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Foreword

COVID-19 has been the most challenging pandemic for the UK since the
influenza pandemic of 1918 to 1919, and the most important pandemic
globally since HIV. There has been extensive and tragic loss of life and
health, and substantial social and economic disruption. This has been the
case in all 4 nations of the UK and internationally, and will have many long-
term consequences.

This report on COVID-19 has a specific and narrow audience: future UK
Chief Medical Officers (CMOs), Government Chief Scientific Advisers
(GCSAs), National Medical Directors and UK public health leaders facing a
new pandemic or major epidemic. This is not a narrative of the pandemic or
an exploration of the decisions made. That will be the subject of extensive
public inquiries which, when finished, we anticipate will be the authoritative
account. Rather, it covers some technical aspects of interest primarily to our
scientific, public health and clinical successors.

We would like to thank the authors and reviewers who wrote and revised
sections of this report, in particular Polly Ashmore who brought much of it
together.

We pay profound tribute to the many clinical, scientific, and public health
professionals who responded again and again as COVID-19 waves hit. Their
efforts saved lives, helped to improve understanding of the virus and the
disease, and helped to develop the best available responses (both
pharmaceutical and non-pharmaceutical). Often this was done at significant
personal risk. Some of the scale of this work may be apparent from this
report — it was a massive national and international clinical and scientific
effort. We are very grateful to international colleagues who have shared their
experience and insights throughout the pandemic.

Above all we thank the UK public in all 4 nations who, to protect their fellow
citizens, responded collectively over a prolonged period to this major public
health challenge, often incurring great difficulties by doing so. Even with this
there were many thousands of deaths and people left disabled directly or
indirectly due to COVID-19, each one a tragedy. If the public had not
responded so altruistically the outcomes would have been significantly worse.
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Introduction

The COVID-19 pandemic, which started in China in late 2019 and then
spread globally, is the most challenging and widespread pandemic since HIV
spread globally in the 1980s. For the UK, this has been the most serious
pandemic in terms of mortality and impact on society since the HIN1
influenza pandemic of 1918 to 1919. While pandemics on this scale and
severity are rare, major epidemics and near misses are far more common
and less severe pandemics occur and still cause significant damage; the
H2N2 influenza pandemic of the 1950s and the H3N2 influenza pandemic of
the 1960s were both substantial. Epidemics and pandemics since 2000
include the emergence of SARS-CoV-1 (2003), the H1N1 influenza pandemic
of 2009 which fortunately resulted in relatively low mortality, MERS-CoV
(2012), and major epidemics of Ebola virus (West Africa, 2014 to 2016) and
Zika virus (Brazil, 2016). It is therefore not a matter of whether there will be
future pandemics or major epidemics affecting the UK but when, and what
type, neither of which are predictable.

This report is written for a specific audience: future UK Chief Medical Officers
(CMOs), Government Chief Scientific Advisers (GCSAs), National Medical
Directors and UK public health leaders facing a new pandemic or major
epidemic in the UK. It may be of interest to others, and we make it public for
any wider audiences who wish to read it, but it is in places inevitably technical
given this specific audience. It is not an attempt to describe policy choices or
formation or to analyse operational delivery; in some places operational
elements are described but this is for context rather than analysis.

Ongoing public inquiries will give the definitive narrative of the COVID-19
pandemic to date, including policy decisions taken and why, and we have
therefore restricted this report to technical issues. We have also not
attempted to be comprehensive but to concentrate only on things we think
our successors may find useful. In addition to this report there is a substantial
body of scientific papers in the Scientific Advisory Group in Emergencies
(SAGE) repository (https://www.gov.uk/government/collections/scientific-evidence-
gpporting-the-government-response-to-coronavirus-covid-19) where specific

issues are covered in much more detail, which is therefore not repeated here.
For future respiratory pandemics or epidemics in particular these will prove
useful.

No two pandemics and epidemics, even with the same pathogen, are
identical; the HIN1 influenza pandemics in 1918 and 2009 were very
different. Different pathogen epidemics using the same route of transmission
can be quite distinct — for example COVID-19, influenza, MERS-CoV and
SARS-CoV-1 have very important differences including in age structure of
mortality and transmission dynamics despite all being viruses transmitted
predominantly by the respiratory route. These differences become even more
17
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important when different routes of transmission are involved — so for example
public health countermeasures to epidemics of HIV (sexual and bloodborne),
Ebola virus (touch), cholera (faeco-oral through water), BSE/nvCJD (food)
and Zika virus or malaria (vector), are very different to those for COVID-19.

