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SARS-CoV-2: Where do people acquire infection
and ‘who infects whom’?
This rapid review of the science of infection and COVID-19 from the Royal Society
is provided to assist SAGE in relation to COVID-19.
This paper is a pre-print and has been subject to formal peer-review.
Executive summary
Where people acquire infection depends on many factors,
including changes over time induced by social distancing
measures (non-pharmaceutical interventions (NPIs)) in place
at any point in time, prevailing compliance patterns to such
measures, variation between geographical locations, and
confounding variables such as age, gender, and cultural
differences between social or ethnic groups within a defined
population.
The available UK data suggests that most transmission
occurs in household settings, with frequency related to
social interactions within households. However, where most
people acquire infection, may not be the most important
issue in terms of controlling spread. Key factors in limiting
onward transmission are who seeds the household setting,
and where this index case acquired infection?
Data sources for gaining a better understanding of where
people acquire SARS-CoV-2 infection are contact tracing,
household studies and whole genome sequencing (WGS) of
the virus, to ascertain who infects whom. Data sources and
publications on these topics are limited at present in the UK.
Data are limited in the UK on where index cases in
households acquire infection, but the information collated
by Public Health England (PHE) suggest that much
heterogeneity pertains, depending on a variety of social
and demographic factors. Activity related to shopping and
social gatherings in restaurants and pubs generate the
most infections, although many other factors have influence.
Given data limitations – this observation should be treated
with caution.

The role of test, trace and isolate in the SARS-CoV-2 epidemic
The test, trace and isolate (TTI) system as a tool to control
spread, and as a source of epidemiological information,
has limitations when viral spread is extensive given the
enormous workload involved in tracing contacts. It is best
employed to control transmission during phases when rates
of infection are low, as well illustrated in many East Asian
countries.
An illustration of the challenges facing TTI in the UK is
provided by data collected in the first week of November
2020. Of those estimated by the Office of National Statistics
(ONS) to have been infected that week, only 30% were
reached to ask for information on close contacts, and only
18% of the estimated close contacts of those newly infected
that week were asked to self-isolate. Perhaps only 9% of
these contacts did so fully, due to reported poor compliance
issues in certain demographic and social groups. These
numbers are clearly far too low to have a major impact on
viral transmission or to provide a representative national
picture of spread and control measure impact.
The TTI system can play an important role as vaccination
coverage rises in 2021 and attention is focused on
eliminating smaller outbreaks.
Public Health England (PHE) has made TTI data available to
researchers, but there is a need to focus more resources
to help summarise tracing information on where people
acquire infection week by week, so the impact of various
social distancing measures region by region can be
continuously monitored and appropriate changes to policy
made if patterns change.
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Other routes to collect transmission information
A large amount of whole genome sequencing (WGS) data has
been collected in the UK (over 100,000 COVID-19 genomes
sequenced as recorded on COG UK [COVID-19 Genomics UK
consortium] which serves as a key resource to monitor viral
evolution relevant to diagnostics and vaccine development),
but at present, with a few exceptions, little use has been
made of this data base to ascertain who infects whom outside
of settings such as hospitals or care homes.
Molecular epidemiological studies involving WGS should
be commissioned in a variety of settings (e.g. household,
on transport, workplace, regions, cities, villages), to use viral
isolates collected at testing stations for diagnostic purposes,
with appropriate completion of questionnaires to capture
demographic, social and home setting information, to link
with WGS information, and concomitantly assess who is
infected whom.
The value of sequence data from care home staff and
residents is shown by the identification of multiple
independent introductions of SARS-CoV-2 into each care
home by both family members, friends and staff, rather
than a single introduction followed by within-care home
transmission.
Ascertaining the settings that generate index cases with any
certainty, requires both questionnaire studies associated
with contact tracing, and linked WGS information.
Policy makers may wish to consider the respective value of
information that is generated by national data collection (e.g.
the TTI system), versus that arising from directed small-scale
research studies in defined settings of who infects whom,
supported by local authorities and research funding bodies.
Funding is understandably mainly targeted at the former.
Both are important, but too little attention has been directed
to detail local, contact tracing, household and WGS studies
within UK settings. Such studies should be encouraged as a
matter of urgency.
The paucity of local contact tracing studies with clearly
defined aims, is needed, working with research councils,
in partnership with local public health authorities. Local
knowledge is important, given great heterogeneity in where
people acquire infection by region, social grouping, income
level and ethnicity.

Introduction
Where people acquire infection, and who infects whom, are
important issues for policy makers when considering the
design of social distancing measures (the so-called nonpharmaceutical interventions (NPIs)) to control the spread
of SARS-CoV-2. This is particularly important when no other
interventions to limit transmission are available as is the
case at the date of this report. This short review examines
publications and data from the UK, and other countries, that
throw light on what is currently understood about these
questions.
In the analysis of the available data, it is important to
recognise that where people acquire infection depends on
many factors. These include changes over time influenced
by social distancing measures in place at any point in time,
prevailing compliance patterns to such measures, variation
between geographical locations, and confounding variables
such as age, gender and cultural differences between social
or ethnic groups within a defined population. As such, it
may not be possible to say that a given fixed percentage
of transmission events occur within households, or on
transport, or in restaurants or pubs, since values will change
over time given prevailing NPIs, public attitudes reflected
in compliance to such measures, and geographical plus
cultural variability. At any point in time a great deal of
heterogeneity will therefore prevail in any measures of the
frequency of transmission by setting.
A clear example of how changing rules and regulations
about moving and mixing under various tiers of constraints
and social distancing rules in the UK in different locations
is provided by Google mobility data.1 Data from Google’s
Community Mobility Reports demonstrate the heterogeneity
in activities of people by region of the UK (although it
should be noted that categorisation of places varies from
region to region, which can limit comparability). Appendix
1 Figures A1 and A2 represent how visits and length of
stay at different places change in the last three months up
to November 2020, compared to a baseline defined as
January to February 2020. Cornwall, as a popular tourist
location, would be subject to high seasonal variation in
these activities, but London, also popular with tourists, has
a strikingly different pattern, with fewer people visiting
central London during the first wave of infection. All regions
show considerably and consistently more time at home and
less time at workplaces than in January and the impacts of
the second lockdown (from 5th November) on activities,
particularly public transport and retail and recreation,
are beginning to be detectable. These differences in
people’s activities: where they go, who they mix with and
for how long, vary by location and over time. Region and
date of data collection must therefore be borne in mind
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when interpreting evidence from studies of SARS-CoV-2
transmission. For example, a well-designed study of where
transmission takes place in Germany provides excellent
insights at the time of data collection, reporting that little was
happening within schools2. However, the study was conducted
when schools were closed during a lockdown period.
Current understanding of COVID-19 transmission suggests that
where most people acquire infection, such as, for example,
within a household setting, may not be the most important
issue in terms of control by social distancing measures.
While guidelines have been produced recommending steps
that everyone can take to reduce household transmission4
who seeds the household setting, and where this index
case acquired infection, is the more important questions.
Two recently published reviews addressing transmission in
households were released in November 2020. The first report
details a meta-analysis of 45 peer reviewed publications from
many different countries, deriving secondary attack rates
(SAR) in household settings3. They find moderate evidence
for less transmission both from and to individuals under 20
years of age in the household context, but this difference is
less evident when examining all settings. They conclude that
there were limited data to allow exploration of transmission
patterns in settings other than households. The second report
is from the Environmental and Modelling Group (EMG) and
the Scientific Pandemic Influenza Group on Behaviours (SPI-B)
and focuses on mitigating risks of COVID-19 transmission
associated with household social interactions4. The report
provides evidence that social interactions in the home
increases the risk of infection, and discusses ways to reduce
this risk.
This review examines epidemiological data on transmission
and describes published studies, both in the UK and in other
countries, where they have provided insights into where most
transmission takes place. The concluding section focuses on
what is known based on UK data and a discussion of future
data collection priorities and research needs. An extensive
literature search was conducted to form the template for
this review, but it is not exhaustive given the volume of
publications in this area and the large number of preprints on
medRixv.org. Selected publications that contain data, and brief
comments on what the publication reports, are listed in a set of
Tables placed in appendices.

