vfHx
http://paperpile.com/b/sPLOZK/1vfHx
http://paperpile.com/b/sPLOZK/1vfHx
http://paperpile.com/b/sPLOZK/1vfHx
http://paperpile.com/b/sPLOZK/1vfHx
http://paperpile.com/b/sPLOZK/ZfWh
https://www.covid19genomics.dk/statistics
http://paperpile.com/b/sPLOZK/ZfWh
http://paperpile.com/b/sPLOZK/IlOi
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/950823/Variant_of_Concern_VOC_202012_01_Technical_Briefing_3_-_England.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/950823/Variant_of_Concern_VOC_202012_01_Technical_Briefing_3_-_England.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/950823/Variant_of_Concern_VOC_202012_01_Technical_Briefing_3_-_England.pdf
http://paperpile.com/b/sPLOZK/IlOi

58

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

S. M. Kissler, C. Tedijanto, E. Goldstein, Y. H. Grad, M. Lipsitch, Projecting the
transmission dynamics of SARS-CoV-2 through the postpandemic period. Science. 368,
860-868 (2020).

A. B. Docherty, E. M. Harrison, C. A. Green, H. E. Hardwick, R. Pius, L. Norman, K. A.
Holden, J. M. Read, F. Dondelinger, G. Carson, L. Merson, J. Lee, D. Plotkin, L. Sigfrid, S.
Halpin, C. Jackson, C. Gamble, P. W. Horby, J. S. Nguyen-Van-Tam, A. Ho, C. D. Russell,
J. Dunning, P. J. Openshaw, J. K. Baillie, M. G. Semple, ISARIC4C investigators, Features
of 20 133 UK patients in hospital with covid-19 using the ISARIC WHO Clinical
Characterisation Protocol: prospective observational cohort study. BMJ. 369, m1985
(2020).

H. Salje, C. Tran Kiem, N. Lefrancq, N. Courtejoie, P. Bosetti, J. Paireau, A. Andronico, N.
Hozé, J. Richet, C.-L. Dubost, Y. Le Strat, J. Lessler, D. Levy-Bruhl, A. Fontanet, L.
Opatowski, P.-Y. Boelle, S. Cauchemez, Estimating the burden of SARS-CoV-2 in France.
Science. 369, 208-211 (2020).

A. T. Levin, W. P. Hanage, N. Owusu-Boaitey, K. B. Cochran, S. P. Walsh, G.
Meyerowitz-Katz, Assessing the age specificity of infection fatality rates for COVID-19:

systematic review, meta-analysis, and public policy implications. Eur. J. Epidemiol. (2020),
doi:10.1007/s10654-020-00698-1.

D. Simpson, Statistical Modeling, Causal Inference, and Social Science, (available at
https://statmodeling.stat.columbia.edu/2018/04/03/justify-my-love/).

S. A Lauer, K. H. Grantz, Q. Bi, F. K. Jones, Q. Zheng, H. R. Meredith, A. S. Azman, N. G.
Reich, J. Lessler, The Incubation Period of Coronavirus Disease 2019 (COVID-19) From
Publicly Reported Confirmed Cases: Estimation and Application. Ann. Intern. Med. 172,
577-582 (2020).

Q. Li, X. Guan, P. Wu, X. Wang, L. Zhou, Y. Tong, R. Ren, K. S. M. Leung, E. H. Y. Lau, J.
Y. Wong, X. Xing, N. Xiang, Y. Wu, C. Li, Q. Chen, D. Li, T. Liu, J. Zhao, M. Liu, W. Tu, C.
Chen, L. Jin, R. Yang, Q. Wang, S. Zhou, R. Wang, H. Liu, Y. Luo, Y. Liu, G. Shao, H. Li, Z.
Tao, Y. Yang, Z. Deng, B. Liu, Z. Ma, Y. Zhang, G. Shi, T. T. Y. Lam, J. T. Wu, G. F. Gao,
B. J. Cowling, B. Yang, G. M. Leung, Z. Feng, Early Transmission Dynamics in Wuhan,
China, of Novel Coronavirus-Infected Pneumonia. N. Engl. J. Med. 382, 1199-1207 (2020).

H. Nishiura, N. M. Linton, A. R. Akhmetzhanov, Serial interval of novel coronavirus
(COVID-19) infections, Int J Inf Dis 93, 284—-286 (2020).

Q. Bi, Y. Wu, S. Meij, C. Ye, X. Zou, Z. Zhang, X. Liu, L. Wei, S. A. Truelove, T. Zhang, W.
Gao, C. Cheng, X. Tang, X. Wu, Y. Wu, B. Sun, S. Huang, Y. Sun, J. Zhang, T. Ma, J.
Lessler, T. Feng, Epidemiology and transmission of COVID-19 in 391 cases and 1286 of
their close contacts in Shenzhen, China: a retrospective cohort study. The Lancet Infectious
Diseases. 20 (2020), pp. 911-919.

J. Mossong, N. Hens, M. Jit, P. Beutels, K. Auranen, R. Mikolajczyk, M. Massari, S.
Salmaso, G. S. Tomba, J. Wallinga, J. Heijne, M. Sadkowska-Todys, M. Rosinska, W. J.
Edmunds, Social contacts and mixing patterns relevant to the spread of infectious diseases.
PLoS Med. 5, e74 (2008).