Independently, science moves on rapidly. In this pandemic we had access
even at the start of the pandemic to scientific methods and technologies not
available in previous pandemics and more were developed in response to it;
our successors will have techniques and scientific insights currently unknown
or in the earliest stages of development. Science has, since the 1850s,
always provided the exit strategy from the worst of the major pandemics and
epidemics and we are confident it will to future ones, but new science takes
time and needs to be nurtured in between pandemics. The speed with which
effective vaccines against COVID-19 were developed was remarkable, but it
cannot be assumed. We still do not have an effective vaccine against
HIV/AIDS, and drugs remain the principle medical countermeasure. For
cholera and typhoid, the first epidemics a UK CMO had to respond to in the
1850s and 60s, it was drains and clean water that provided the principle
countermeasures.

We therefore do not in any way see this as a playbook for a future pandemic
or major epidemic, even one caused by a novel respiratory coronavirus. We
have however benefitted hugely from experiences from past pandemics,
epidemics and outbreaks, both through direct experience (most of the
authors have experience of epidemics and pandemics back to HIV in the
1980s and 90s) but even more importantly the reports of others facing past
infectious disease challenges in different times and disciplines.

The period of greatest difficulty is early in the pandemic when least is known,
the route out via medical countermeasures is not yet clear and public concern
is understandably greatest. In the absence of existing medical
countermeasures (also called pharmaceutical interventions: drugs and
vaccines) the only countermeasures available are likely to be social and
societal. In this pandemic in the UK they were collectively called non-
pharmaceutical interventions (NPIs). A major aim of medical science is to
transition as rapidly as possible from NPIs to drug, vaccine, engineering or
diagnostic-driven strategies but this will always take time. The evolution is
also generally gradual rather than sudden.

Several questions are central to developing the most efficient and effective
countermeasures to any novel pathogen. A lot of this report is about how in
this pandemic, at this point in science, the UK built up a picture of the key
information needed for pharmaceutical and non-pharmaceutical public health
interventions. This key information includes modes of transmission for SARS-
CoV-2, common transmission settings, mortality rate in different ages and
risk-groups of society, the relative importance of asymptomatic infection, the
nature of immunity and reinfection. We then look at technical aspects of
several of the interventions. In each section it will be obvious that the picture
emerged gradually and from multiple lines of evidence from different
disciplines, and the path to creating the picture was neither linear nor
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straightforward. Many of the important initial decisions by policymakers in a
pandemic have to be taken when many key facts are unknown, or at least
uncertain.

In each chapter we draw out points we think may be helpful in the future as
we go along, and in several we add some additional reflections for our
successors to consider.

Four broad reflections which run through this entire report are however worth
highlighting here.

The first is that there were multiple strands of scientific work from different
disciplines needed, and these had to be integrated at considerable speed.
This is likely to be a repeated theme for any pandemic or major epidemic.
The UK started with a strong science and research base and even with this,
and swinging most of the medical scientific and research effort over to
COVID-19, accumulating evidence for policy was incremental, with initially
wide confidence intervals and uncertainty. Evidence will continue to
accumulate as time goes on, and new evidence will no doubt come to light
after the publication of this report that enables a better understanding of
some of the issues we discuss here.

The second is that, unsurprisingly, the UK was relatively effective and rapid in
responding in areas in which we already had strengths and substantial
capacity, including in biomedicine, which could be adapted and built on. For
example, UK strengths in phase 3 clinical trials allowed very rapid progress in
assessing clinical effectiveness of pharmaceutical interventions; the relatively
small relevant diagnostics industry meant scale up of diagnostic tests was
slower and was a significant limitation on the initial response.

The third is that, while we have concentrated on the UK experience because
that is the one for which we have first-hand experience, science and
medicine are international and pandemics by definition cross borders. Much
of what we learned was from scientists, public health experts and clinicians in
other countries. The experience of each country in the COVID-19 pandemic,
facing the same pathogen, is different, and all had different scientific
strengths. It would however have been unwise to have relied entirely on the
scientific capacity of others and the UK provided a significant contribution to
the global scientific output as well as insights specific to the UK experience.

Finally, the engagement of policymakers and the public in the scientific
insights was profound and critical to the response. People rightly wanted to
understand why specific interventions, actions or treatments were being
recommended and the underlying rationale and evidence for each. Often the
most difficult part of medical and scientific communication is explaining
uncertainty or evolving science in a transparent way without it leading to
paralysis in decision making. Our experience of this was almost entirely
positive. Just as people in a one-to-one clinical encounter want to understand
the logic, risks, benefits and uncertainties of a course of action, the same was
true at national levels in this pandemic.
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Introduction

Particularly in the early days of the pandemic, there was pressure to develop
rapid evidence on SARS-CoV-2 and COVID-19. This was driven by important
operational and policy questions at the outset of this public health emergency,
such as:

+ what were the sensible options for response, and were there public health
interventions that could interrupt transmission?