Methods
Epidemiologists employ three key methods in the study of
transmission from person to person. They are household
studies, contact tracing, and whole genome sequencing (WGS)
of viral isolates (to ascertain who infects whom).
The first two approaches have been employed widely in
attempts to study patterns of viral transmission, starting early
in the 1940s with the work of Hope-Simpson who followed
transmission in families of the common communicable
diseases of children5, 6. These studies sought to establish the
incubation and infectious periods of defined viral infections,
such as the measles virus5, 7 – 9. Household studies can be
particularly informative about transmission between different
age classes (children and adults) and have been employed for
many decades. Contact tracing in public health is the process
of identification of persons who may have come into contact
with an infected person (‘contacts’) and subsequent collection
of further information about these contacts. Contact tracing
has been a pillar of communicable disease control in public
health for decades. The eradication of smallpox, for example,
was achieved not only by universal immunisation, but also
by exhaustive contact tracing to find all infected persons10,
11
. This was followed by isolation of infected individuals and
immunisation of the surrounding community and contacts
at-risk of contracting smallpox. Eradication programmes for
smallpox in Pakistan and India also utilised paying bounties
to people who reported on those who they thought might
be infected. Contact tracing has been widely used in the
control of sexually transmitted infections for many decades12.
As vaccination is introduced to protect against COVID-19
infection, and coverage rises over the coming few years,
mopping up pockets of infection or small outbreaks will
depend on this approach.
Sequencing is employed to assess the degree or relatedness
between viral isolates taken from infected people, such that
various statistical tools can be employed to ascertain degrees
of relatedness between sequences13 – 15 and hence infer
who has infected whom. Despite the huge volume of viral
samples collected and the relatively small size of the viral
RNA genome of SARS-CoV-2 compared to many infectious
agents, surprisingly few such studies have taken place, either
in the UK or elsewhere. It is important to note, however, that
Coronaviruses are the largest single-stranded RNA viruses.
Physical size and genome size are highly correlated for
parasitic organisms. Large size may be associated with short
lived immunity since many large parasitic organisms modulate
the human immune system. Whether this is the case for
Coronaviruses is unknown at present. WGS methods have
been very effectively applied to other viruses, such as HIV-1,
in charting both viral evolution and patterns of spread16, 17.
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In consideration of all three methods, it is important to note
that the generation of secondary cases from one infectious
person in virtually all settings is a very heterogeneous process.
The distribution of the generation of secondary cases is
typically highly overdispersed (= aggregated), with a variance
much greater than the mean value. Most infect none, or a few,
and a few infect many. The latter are sometimes referred to
as superspreading events and the source or index infectious
person as a super spreader18. Contact tracing data provide
crucial insights about this distribution.
Who acquires infection from whom (WAIFW matrices)
In the study of infectious disease spread it has long
been realised that a quantitative understanding of the
transmission dynamics of directly transmitted infections
such as respiratory viral infections, depends on a
detailed understanding of who mixes with whom. The
so-called WAIFW (who acquires infection from whom)
matrices of mixing by age have long been used to refine
epidemiological studies of childhood viral infections and the
impact of vaccination19. Such contact patterns in populations
prior to the imposition of social distancing measures to
control SARS-CoV-2, are a good baseline to understand
how various stratifications of human communities interact.
The usual variable examined based on contact tracing,
contact diaries and other sources is age. Matrices can be
constructed to illustrate how different age groups mix.
A series of good examples from different countries are
provided in the studies of Prem and colleagues20. The
study used data from population-based contact diaries.
Household level data from the Demographic and Health
Surveys for nine lower-income countries and sociodemographic factors from several on-line databases for
152 countries were used to quantify similarity of countries
to estimate contact patterns in the home, work, school and
other locations for countries for which no contact data are
available, accounting for demographic structure, household
structure where known, and a variety of metrics including
workforce participation and school enrolment. Contacts are
greatest with age classes across all countries considered
as recorded in Appendix 1 Figure A3. However, pronounced
regional differences in the age-specific contacts at home
were noticeable, with more inter-generational contacts
in Asian countries than in other settings. In an ethnically
diverse country such as the UK, it is to be expected that
the different intergenerational mix will vary greatly between
households depending in part on ethnic background and
factors including metrics of wealth. Furthermore, it is not just
co-residence but intergenerational proximity (households
of extended families living near each other) that facilitate
transmission. Household surveys of living arrangements and
intergenerational contacts will provide further understanding
of these dynamics21.

