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Abstract

We describe regional variation in the reproduction number of SARS-CoV-2 infections observed using
publicly reported data in the UK, with a view to understanding both if there are clear hot spots in viral
spread in the country, or other spatial patterns. Based on case data up to the 9th April, we estimate that the
viral replication number remains above 1 overall in the UK but that its trend is to decrease. This suggests
the peak of the first wave of COVID-19 patients is imminent. We find that there is significant regional
variation in the UK and that this is changing over time. Within England currently the reproductive ratio is
lowest in the Midlands (1.11 95% CI 1.07; 1.14) , and highest in the North East of England (1.38 95% CI
1.33-1.42). There are long and variable time delays between infection and detection of cases, and thus it
remains unclear whether the reduction in the reproductive number is a result of social distancing
measures. If we are to prevent further outbreaks, it is critical that we both reduce the time taken for
detection and improve our ability to predict the regional spread of outbreaks.
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Estimates of regional infectivity of COVID-19
in the United Kingdom following imposition
of social distancing measures

Background

In late 2019 an outbreak of a novel infectious disease was detected. It manifested principally with severe acute
respiratory distress, and pneumonia’, although many cases followed a mild course®. The pathogen was rapidly
identified as a new species of coronavirus (severe acute respiratory syndrome coronavirus 2 - SARS-CoV-2),
and the disease named COVID-19°. Global transmission of the virus followed and major outbreaks have been
observed in Europe, beginning with Italy*. On the 31st Jan 2020 the first cases were identified in the UK’
This was initially managed using testing of suspected individuals in the community, contact tracing and
isolation of affected cases. However this was successful only in delaying the spread of the disease and on 13th
March 2020 the UK government moved towards a mitigation strategy reserving testing for hospital inpatients
only®. Following this, a stepwise implementation of social distancing measures were mandated by the
government including voluntary self isolation of any symptoms & vulnerable people’, a ban on non essential
travel worldwide® and school closures’. Finally on 23rd March 2020 the government mandated that everyone
apart from essential workers should stay at home and away from others'

Epidemiological studies conducted during the outbreak in China have provided us with a number of estimates
of the parameters describing the virus’s spread through the population including a reproduction number
between 2.24 and 3.58'"' and a median incubation period of 5.1 days (credible interval 4.5 to 5.8)". It is
estimated that fewer than 2.5% of people will show signs before 2.2 days and 97.5% of people who will
develop symptoms will have done so by 11.2 days after exposure 2.

We investigated the reproductive index of SARS-CoV-2 in the UK in order to determine whether there are any
obvious spatial or temporal patterns beyond those resulting from the social distancing measures imposed. To
identify and try to understand the regional variations, we have collected a time series of confirmed cases of
COVID-19 in the UK at a regional level and present them here.

Methods

Data

Over the period of 7th March 2020 until the present day we have collected all the daily incidence statistics
officially released on the Public Health England (PHE) COVID-19 website"’. This includes a regional
breakdown of cases in England by Unitary Authority and by NHS region. It also includes a country level
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summary of cases in England, Scotland, Wales and Northern Ireland. Regional breakdowns for Scotland and
Wales are available from Public Health Wales'* and Public Health Scotland" respectively. A regional
breakdown in Northern Ireland is made available on weekdays, but at present a full time series is not
available'®.

The time series data (available at https://bit.ly/39gPSs0) is based on daily statistics in which there are various

inconsistencies. The local breakdowns provided do not tally with the country wide figures as the locations of
some cases were not confirmed at the time of publication. The cases with unknown location are necessarily
left unresolved in our collated data. To adjust for these cases, which vary in quantity from day to day, we
assumed that they are distributed across the locales in a manner proportional to the daily incidence of cases in
the given locale (unitary authority or NHS region as appropriate).

Less frequently, in the time series we find further data quality issues, presumably where cases may have been
reassigned from one locale to another between daily publications. This can result in an apparent negative
incidence of disease in a given locale for a given day. In this event we have assumed the incidence for that
locale is zero. Both these data cleansing steps are performed by a publicly available R library (available at
https://github.com/terminological/uk-covid-datatools).