N. Park, Population estimates for the UK, England and Wales, Scotland and Northern

70


http://paperpile.com/b/sPLOZK/MqYr
http://paperpile.com/b/sPLOZK/MqYr
http://paperpile.com/b/sPLOZK/MqYr
http://paperpile.com/b/sPLOZK/MqYr
http://paperpile.com/b/sPLOZK/MqYr
http://paperpile.com/b/sPLOZK/MqYr
http://paperpile.com/b/sPLOZK/MqYr
http://paperpile.com/b/sPLOZK/3Uzux
http://paperpile.com/b/sPLOZK/3Uzux
http://paperpile.com/b/sPLOZK/3Uzux
http://paperpile.com/b/sPLOZK/3Uzux
http://paperpile.com/b/sPLOZK/3Uzux
http://paperpile.com/b/sPLOZK/3Uzux
http://paperpile.com/b/sPLOZK/3Uzux
http://paperpile.com/b/sPLOZK/3Uzux
http://paperpile.com/b/sPLOZK/3Uzux
http://paperpile.com/b/sPLOZK/3Uzux
http://paperpile.com/b/sPLOZK/3Uzux
http://paperpile.com/b/sPLOZK/6Gp2B
http://paperpile.com/b/sPLOZK/6Gp2B
http://paperpile.com/b/sPLOZK/6Gp2B
http://paperpile.com/b/sPLOZK/6Gp2B
http://paperpile.com/b/sPLOZK/6Gp2B
http://paperpile.com/b/sPLOZK/6Gp2B
http://paperpile.com/b/sPLOZK/6Gp2B
http://paperpile.com/b/sPLOZK/TmShV
http://paperpile.com/b/sPLOZK/TmShV
http://paperpile.com/b/sPLOZK/TmShV
http://paperpile.com/b/sPLOZK/TmShV
http://paperpile.com/b/sPLOZK/TmShV
http://paperpile.com/b/sPLOZK/TmShV
http://dx.doi.org/10.1007/s10654-020-00698-1
http://paperpile.com/b/sPLOZK/TmShV
http://paperpile.com/b/sPLOZK/amZv
https://statmodeling.stat.columbia.edu/2018/04/03/justify-my-love/
http://paperpile.com/b/sPLOZK/amZv
http://paperpile.com/b/sPLOZK/PvKcr
http://paperpile.com/b/sPLOZK/PvKcr
http://paperpile.com/b/sPLOZK/PvKcr
http://paperpile.com/b/sPLOZK/PvKcr
http://paperpile.com/b/sPLOZK/PvKcr
http://paperpile.com/b/sPLOZK/PvKcr
http://paperpile.com/b/sPLOZK/PvKcr
http://paperpile.com/b/sPLOZK/PvKcr
http://paperpile.com/b/sPLOZK/s2KH2
http://paperpile.com/b/sPLOZK/s2KH2
http://paperpile.com/b/sPLOZK/s2KH2
http://paperpile.com/b/sPLOZK/s2KH2
http://paperpile.com/b/sPLOZK/s2KH2
http://paperpile.com/b/sPLOZK/s2KH2
http://paperpile.com/b/sPLOZK/s2KH2
http://paperpile.com/b/sPLOZK/s2KH2
http://paperpile.com/b/sPLOZK/s2KH2
http://paperpile.com/b/sPLOZK/s2KH2
http://paperpile.com/b/sPLOZK/sEmRB
http://paperpile.com/b/sPLOZK/sEmRB
http://paperpile.com/b/sPLOZK/sEmRB
http://paperpile.com/b/sPLOZK/sEmRB
http://paperpile.com/b/sPLOZK/sEmRB
http://paperpile.com/b/sPLOZK/sEmRB
http://paperpile.com/b/sPLOZK/sEmRB
http://paperpile.com/b/sPLOZK/Ti0NT
http://paperpile.com/b/sPLOZK/Ti0NT
http://paperpile.com/b/sPLOZK/Ti0NT
http://paperpile.com/b/sPLOZK/Ti0NT
http://paperpile.com/b/sPLOZK/Ti0NT
http://paperpile.com/b/sPLOZK/Ti0NT
http://paperpile.com/b/sPLOZK/Ti0NT
http://paperpile.com/b/sPLOZK/Ti0NT
http://paperpile.com/b/sPLOZK/Ti0NT
http://paperpile.com/b/sPLOZK/KTtma
http://paperpile.com/b/sPLOZK/KTtma
http://paperpile.com/b/sPLOZK/KTtma
http://paperpile.com/b/sPLOZK/KTtma
http://paperpile.com/b/sPLOZK/KTtma
http://paperpile.com/b/sPLOZK/KTtma
http://paperpile.com/b/sPLOZK/KTtma
http://paperpile.com/b/sPLOZK/M9HV7

Ireland - Office for National Statistics (2019), (available at
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/population
estimates/bulletins/annualmidyearpopulationestimates/mid2018).

71


http://paperpile.com/b/sPLOZK/M9HV7
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/bulletins/annualmidyearpopulationestimates/mid2018
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/bulletins/annualmidyearpopulationestimates/mid2018
http://paperpile.com/b/sPLOZK/M9HV7