Poorer households may have more generations living
together22, while lower-educated individuals have been
shown to have closer intergenerational proximity23. There
are large differences in intergenerational proximity in the UK
by ethnicity and foreign- versus UK-born groups24.
We have focused on mixing matrices by age, but many more
stratifications are possible and desirable in the sense that
they do influence transmission. Further stratifications include
social and cultural factors, ethnicity, sectors of the economy,
and work occupation. To date little work has been published
in this area in the context of SARS-CoV-2 transmission.
Contact tracing – the ‘test, trace and isolate’ system in the UK
Contact tracing is a long-established methodology for the
control of infectious disease spread25 – 27. In the past it was
most widely employed in the control of sexually transmitted
infections28, 29. For COVID-19, contact tracing is an essential
tool (along with social distancing) in trying to limit viral spread
and bring the effective reproductive number to less than
unity in value, given the absence of vaccines and effective
treatments at present. However, it is important to note that
some treatments (corticosteroids and biologicals30, 31) are
showing promise in reducing disease severity in those
infected.
In the National Health Service (NHS), contact tracing in
England has been labelled as the Test and Trace system32
or by some as the ‘Test Trace and Isolate system’ (TTI), since
advice is given to isolate if contact has been made with an
infected person. Similar systems have been implemented
in Wales (‘Test Trace Protect‘33), Northern Ireland34 and
Scotland (‘Test and Protect‘35). A summary of how the system
is designed is given in Appendix 2.
Performance of the testing system
The government has stated that the TTI system is one of the
cornerstones of the effective management of the COVID-19
epidemic. The success of TTI depends on a number of
key factors: namely, adherence to isolating if symptomatic,
getting a test if symptomatic, passing on details of close
contacts if infection is confirmed, and quarantining of
contacts. Rates of adherence to TTI behaviours in the UK
have frequently been questioned as the second wave
develops36 – 39.
A recent publication on medRxiv investigates rates of
adherence to the UK’s TTI system over time40. Data were
collected by Smith and colleagues, a team at King’s College
London, between 2 March and 5 August 2020. There
were 42,127 responses from 31,787 people living in the
UK, aged 16 years or over. This sample is not random, but
self-selected. The main outcome measures of the overall
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study are many. They include the identification of the key
symptoms of COVID-19 (cough, high temperature/fever, and
loss of sense of smell or taste), self-reported adherence to
self-isolation if symptomatic, numbers requesting an antigen
test if symptomatic, and numbers with the intention to
share details of close contacts, and numbers self-reporting
adherence to quarantine if informed that they had been in
contact with a confirmed COVID-19 case.
Only 48.9% of participants (95% CI 48.2% to 49.7%) identified
key symptoms of COVID-19. Self-reported adherence to
TTI behaviours was low (self-isolation 18.2%, 95% CI 16.4%
to 19.9%; requesting an antigen test 11.9%, 95% CI 10.1% to
13.8%; intention to share details of close contacts 76.1%,
95% CI 75.4% to 76.8%; quarantining 10.9%, 95% CI 7.8% to
13.9%) and largely stable over time. By contrast, intention
to adhere to protective measures was much higher. Nonadherence was associated with gender (males with the
poorest records), younger age groups, having a dependent
child in the household, lower socio-economic group greater
hardship during the pandemic, and working in a key sector.
The authors conclude that government should take practical
measures to encourage individuals to adhere much better to
the guidelines and consider giving financial reimbursement
to improve adherence. They also suggested that targeting
messaging to men, younger age groups, and key workers
may also be necessary to improve performance.
One key challenge in contact tracing for COVID-19 cases, is
the very high fraction of asymptomatic individuals, especially
in the young41, 42. Overall, it may be as high as 75% on the
basis of some studies43. In these circumstances, tracing and
isolating becomes even more important, since individuals
have to be persuaded that they may infect others despite
having no symptoms. This is, and has been, a considerable
challenge in Europe and North America – but much less
so in Asian societies, perhaps due to differences in culture
resulting in better acceptance of guidance from government.
Table A7 in Appendix 3 summarises the methods of
epidemiological investigation via contact tracing undertaken
in South Korea, which are unlikely to be enforceable in
countries of Western Europe and North America.

Various modelling studies have been conducted on how
efficient TTI needs to be to reduce the effective reproductive
number at time t, Rt, below unity in value. They all conclude
that TTI has to be very efficient in terms of speed of response
in giving positive test results to people. Such studies suggest
it must have good adherence to isolation and effective
tracing of contacts at a level well in excess of 80%44, 45. The
study by Keeling and colleagues employing detailed survey
information on social encounters coupled to predictive
models, investigated the likely efficacy of the current UK
definition of a close contact (within 2 metres for 15 minutes
or more) and the distribution of secondary cases that may go
untraced. Taking recent estimates for COVID-19 transmission
(R0 values), they suggested that with good management
less than 1 in 5 cases will generate any subsequent untraced
cases, although this comes at a high logistical burden with
an average of 36.1 individuals (95th percentiles 0-182)
needing to be traced per case. As cases rise this imposes a
burden on the TTI system that cannot be addressed – and
clearly has not been addressed, for example in the UK,
France and the USA during both first and second waves.
During the lull between the first and second waves of the
epidemic, the performance of TTI in the UK was inadequate
to keep the virus in check. The second lock down provided
a further opportunity to rectify these short comings and
move more resources to a local level where public health
authorities can employ local knowledge to enhance
performance.
Over recent weeks, during the rising phase of the second
wave in the UK, the performance of the contact tracing
aspect of the system has been poor for very understandable
reasons. During a period of extensive viral spread, the sheer
volume of contacts requiring tracing presents huge and
indeed unsurmountable challenges. Contact tracing can
work well to restrict transmission when spread is low, as
well illustrated in many South Asian countries Appendix 3
Table A3). An illustration of the current performance of TTI in
the UK is presented in Appendix 1 Figure A4 which records
number of SARS-Cov-2-infected individuals transferred to
the contact tracing system in England and number of people
transferred who were reached and asked to provide details
of recent close contacts (includes cases managed and not
managed by local protection teams (HPTs)). Appendix 1
Figure A5 provides associated information on the people
transferred to the contact tracing system percentage of
cases reached and asked to provide details of recent close
contacts by UTLA since Test and Trace began in England
stratified by region. What is less clear in much of the
released information is, of the total number of those who
tested positive region by region (based on ONS estimates),
what fraction were reached by the TTI system?
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The fraction of the cases that occur that are referred or
picked up by TTI can be assessed by comparing the TTI
and ONS data for a defined period of time. Such calculations
are very sobering. As an example, we examined the data
reported in the first week of November 2020 (Figure 1).
ONS reports an estimate of 333,900 new infections in
that week. Of these, 141,804 people newly infected were
identified by the TTI system. Only 99,458 cases were
reached and provided details of contacts (70% of cases
referred), in total identifying 315,492 close contacts. This
represents an average of just over 3 contacts per person.
Of these identified close contacts, only 61% were reached
and asked to self-isolate. If we assume that all 333,900
individuals infected during that week had the same average
3 close contacts each, then the percentage of this total who
were asked to self-isolate is only 18%. This is clearly a very
disturbing result. Even more so, if we take the estimate from
NHS that only 50% of those asked to self-isolate actually
do so. In other words, only 9% of close contacts of infected
people fully self-isolated in that week of a rising second
epidemic wave. This is clearly far too small a percentage to
have a very significant impact on the epidemic. Furthermore,
the estimate of 50% compliance may be too optimistic given
data recorded by Smith and colleagues in a recent King’s
College study40.