Serial interval estimates

Estimating the reproduction number of SARS-CoV-2 requires an estimate of the expected time interval
between infections in a chain of transmission (the serial interval - SI). Case by case transmission data is not
published in the UK however there are numerous estimates of the serial interval in the scientific literature
from other geographical regions with established outbreaks '"**. Where specified these articles generally
describe the serial interval to be distributed as a gamma function, with parameters as summarised in table 1.

Table I - Literature estimates of serial interval for COVID-19 infection.
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Reference Mean S| (95% Crl) Std S| (95% Crl) N Population
days days
Bi, Q. et al. Epidemiology and Transmission of 6.3 (5.2-7.6) 4.2 (3.1-5.3) 48 Shenzhen

COVID-19 in Shenzhen China: Analysis of 391
cases and 1,286 of their close contacts. Infectious
Diseases (except HIV/AIDS) (2020)
d0i:10.1101/2020.03.03.20028423

Cereda, D. et al. The early phase of the COVID- 6.6 (0.7-19) unk (unk-unk) 90 ltaly

19 outbreak in Lombardy, Italy. arXiv [q-bio.PE]

(2020)

Ganyani, T. et al. Estimating the generation 3.95 (-4.47-12.51) 4.24 (4.03-4.95) 45 Taijin
interval for COVID-19 based on symptom onset 5.21 (-3.35-13.94) 4.32 (4.06-5.58) 54 Singapore

data. Infectious Diseases (except HIV/AIDS)

(2020) doi:10.1101/2020.03.05.20031815

Li, Q. et al. Early Transmission Dynamics in 7.5(5.3-19) 3.4 (unk-unk) 16 Wuhan
Wuhan, China, of Novel Coronavirus-Infected

Pneumonia. N. Engl. J. Med. (2020)

doi:10.1056/NEJM0a2001316

Nishiura, H., Linton, N. M. & Akhmetzhanov, A. R. 4.7 (3.7-6) 2.3 (1.6-3.5) 28 SE Asia
Serial interval of novel coronavirus (COVID-19)

infections. Int. J. Infect. Dis. (2020)

doi:10.1016/.ijid.2020.02.060

Tindale, L. et al. Transmission interval estimates  4.22 (3.43-5.01) 0.4 (unk-unk) 135 Taijin
suggest pre-symptomatic spread of COVID-19. 4.56 (2.69-6.42) 0.95 (unk-unk) 93 Singapore
Epidemiology (2020)

doi:10.1101/2020.03.03.20029983

Zhanwei Du et al. Serial Interval of COVID-19 3.96 (3.53-4.39) 4.75 (4.46-5.07) 468 China

among Publicly Reported Confirmed Cases.
Emerging Infectious Disease journal 26, (2020)

From this data we calculate a weighted mean of the published parameters and inferred a serial interval
described by a gamma distribution, parameterised with mean SI of 4.56 days (credible interval: 2.54 - 7.36)
and standard deviation 4.53 days (credible interval 4.17 - 5.05). With a serial interval shorter than the
estimated incubation period we expect that some transmission will occur before the index case has symptoms.

Statistical methods

Using the inferred serial interval distribution, we analysed the time series data using R* and the EpiEstim**

library to estimate the time varying reproduction numbers between the 11th March until the 9th April, with the
underlying assumption that there is negligible mixing of populations between each geographical area. The
validity of this assumption decreases as we consider smaller geographies, particularly in the early stages of the
outbreak before unnecessary travel was restricted.

Essentially, R(t) is estimated by inferring connections between pairs of cases based on the difference in their
dates of symptom onset and an assumed serial interval. The EpiEstim package implements the method
outlined by Cori et al. (2013)*, which is based on an original method from Wallinga and Teunis (2004) *°. The
method uses a sliding time window during which the instantaneous reproductive number is assumed to be
constant. We empirically decided on a 5 day sliding window for calculations of the time varying reproductive
index, R(t), which aligns with the median incubation period of the virus, and offered a good trade off between
noise and loss of detail. R(t) was visualised using ggplot and r-spatial libraries, using administrative maps
from the UK Office for National Statistics”’. The R(t) calculation was performed for the various regions of the
NHS in England and compared to the overall time series for England, using a two sided t-Test to detect the
significance of regional differences between the observations.