Further evidence of the performance of both England and
Scotland contact tracing systems is shown in Figure 2.
Conducting a thorough comparative analysis between the two
regions is hampered by the lack of comparable performance
measures which both systems record. An exemplar of
this is demonstrated by the different measures taken to
record the time taken for a contact tracing team member to
reach out and interview a confirmed case and record their
contact history. The UK and Wales data present this as the
total number of people reached within <24 hours, 24 – 48
hours, 48 – 72 hours, and >72 hours. This was manually
transformed into a percentage, using the total number of
cases recorded. Comparatively, Scotland has broken down
the system of reaching out to their cases into index created,
test taken, interview completed, case created, and case
closed. Definitions of each stage are not publicly available,
and our attempts to reach out to gain clarity on this ambiguity
has been fruitless thus far. To create the figure above, the
Scottish measure of ‘test to interview completed’ was selected
as the best comparative measure to the UK and Wales’ ‘total
number of people reached and asked to provide details of
close contacts. The synchronisation of data format reported
on key measures such as contact tracing should be essential,
especially between countries within the UK, for accurate
comparability of programme progress and success.
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FIGU R E 1

Performance of the NHS Test, Trace and Isolate (TTI) system for England, for the week 29 October to
4 November 2020.

* Of those passed to the TTI system that did not provide details for their contacts, 20,128 (14%) were not reached and 22,218 (16%) were reached but provided
no data on their contacts.
** Data for time taken to reach close contacts and advise them to self-isolate are from 83% of contacts passed to the TTI system (contacts managed by local
health protection teams as part of outbreak investigations are not included).
Source: Estimate of number of new infections is from the Office for National Statistics (www.ons.gov.uk). Figure drawn by authors using data from NHS Test,
Trace and Isolate , report published 10 December 202046. ‘Contacts’ represent close contacts. Figures presented by TTI are based on a data cut several
days after the end of the reporting period, to give time for cases reported at the end of the 7 day period to have an outcome. Some cases may continue to
be in progress after this period, and therefore data are revised over time. Data for week 29 October to 4 November 2020 first published on 12 November
were near 100% complete compared to update reported on 10th December (completion rates: number passed to TTI system=100%; number of cases
providing details of contacts=99.8%; number of close contacts identified=99.8%; close contacts reached and asked to self-isolate=99.6%).
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FIGU R E 2

Comparison of England and Wales (upper row) and Scotland (lower row) national contact tracing efforts.
The time taken to contact cases in both scenarios has increased over time (a, d), as the seven-day incidence per 100,000
cases increases (b, e), highlighting the pressure placed on the contact-tracing systems (c, f) . Figure drawn by authors using
data from GOV.UK COVID-19 dashboard47 and Public Health Scotland COVID-19 dashboard48.
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Where do people acquire infection based on contact
tracing studies
This section examines the data and reports available
to assess where people acquire infection based on the
current TTI system managed by Public Health England. In
assessing this information, it is important to keep in mind the
comments made earlier in the Introduction about granularity
and changes over time, in different regions and different
social and cultural settings. We first focus on UK data and
then turn to comparisons with other countries.
The England data recorded week by week since the
start of the second wave provide information on where
contacts were made with a person with a positive test for
viral infection. An example of this information is presented
in Figure 2 for a series of weeks running through the
beginning of the second wave up to November 2020. Most
contacts were in household settings, with household visitors
being the second most frequent contact, closely followed by
contacts made during leisure activities.
A useful comparison with this pattern is provided by a study
in Germany carried out by the Robert Koch Institute, the
results of which are presented in Appendix 1 Figures A6
and A7 for up to August 2020.2 Note that this study was
conducted during the first wave in Germany, a setting where
relatively few cases were reported by comparison with other
European countries.
The household was one of the two most common settings
for contacts along with care homes. Schools were not
important, but it is important to note that school closures
were in place during the period of this study in Germany. As
recorded in Table A6 in Appendix 3, other countries tend on
average to record similar patterns.
We now turn to the equally important issue of – where
did the index case introducing infection into a household
acquire infection?

Who seeds households (the index case) and where do
they get infected?
The seeding of infection in a household is typically
more difficult to ascertain in the absence of molecular
epidemiological studies involving whole genome
sequencing (WGS), since the index case may have been
in many settings in which infection could have been
transmitted including transport, supermarket, work-place
and leisure facility. The England TTI system does record
information on locations and activities reported by people
testing positive for COVID-19 and as shown by Figure 3,
showing common exposure settings reported by cases over
time in the England.
Figure 3a shows that the most important exposure setting
is within households. Outside of households, Figure 3b
and Figure 4 demonstrate that non-household exposure to
SARS-CoV-2 occurs in a wide variety of settings, although
these data are dependent on accurate self-reporting
of cases. Phenomena such as desirability bias, and
universal usage of tracking QR codes both by hospitality
establishments and customers alike will impact the reliability
and scope of these data. During the second UK wave,
which coincided with return to school in September after the
summer holydays, the distribution of exposure settings has
not changed substantially over time until lockdown. Figure
3b shows very little contribution of schools as exposures
in the last week of August, as expected, but relatively
greater impact of education settings and essential shops
(supermarkets) in the most recent week (commencing 9th
November 2020), as the impact of the second lockdown
is felt and other exposure settings were closed. The
contribution of hospitality venues such as bars, pubs and
cafes to transmission has been widely discussed, given
the financial impact of COVID-19-related restrictions on the
hospitality sector. Figure 3b and Figure 4a demonstrate that
these venues contribute a substantial amount to exposures,
but whether transmission occurs here has not be proven. A
great reassurance is the small and unchanging contribution
of care homes and healthcare settings to exposures.
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FIGU R E 3

Exposure settings as documented in contact tracing data shared by Public Health England,
August – November 2020.
All data show categories where exposure to infected contacts occurred in England by week and do not infer transmission.
a) Contacts by exposure setting. These are the settings where a person who tested positive for SARS-CoV-2 reported that
they met with and potentially exposed their contacts (forward contact tracing). Work is ongoing to link contacts to future
cases and to determine where transmission occurs. b) Common locations reported by people who tested positive for
SARS-CoV-2. Two or more individuals who tested positive reported the same location, defined by the same postcode, as
possible exposure setting in the 3 – 7 days prior to symptom onset, or test date if asymptomatic (backward contact tracing).
Information on this type of event and the location are recorded but not information on contacts.

Source: Figure drawn by authors using data from Public Health England.
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The prominent category ‘other’ in Figure 4a includes
many ill-defined locations and activities. The two dominant
locations are shops and restaurants (recorded as ‘Shopping’
and ‘Eating out’ in the legend of Figure 4a). Figure 4b
shows that similar numbers of cases report exposure
in both leisure and work settings. Figure 5 shows the
proportion of common exposure settings relative to
all reported common exposures over time. A common
exposure occurs when two or more individuals who tested
positive report the same location, defined by the same
postcode, as possible exposure setting in the period
three to seven days prior to symptom onset (or test date
if no symptom onset is observed). Prior to the November
lockdown, visiting shops and hospitality venues together
constitute up to half of reported common exposure settings.
Schools and education settings also make up a significant
proportion. However, these data should be interpreted with
caution as transmission following exposure has not been
demonstrated. Precise who infects whom data based on
virus whole genome sequencing are not available to confirm
people’s responses to a set of questions about where they
have been and where they think they may have acquired
infection. What is striking about the data is the wide range
of possible activities and settings in which transmission
could have occurred. Given transmission can take place via
airborne droplets and contaminated surfaces, this is hardly
surprising. Future work should ideally focus on refining the
analyses of the data collected by TTI week by week, and
further exploration and refinement of ways to collect data
from contacts and index cases to better identify risk settings.
The results of the contact tracing data are supported by an
independent data source, the Office for National Statistics
Opinions and Lifestyle Survey for 11th to 15th November
202049. The survey reported that nearly 2 in 10 (18%) adults
in England stated that they were in direct physical contact
with at least one other person indoors, including settings
such as the home, cafés, pubs or restaurants in the last 24
hours, excluding those in their household or support bubble;
a similar percentage (19%) was reported by those in tier 3,
and a higher percentage was reported by those living under
fewer restrictions in tier 1 (27%) and tier 2 (25%) from two
weeks ago49. In addition, older age groups were more likely
to have avoided physical contact, washed their hands and
maintained social distancing, while nearly a quarter of young
people had physical contact indoors with someone who was
not part of their household or support bubble.

Table A3 in Appendix 3 documents the main published
studies on contact tracing. It demonstrates the paucity of
published evaluations of major contact tracing interventions
in Western European and North American countries. Much
of the information is from informal reports rather than formal
evaluations based on large numbers traced and follow up
of their contacts. At present, evaluation of the potential
effectiveness of contact tracing for limiting COVID-19
transmission is primarily from mathematical modelling
studies50. Programme outcomes vary considerably, primarily
focussing on coverage and number of cases and contacts
identified. Contact tracing programmes that have been
regarded as successful have tended to focus on small
populations and/or been evaluated during periods of low
viral transmission, so tracing systems have not become
overloaded. For example, the success of Northern Ireland’s
contact tracing initiative, as reported in June 2020,
was attributed to Northern Ireland’s small population51.
Furthermore, the evaluation was undertaken while the
country was in lockdown, so number of reported contacts
was small.
One published report, of the contact tracing programme
implemented in Germany, provided data on clusters of
transmission and the environments where transmission
took place (Appendix 1 Figures A6 and A7)2. The dominant
transmission environments were private households, care
homes, workplaces and hospitals. While schools and
universities appeared to play virtually no part in transmission,
the reporting period was up to 11th August and so did not
capture the effect of educational institutes since they were
only fully reopening in September. A further contact tracing
study from Trento province, Italy, reported that the majority
of transmissions identified were in the households (500 of
3546 contacts becoming infected, 14%), followed by noncohabiting family and friends (206/1596, 13%), followed by
the workplace (79/499, 16%, further details in Appendix 3,
Table A3), but this study was conducted in March and April
when the province was largely in lockdown, and so contacts
outside the household would be expected to be low.52
Authors presented estimates of contagiousness of cases by
age and gender (proportion of contacts becoming infected)
and found that children were as infectious, if not more so,
than adults: for example, transmission rate 0 – 14 years: 22%
(11/49) versus 30-49 years: 11% (250/2361), further details in
Appendix 3, Table A3.
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FIGU R E 4

Exposure activities as documented in contact tracing data shared by Public Health England,
August – November 2020.
All data show categories where exposure to infected contacts occurred in England by week and do not infer transmission.
a) Events/activities reported by individuals who tested positive for SARS-CoV-2 as possible exposure settings in the 3 – 7
days prior to symptom onset, or test date if asymptomatic (backward contact tracing). Information on this type of event and
the location are recorded but not information on contacts. b) As for a) but looking at broader categories of exposure settings.

Source: Figure drawn by authors using data from Public Health England.
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FIGU R E 5

Proportion of common exposure settings reported by people who tested positive for SARS-CoV-2
in England relative to all common exposures reported by week.
Contact tracing data shared by Public Health England, August – November 2020. Two or more individuals who tested
positive reported the same location, defined by the same postcode, as possible exposure setting in the 3 – 7 days prior
to symptom onset, or test date if asymptomatic (backward contact tracing). Information on this type of event and the location
are recorded but not information on contacts.