https://paperpile.com/c/792GNr/pZAu
https://paperpile.com/c/792GNr/0kKC+aetu+Z7k2
https://paperpile.com/c/792GNr/aetu
https://paperpile.com/c/792GNr/Z7k2
https://paperpile.com/c/792GNr/NYpa
https://doi.org/10.1101/2020.04.13.20062760
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2020.04.13.20062760.this version posted April 21, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

In the last part of our analysis we look at the rate of change in R(t) estimated using a simple linear regression.
We calculated a regional estimate of the current rate of change of R(t), by fitting a linear equation to the last
10 points, and extracting the derivative of R(t), associated confidence intervals and measures of goodness of

fit.

Results

Figure 1 shows the time dependence of the reproductive index of SARS-CoV-2 in different regions of the UK.
The value of R(t) is within the estimates described in other countries'" (2.24 to 3.58) and is seen in all regions
to be decreasing overall. R(t) remains above or equal to 1 at all times and hence within the region of
exponential growth of COVID-19 cases. Over the period from March 19th to March 25th it is notable that,
whilst decreasing in England, the reproductive index rose in Northern Ireland, Scotland and Wales before
falling again. On the 8th April the R(t) was close to one in all regions apart from England. Two significant
dates are marked on the time series. Firstly, the recommendation for specific social isolation of the vulnerable
on the 16th March, and secondly, the widespread order to remain at home on the 23rd March. These dates
represent the initial and final dates of implementation of social restrictions. The date of one serial interval

post-lockdown is also shown.
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Figure 1 - median value of R(t) and 95% confidence intervals for the individual countries in the United
Kingdom. The dotted line at R=1 represents the limit of exponential growth.

Table 2 shows the current estimated values of R(t) for each individual administrative region of NHS England.
The lowest values for R(t) are observed in the Midlands and in London, whilst higher values at this stage were
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seen in the North East and the South West. These point estimates are seen to change quite significantly over
time.

Table 2 estimated R(t) for the different NHS regions on the 7th April 2020. The point estimates are quite
volatile and we observe change in the order from day to day.

NHS region Median(R) 95% confidence interval
East of England 1.36 (1.31;1.42)
London 1.14 (1.11;1.17)
Midlands 1.11 (1.07; 1.14)
North East and Yorkshire 1.38 (1.33; 1.42)
North West 1.31 (1.27; 1.35)
South East 1.32 (1.27; 1.36)
South West 1.38 (1.31; 1.46)

In Figure 2 we plot the absolute difference of R(t) in the 7 NHS England administrative regions, from the R(t)
of England overall, as a baseline. This demonstrates the volatility described above and highlights the regional
differences in R(t) over time. Prior to the imposition of social distancing the patterns observed are dominated
by noise, as in the early phase of the outbreak the case numbers in individual regions were small. However
from the 27th March onwards we can see a clearer trend emerging with the East of England, Midlands, South
East and South Western regions approximately tracking the England baseline. London is consistently below
this baseline and the North West, and less so North East & Yorkshire are consistently above the baseline.
These trends of the differences between the 27th March to the 9th April were further analysed with a pairwise
t-Test and presented in table 3 where we can see that the R(t) differences observed in London, the East, the
North East and North West of England over this time period are statistically significant. The mean difference
in R(t) between London and the North West could be about 0.35, which could have important consequences
for the outbreak progression.
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Figure 2 - median value of R(t) and 95% confidence intervals for the individual regions in NHS England as an
absolute difference to the R(t) for the whole of England (as shown in the top left panel of figure 1).

England NHS region R(t) effect size 95% CI pValue
East of England 0.09 (0.02;0.16) 0.014
London -0.14 (-0.17;-0.11) <0.001
Midlands -0.04 (-0.08; 0.00) 0.057
North East and Yorkshire 0.12 (0.06; 0.18)  <0.001
North West 0.21 (0.16; 0.26)  <0.001
South East 0.02 (-0.06; 0.09) 0.647
South West 0.05 (-0.00; 0.10) 0.059

Table 3 - significance of regional variation in R(t) from the 27th March until the 9th April for each NHS
region compared to a baseline for the whole of England.