A further study in Spain from 29 May to 2 August 2020
examined outbreaks and cases by setting53. The results
are presented in Appendix 1 Table A1. This study examined
8390 cases of infection in a wide variety of outbreaks and
recorded occupational (work) setting and social setting
(including family gatherings) as accounting for over 50% of
transmission events. Transmission at social events was the
dominant setting for outbreaks (defined as a cluster of cases).
Other regions in the world have had different experiences
with contact tracing interventions, collecting detailed
data from which key epidemiological and natural history
information can be obtained. For example, Hu et al reported
on intensive contact tracing in Hunan, China, where detailed
data collection of the characteristics of cases and their
close contacts allowed the estimation of risk factors for
susceptibility and transmissibility, including serial interval,
generation time, peak of infectiousness, proportion of

transmission that is pre-symptomatic and proportion of
infections that are asymptomatic54. Authors identified
that SARS-CoV-2 transmissibility did not significantly
differ between working-age adults (15 – 59 years old)
and other age groups (0 – 14 and ≥60 year olds), whilst
susceptibility was estimated to increase with age (p=0.03).
Transmission risk was found to be higher for household
contacts (p<0.001), decreased for higher generations within
a cluster (second generation: odds ratio (OR)=0.13, p<0.001;
generations 3-4: OR=0.05, p<0.001, relative to generation 1),
and decreased for infectors with a larger number of contacts
(p=0.04). However, results from these studies very early in
the epidemic from Asian countries such as China and South
Korea are not generalisable since infection numbers were
small, and contact tracing efforts and public compliance with
intervention measures are not comparable with the current
situation under the second wave in the UK.
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Taiwan’s quick response to the pandemic, and subsequent
prompt activation of their contact tracing response honed
during the SARS-CoV-1 epidemic in 2002 – 2003) is clearly
demonstrated in their case statistics. To date, 578 cases
and 7 deaths have been recorded from a population of 23.8
million (one third of the population of the UK). Comparatively,
the UK has seen 1.43 million cases and 53,274 deaths as
of the 19th November 2020. Taiwan’s relative success
may be due in part to the launch of their national contact
tracing app, TRACE, inspired by lessons learnt from
managing SARS-CoV-1 locally and from experiences in
Africa with Ebola55. Launched in 2017, the contact tracing
app is applicable for all notifiable diseases, and has been
used for measles, rubella and avian flu. Adding a COVID
module to the existing platform took 48 hours, and has
the functionality to add cases, contact information, monitor
health status and can produce active maps of cases and
contacts. Suspected COVID-19 cases isolate until they
receive their results, and if positive will be followed up for
contact registration. Movement data collection is aided by
police and telecommunication companies where necessary.
Patients received twice daily monitoring, either in the form of
in-person or two-way text messaging check-ups56.
A further study in Hong Kong employing contact tracing data
from 1038 cases confirmed between 23 January and 28
April 2020 identified 4 – 7 super spreading events across
51 cluster of infection57. Transmission in social settings was
associated with more secondary cases than households
when controlling for age. This result is more akin to the
study cited earlier in Spain, where social mixing was a key
determinant of spread.
Recorded outbreaks or super spreading events can also
give valuable information on where transmission takes place
and who might have seeded the outbreak. Many different
types of COVID-19 outbreaks have been documented in
the literature, including school-58, 59 healthcare-60 ship-41,
61, 62
and care home-63 associated outbreaks. Sequence
data from care home staff and residents identified multiple
independent introductions of SARS-CoV-2 into each care
home by both family members, friends and staff, rather
than a single introduction followed by within-care home
transmission. Several introduction events were followed
by considerable within-care home transmission, although
there were numerous instances where an introduction event
was not followed by any detected forward transmission.
Transmission clusters often contained isolates from both
residents and staff members, although it was not possible
to infer directionality. No clusters contained isolates from
different care homes, challenging the suggestion that staff
working in multiple care homes had transmitted SARS-CoV-2
between different homes.

For work places the evidence varies greatly between
countries. Some common threads include farms who employ
migrant farm workers perhaps sharing group housing that
share amenities, slaughter-houses, meat packing factories,
and factories in general where people work in close
proximity64,65. In military settings such as warships a few
very detailed studies have charted spread, and settings
where this is more frequent41. Those who work in enclosed
environments with others were typically most likely to
acquire infection.
Closed environments such as gyms and restaurants are
also identified as important transmission sites in many
international studies66. Nishiura et al. investigated 110 cases
among eleven clusters in Japan, and suggest that closed
indoor environments, including fitness gyms, a restaurant
boat on a river, hospitals, and a snow festival in tents, are
18.7 times more likely to facilitate primary case transmission,
compared to open-air environments.
Public transport may also be an important setting. Zheng
et al. evaluated the frequency of trains, buses and planes
in China, and concluded that public transportation is an
important factor in spreading the virus, with particular
emphasis on the connectivity and distance between the
epicenter and the destination67.
Restaurants are a common theme in many countries68.
A case study of 154 COVID-19 outpatients found that they
were about twice as likely to have eaten at restaurants
(indoor, patio, and outdoor seating) than the control
participants who tested negatively. A case study in China
showed that transmission occurred between non-associated
families in a restaurant with poor ventilation. No closecontact or fomite contact was observed, and transmission
was likely via virus-laden aerosols69.
Household studies
Contact tracing in the UK suggests households are the most
important setting for contacts and subsequent transmission.
Table A6 in Appendix 3 lists a wide variety of such studies
and records the main findings from published studies and
reports.
To elucidate risk factors for household transmission,
household studies provide an alternative to studies based
on routine data collection from contact tracing. For example,
Grijalva et al have reported results from the first seven days
of an ongoing prospective case-ascertained household
study using intensive daily observation, conducted in
Tennessee and Wisconsin (enrolment April-September
2020), which characterised transmission of SARS-CoV-2
in US households (Appendix 1 Figure A870). Index patients

SARS-COV-2: WHERE DO PEOPLE ACQUIRE INFECTION AND ‘WHO INFECTS WHOM’? • 14 DECEMBER 2020

14

were defined as the first household member with confirmed
COVID-19 and who lived with at least one other household
member. Household members were trained to complete
symptom diaries and obtain self-collected specimens daily
for 14 days. Authors’ analysis of specimens from the first
7 days found that 191 enrolled household contacts of 101
index patients reported having no symptoms on the day
of the associated index patient’s illness onset, and among
these 191 contacts, 102 had SARS-CoV-2 detected in either
nasal or saliva specimens during follow-up, for a secondary
infection rate of 53% (95%CI 46%–60%). Excluding 54
household members who had SARS-CoV-2 detected in
specimens taken at enrolment, the secondary infection rate
was 35% (95%CI 28%–43%). Secondary infections occurred
rapidly, with approximately 75% of infections identified
within 5 days of the index patient’s illness onset. Secondary
infection rates were high across all racial/ethnic groups.
Substantial transmission occurred whether the index patient
was an adult or a child (Appendix 3, Table A6).
Following 233 UK households (>2 members inclusive) and
their 472 members, Lopez Bernal71 conducted a prospective
case ascertained study in late January this year (Appendix 1
Figure A8). At this time point, the studied household R0 was
1.85, and a household reproduction number of 2.33. Following
the households elucidated the fact secondary attack rates
(SAR) were higher when the primary case was a child.
Fung and colleagues72 reviewed 22 published and prepublished studies from 10 countries (20,291 household
contacts) that were available through September 2nd 2020.
Household SAR tended to be higher among older adult
contacts. Half the included studies were from China, with the
remainder from South Korea (n=2), Taiwan (n=1), Singapore
(n=1), Brunei (n=1), Israel (n=1), Germany (n=1), the Netherlands
(n=1), the United States (n=2), and Australia (n=1). As evident
from Appendix 3, Table A5, data for Western Europe are
lacking by comparison with South East Asia and China.
The household secondary attack rate was higher among
adults and older adults than among children, and higher
among female contacts. SARs were also elevated among
spouses or significant others of index cases relative to nonspouse household members (Appendix 3 Table A6).

Thirteen studies reported the household SAR by age of
the index case (Appendix 3 Table A6). In the study from
Qingdao, China73, the household SAR was higher when
index cases were 55 years or older than when cases were
younger than 55 years. In South Korea74 the household SAR
was highest for index cases aged 10 – 19 years (18.6%; 95%
CI: 14.0 – 24.0%) and lowest for those younger than 9 (5.3%;
95% CI: 1.3 – 13.7%); by comparison, the SAR estimates for
adult age groups ranged from 7.0 to 18.0%.
Detailed reviews have been published by Lei et al75 and
Shah et al76. In 6 of the 24 studies, secondary attack rates
were stratified by age, yielding a range of SARs from 15.7%
to 47.6% in adults and from 5.2% to 26.9% in children75.
This meta-analysis indicates that the risk of household
transmission in adults is about three times higher than
that in children (odds ratio (OR) = 3.67, 95% CI: 2.76 – 4. 87,
p < 0.001). In 10 studies, the SAR among other contacts
(not household contacts) was also reported and ranged
from 0.1% to 28.8%. The meta-analysis indicates the risk
of household transmission is about 10 times higher than
that from other contacts (OR = 10.72, 95% CI: 5.70–20.17, p
< 0.001) (Appendix 3 Table A6). Shah in another extensive
review suggested greater vulnerability of spouse and elderly
population for secondary transmission than other household
members76.
Viral genome sequencing studies
Whole genome sequencing (WGS) can be used to augment
public health responses to infectious pathogens on broadly
speaking three different organisational and geographic
levels77. At the local level, e.g. hospital or care home
outbreaks, WGS can be used to reconstruct transmission
chains at the individual level, sources of outbreaks and
reveal inadequacies in infection control measures. At
the national level, WGS can retrospectively identify the
geographic sources of introduction of SARS-CoV-2 and the
number of independent introduction or ‘seeding’ events into
previously unaffected countries. Phylogenomic analyses can
be used to estimate the timing of introductions, to estimate
in which regions the virus spread first and how fast the
spread occurred. At the international level, WGS can
reveal the geographic distribution of viral lineages and
how SARS-CoV-2 spread between countries.
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In the UK the COVID-19 Genomics Consortium has
sequenced more than 100,000 SARS-CoV-2 genomes
by 10 November 2020 and is currently sequencing
8,000 – 10,000 genomes per week with a plan to double
this number over the coming months78, 79. The first 26,181
sequenced genomes from the UK were used to infer
countries of origin from where SARS-CoV-2 was introduced
into the UK and the geographic spread of the virus in the
early phase of the epidemic in the UK80. The study identified
1179 UK transmission lineages. The earliest entries were
from Italy, Spain and France. Lineages that were imported
early spread further and are longer-lived than lineages
that were imported later and whose spread was curbed by
transmission control measures.
Richmond et al12 report WGS of SARS-CoV-2 cases in La
Crosse County, Wisconsin in September 2020. Although
the majority of cases were among college-age individuals,
from a total of 111 genomes sequenced the authors identified
rapid transmission of the virus into more vulnerable
populations. Eight sampled genomes represented two
independent transmission events into two skilled nursing
facilities, resulting in two fatalities.
A study from Iceland published by Gudbjartsoon et al
linked SARS-CoV-2 genome sequence data to contact
tracing data to confirm transmission networks and settings
where infection occurred (see example below)14. In this
study, as in other studies that linked SARS-CoV-2 genomic
data to contact tracing data, the genome sequences were
mainly used to distinguish between imported cases and
community transmission and to identify local transmission
clusters, regional transmission networks and super
spreading events81 –86 High within-host genetic diversity may
indicate high-dose transmission events86. Another useful
application of SARS-CoV-2 genomic data is the identification
of transmission routes in healthcare settings60, 87. Where
genome sequencing studies have helped to confirm where
transmission occurs, at-risk settings were mainly households,
healthcare settings, social and religious gatherings14, 60, 84, 85.
For example, Meredith et al’s epidemiological investigation
and sequencing of transmission clusters in healthcare
settings in Cambridge, England, found that a number of
cases previously thought to have been community acquired
were linked to an outpatient dialysis unit where shared
transport to and from the clinic was identified as a likely
contributing factor60.
Figure 6 demonstrates the mid-March peak in importation
events, because moderate-to-high levels of inbound travel
coincided with growing or peak case numbers in several
European countries80. It shows that the rate and source of
introduction of SARS-CoV-2 lineages into the UK changed

substantially and rapidly through time. The increasing rates
and shifting source locations of SARS-CoV-2 importation
were not fully captured by early contact tracing.
A further example of how the evolution of the virus has
progressed over time in given settings is well illustrated
by the work of Korber and colleagues on the spread of
the G614 strain in Europe and its replacement of the D614
strain88. Clearly, G614 has a higher R0 than the D614 strain
since it is this value that will determine who wins in terms
of dominance in spread patterns.
Gudbjartsson and colleagues report how WGS was used
to augment the tracing of infected contacts in Iceland14. In
an illustrated example (Appendix 1 Figure A10), they first
show how SARS-CoV-2 sequence data from suspected
infected contacts was first used to identify the source of
infection as travellers returning from Italy. Prior to WGS it
was unclear if the source of infection were travellers
returning from Italy or Austria. WGS then revealed that two
infected contacts were in fact not linked to the infection
cluster but had acquired the infection from a different
source. WGS also discovered a new mutation that arose
in one of the cases in the transmission network and that
this person passed on the mutated strain to new contacts.
Finally, a search for similar SARS-CoV-2 genomes in the
Icelandic population linked two more individuals to the
same transmission network, although the route of
transmission for these two cases could not be identified.
The importance of continued WGS studies of SARS-CoV-2
isolates taken day by day, and week by week through the
various waves of infection by PHE, the Sanger Centre and
university-based research groups, has been highlighted
recently by the identification of a new strain spreading
rapidly in the UK announced on the 14 December 2020 by
the Secretary of State for Health and Social Care.
Genotypic changes in the RNA virus, SARS-CoV-2, have
occurred continuously since the start of the pandemic.
Charting these changes via GWS is straightforward.
Associating genotypic changes, with changes in the
phenotype of the virus, is more challenging since
epidemiological information is required on both the
respective rates of spread of different genotypes (=strains)
and the associated morbidity and mortality. However,
charting evolution in association with phenotypic properties
must be a high priority as mutations will continue to occur,
and mass vaccination will impose strong evolutionary
pressures on the virus.
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FIGU R E 6

Estimated number of COVID-19 importation events attributed to inbound travellers to the UK from
different countries of embarkation.