In figures 3 and 4 we present the detailed regional breakdown of reproduction index in the 149 unitary
authorities in England. These are illustrated at time points representing the start of the 2 social distancing
measures implemented by the UK government and described above, and marked on figures 1 and 2. In the
individual unitary authority regions case numbers may be quite small so the estimates of R(t) may have wide
confidence intervals which are not shown. The full regional breakdown including confidence intervals is
available as supplementary materials. In the vast majority of regions and time points the reproductive index is
greater than 1, but the same decreasing trend is present.
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Figure 3 - the median value of R(t) at the time of announcement of different social interventions designed to
prevent spread of SARS-CoV-2, by England Unitary Authority regions. Not all regions provided time regional
series data over the period under investigation and these areas are represented in grey.
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Figure 4 - the median value of R(t) at the time of announcement of different social interventions designed to
prevent spread of SARS-CoV-2, by England Unitary Authority region in London

In figure 5 we present the regional analysis of the current rate of change of R(t). This aims to demonstrate the
magnitude in change of R(t) over time and hence give us a sense of whether social distancing measures are
currently having the desired effect of reducing the overall velocity of infection. In this time series, if the rate
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of change of R(t) is positive, the infection is accelerating. Negative values, on the other hand, represent
deceleration. We can see that in England, the viral infection has been decelerating from before the onset of the
full social distancing policies of the 23rd March. In the other regions of the UK on the other hand we see a
continued acceleration of the viral spread until approximately one serial interval after the 23rd March after

which the infection begins to decelerate.
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Figure 5 - the rate of change of R(t) per day in different regions of the UK.

In figures 6 and 7 we present a more detailed regional analysis of the rate of change of R(t) by Unitary
Authority in England or Local Health Board in Scotland and Wales. We do not have complete data for this
regional breakdown in Wales, but in the far right panel representing the most up to date time point, we see that
in the vast majority of areas in England the rate of change is negative (cyan) representing a continued day on
day fall in transmission. However there is seen to be regional variation in the preceding days and weeks, and
that the widespread negative rate of change of R(t) is a relatively recent feature.
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Figure 6 - the median value of R(t) at the time of announcement of different social interventions designed to
prevent spread of SARS-CoV-2, by England Unitary Authority regions. Not all regions provided time regional
series data over the period under investigation and these areas are represented in grey.
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Figure 7 - the median value of R(t) at the time of announcement of different social interventions designed to
prevent spread of SARS-CoV-2, by England Unitary Authority region in London
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Discussion

The results presented above demonstrate a regional and time based variation in the reproductive index of
SARS-CoV-2. Currently the replication rate is close to 1 in most regions and the rate of change is negative
suggesting that we will see a peak to the infection shortly.

There are several significant dates of both social distancing measures, and methodological changes, presented
in this analysis. In interpreting the relationship between the dates and changes in the reproductive index we
must remember that changes in reproductive index will lag the introduction of a social measure by at least the
incubation period of SARS-CoV-2 (median 5.1 days - 95% IQR 2.2-11.2)". Given the testing strategy that is
currently in place, COVID-19 cases will not be identified until a patient is admitted to hospital with
symptoms, the test is performed and results obtained. This introduces further time delays which may vary in
length from individual to individual. The delay between onset of symptoms and admission has been estimated
at 5 to 9 days®®. The delay induced by the test processing is unknown. If we assume a 2 day delay for testing,
we would estimate that interventions begin to have an effect from 9 days after the intervention, have half of
their impact in 14 days, and begin to have full impact after 22 days.

In the accompanying supplementary materials we present an animation of the R(t) over time, and in the rate of
change in R(t) over time. This animation raises the possibility of waves of increasing and decreasing R(t)
spreading throughout the UK. If such waves can be identified and predicted we may be able to intercept them
in the future, through a targeted application of community testing and a more localised social distancing
intervention. For this to be an option however we will need much more granular data on the location of
confirmed and suspected cases, and to as far as possible reduce the time delay between infection and
detection.

Globally COVID-19 case growth rates are observed to pass through different phases®, with an initial 35% day
on day growth rate, typically falling to 22%, presumably after both the introduction of social distancing
measures, and as exponential growth in resolved cases reduces the size of the infective cohort. However,
because of changes in test strategy, the step wise implementation of social distancing measures, and the
variable lag introduced by the incubation period, it is difficult to get a picture of the causative influence of
social distancing measures on the drop in R(t) rates over time®. It is however possible to note that significant
changes in both R(t), and the rate of change of R(t), predate the implementation of social distancing measures
in the UK.

Our analysis demonstrated significant regional variability exists, most notably at a country level, but it does
not identify any single location that is a “hot spot™ of viral infectivity within the UK, but rather that areas of
increased viral replication migrates around the country over time. This migration does not seem entirely
random, and is a focus of future investigation.

Limitations

Due to the fragmented nature of reporting of the outbreak across the 4 main countries of the UK there is
insufficient time series data available to perform a UK wide regional breakdown of R(t). The availability of
time series data is particularly challenging in Northern Ireland and Wales where we only have a very limited
data set.
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The time series data we have collected has data quality issues identified in the methods section, which has
required some data cleansing. Furthermore we believe changes in the methodology, and clinical criteria for
testing patients has created an artifactual decrease in the apparent R(t) in the days after the 13th March, which
influences the overall ability to draw conclusions.

There was a change in testing strategies that took place around the 13th March, before which there were
attempts at community tracing, and after which testing was only performed on hospital admissions for
suspected COVID-19. One possible source of regional variation that would influence the results of this
analysis is that of potentially differing implementations of testing strategies, and differing processing times for
test results, which anecdotally have had long turn around times in some centres. If either of these were
observed then the comparisons between regions would be difficult. However we have no evidence that this is
the case as until recently the tests for SARS-CoV-2 have been centrally controlled through a network of public
health laboratories.

There is an inherent assumption that limited travel has occurred during the period of estimation, we would
however expect that some people are moving from denser centres such as London to more rural regions,
which could inflate rural figures, and may explain the surge in R(t) in Wales and Scotland, following the 23rd
March.

Conclusions

The analysis presented above reflects the state of the ongoing crisis of COVID-19 in the UK, but with a sense
that the effective reproduction number is slowly coming under control. The interpretation of the time series
data presented is particularly challenging due to the extensive time delay in identifying positive cases. As such
it is impossible to conclude whether social distancing is the cause of this improvement.

The current trends in improvement are encouraging and we hope to see bigger changes in the near future,
however we note that this improvement is not uniformly distributed across the UK and policy makers will
have to be cautious until we can be certain that COVID-19 is under control in all regions. The difference in
apparent R(t) between London and the North Western region of the UK is currently approximately 0.35. Until
that gap has closed it will be difficult to ease the current country wide restrictions.

As we move forward, assuming we get to a phase after the first peak of SARS-CoV-2 infections has passed we
will be in a new phase where the early detection and prevention of spread of emerging clusters SARS-CoV-2
infections is critical to prevent large scale outbreaks. This will be challenging as the long incubation period
and high rate of asymptomatic individuals makes undetected rapid spread easy. If it is possible to predict at a
more localised level where in the community infections will spread, then we can focus both community
testing and more targeted social interventions on high risk areas in the future.
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Supplementary materials

Time series spreadsheet:
https://docs.google.com/spreadsheets/d/1snb-vYuH7fVpTuyoQrM8zWiAB Yo XbSrnn44w-zlhM90/edit?usp=s
haring

Github repo:

https://github.com/terminological/uk-covid-datatools

Full R(t) time series by unitary authority:

https://github.com/terminological/uk-covid-datatools/blob/master/vignettes/Supplementary Rt Timeseries_by
_Unitary Authority.csv?raw=true

Animations:

https://github.com/terminological/uk-covid-datatools/blob/master/vignettes/UK Rt over_ time.gif

Supplementary Figure I - Panel A: R(t) over time for unitary authorities in England and local health board
boards in Scotland and Wales, Panel B: Rate of change of R(t) over time; Panel C: R(t) over time in London;
Panel D: rate of change in R(t) in London. The animation covers the period from March the 7th to April the
9th. Significant dates are marked, on March 16th the government advised all vulnerable people to self isolate
(purple) by March the 23rd (cyan) this was extended to all non essential people. March the 27th (green) marks
one serial interval after that full “lock down” and April the 9th (red) is the latest time point available.
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