Source: Figure taken from du Plessis et al80.

Data needs in the UK
Government and research funding bodies have the difficult
task of distributing effort between national data collection
infrastructure and small-scale research studies of specific
issues. Understandably, current priorities are centred on the
national data collection programmes.
Before turning to the case for more attention to be focused
on the smaller scale projects, it is important to note that data
collection and presentation at a national or regional scale
is only part of the task to better understand and control
viral spread. TTI is a good example of problems that need
resolving. It is not just seeking enhanced tracing systems,
encouraging those in contact with positive test individuals
to isolate, and timely reporting of test results to those
seeking tests. It is also timely analysis of the TTI data to
better understand where most people acquire infection and
where index cases introducing infection into settings such
as the household, acquire their infection. At present PHE has
provided very limited open access to the TTI information for
detailed analysis by epidemiologists which would help guide
policy formulation on how best to design social distancing
measures to limit transmission in given regions. Furthermore,
careful thought should be given to what information should
be acquired from those contacted and how should this be
summarized week by week.

Government should address this information and analysis
gap, given the very large investment being made in TTI and
the urgent need to understand better where most people
get infected to inform policy formulation.
Turning to smaller scale, more focused studies, these are
urgently needed not just in the UK but internationally. Each
country is different due to prevailing cultural norms and
diversity. As such where most transmission takes place
will differ, as it will over time as social distancing measures
are imposed and relaxed during and between the different
waves of infection. Research funding agencies and local
health authorities in collaboration with university based
epidemiological research groups should be the focus for the
more targeted and detailed studies involving contact tracing,
household studies and perhaps most importantly WGS to
determine who infects whom in different settings (small
communities, work-place public transport and specialised
care settings, including care homes and hospitals).
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Little work in this area has been published or released to
date form UK sources and funding should be increased in
this area. Such studies are difficult to design and implement
since they must be conducted ethically (under GDPR
regulations) and within existing public health structures while
the epidemic is progressing. For example, TTI in principle
provides the opportunity to acquire viral DNA, but for WGS
it must be preserved appropriately before transporting to
sequencing centres (such as the Wellcome Trust Genome
Campus in Hinxton). In addition, to get benefit in terms of
understanding transmission better by setting and in terms
of who infects whom, the viral isolate must be accompanied
by, or linked to appropriate epidemiological, demographic
and social information in a confidential data base (protecting
privacy and following GDPR regulations). It would be
impossible to do this for all tests (even taking out rapid test
procedures where whole genomes may not be collected),
so a sampling regime would need to be designed to try and
get representative groups of those tested and to encourage
their participation in information provision to better
understand where transmission may have taken place. This
is a complex task, but studies of this nature are essential to
further understanding of SARS-Cov-2 transmission in the UK.

are low or in defined local settings. This hopefully will be
important as mass vaccination reduces transmission via
the impact of herd immunity on the effective reproductive
number R. However, when transmission is extensive in the
population it will always tend to fail to provide information in
a timely manner, due to the extensive workload in tracing.
Recent experiences in most countries, including South
Korea and Japan, reflect this reality. The relatively short
incubation period before people are infectious to others
(perhaps around 3 days in symptomatic individuals,) plus
the long infectious period of the virus (10 days or so), also
mitigate against the effectiveness of TTI, since tracing and
concomitant isolation must occur rapidly to have any impact
on onward transmission.

Discussion
The available data from UK sources highlights both the
importance of the household as a site of secondary
transmission and the dynamic nature of where people get
infected as season and social distancing measures change
over time and space (see Figure 2 for data from TTI collated
by PHE). Season is important, as it is for the transmission of
influenza A, where summertime in the Northern Hemisphere
countries can take R0 to less than unity in value as people
spend more time in well ventilated spaces and outside
of the household. For COVID-19, in the absence of social
distancing measures, R0 is likely to remain above unity in
value irrespective of changes in behaviour over the summer
months due to the relatively high non-summer R0 values
(2 – 4) by comparison with influenza A (1.1 – 1.5), as well
illustrated by the rise in case number prior to the onset
of autumn in the UK in 2020.

The COG-UK updates timeline reports the consortium
has sequenced more than 100,000 SARS-CoV-2 genomes
by 10 November 2020, and the most recent number on
the Microreact page is 104,568. More analysis should be
conducted on what this database tells us about, not just viral
evolution (critically important for the development of both
diagnostic test and vaccines), but also who infects whom
in defined settings. In the COG-UK blog a new funding
announcement was made on the 18th November 2020
in which they state that the near-term aim is to sequence
8,000 – 10,000 SARS-CoV-2 genomes per week79. They
also plan to double that number over the coming months.
It is vitally important that, where possible, good demographic
and epidemiological information is linked to these genome
sequences and timely analyses of the data is released. If
that transpires, then the UK will have a database to refine
our understanding of who infects whom and concomitantly,
where transmission takes place most frequently. In turn,
this will enable policy makers to better tune social
distancing measures.

How index cases introducing infection into households
acquire their COVID-19 infection is less certain. Very limited
data form the UK suggests social gatherings in restaurant
and bars are important, as are shops and supermarkets.
However, the robustness of this conclusion is weak given
limited data. There is a need for more and better small
scale, highly focused studies and timely, detailed analyses
of what is revealed in the national TTI systems. Test Trace
and Isolation has huge potential in the era of cell phones
and genomics to assess who infects whom but requires
some refining to be fully effective when case numbers

The main message from the literature review and
comparative study across countries, is the paucity of
good data from European countries on contact tracing,
household studies and WGS to ascertain who infects whom.
Suggestions are made in the proceeding section on what is
required. They involve both open access via PHE to TTI data
for detailed analysis, and smaller, focused research studies
in defined populations and settings.
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