» were there any therapeutics or a vaccine that could be deployed for this
pathogen?

+ what should the clinical response be — and what would this mean for health
system response?

+ how extensive did the response need to be — should measures target only
cases, or all of society?

+ how long would these measures be needed for?
+ what strength of evidence would be needed for different responses?

+ what could be communicated to the public — what was known about this
pathogen and the disease it caused?

Policy decisions were for ministers to take and they involved multiple non-health
as well as health-related trade-offs. However, there was a need for clinical and
scientific advice on the evidence base about the pathogen and the disease it
caused in order to support decision-makers. Of course, there were particular
windows for policy decisions and the evidence base did not always give a
definitive answer to support one option or another at the time a decision had to
be taken. In such cases, there was a need to use basic epidemiological
principles and be open and clear about what the evidence base did and did not
say, and with what level of certainty any conclusions could be reached. The
evidence base evolved throughout the course of the pandemic, and so it was
important to keep an open mind and consider all feasible possibilities. It was also
important to bring together a range of disciplines and types of evidence to get a
fuller, more certain and more nuanced picture.

Some key scientific questions at the outset of this pandemic concerning the
pathogen, the disease and its epidemiology are set out below.
The pathogen

1. What was this pathogen?

2. What information could be gathered about the pathogen that could help
develop an initial diagnostic test?
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3. What information about the pathogen and the disease could support targeting
of appropriate repurposed and newly developed pharmaceutical interventions?

4. How could viral evolution be monitored?

The disease
5. How severe was this disease, and were there longer-term sequelae?

6. What was the duration of naturally acquired and vaccine acquired immunity,
and the risk of reinfection over time?

Epidemiology

7. What were the case definitions?

8. What were the important routes of transmission?

9. What were the higher risk settings for transmission?

10. What was the proportion of asymptomatic infection and transmission, and
could this maintain R over 1?

11. How long were people infectious?

In this chapter, we explore for each question how the evidence base was
developed, highlighting important methods that may come into play in a future
pandemic.

Our focus is on the UK’s experience. However, the science of COVID-19 is a
global science and a good part of the evidence base comes from the excellent
work of colleagues across the world.

Questions on the pathogen

1. What was this pathogen?

At the onset of the COVID-19 pandemic, when information on SARS-CoV-2 itself
was limited, initial risk assessments and hypothesis generation for research drew
upon what was already known about similar pathogens. Fortunately, identification
and initial characterisation of the causative virus came swiftly. This early
virological information fed into risk assessments about the nature of the virus and
its risk to the population, when and whether it would be imported into the UK, as
well as supporting the development of a diagnostic molecular test. It is likely that
future pandemics and significant epidemics will see similarly rapid dissemination
of initial information about the pathogen, particularly if they emerge and establish
in countries with significant scientific capacity but, even given this, the speed of
international information flow from the start of 2020 was impressive.
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Early emergence and first sequences

Following the first official reports of pneumonia of unknown origin in Wuhan,
China, at the end of December 2019, very early information about the pathogen
came from China and other countries that experienced early imported cases.
Within days, the causative pathogen was identified as a beta coronavirus, and
was subsequently named as SARS-CoV-2. Chinese scientists rapidly performed
laboratory-based characterisation (virus culture, electron microscopy) and
sequencing (unbiased meta-genomic techniques) of the pathogen from clinical
samples.[lootnote 1] ‘[footnote 2] The first genomic sequence was generated on 3
January 2020, and publicly released on 10 January 2020. Within weeks, the
virus receptor was identified as ACE2, with TMPRSS?2 also flagged as important
for viral entry.

Early on, phylogenetic analysis of available genomes and epidemiological
studies of early cases gave signals that the virus had recently emerged, and

consideration was given to the possible origin.©22tnote 3] [footnote 4]

Local expertise and access to high-end technology in China enabled rapid
identification and characterisation of SARS-CoV-2. Nonetheless, detection of a
newly emerged pathogen could take longer if, for example, presence of genomic
material was short-lived or difficult to detect, the pathogen was difficult to culture
in the laboratory, or if the outbreak had arisen in a region with more limited
diagnostic capacity. In the earliest stages, knowledge and expert opinion was
reliant on accessible international data. Channels to access this rapidly such as

g]]e Global Initiative on Sharing Avian Influenza Data (GISAID) were key.[fcomnote

Using existing knowledge from similar pathogens

Comparison of genome sequences with other known human pathogens
demonstrated that SARS-CoV-1 was the closest related human pathogen, with
around 80% genomic similarity to SARS-CoV-2. It was known that SARS-CoV-1
caused severe human infections and used the same ACE2 receptor. Other
related human pathogens were also drawn upon for scientific insight, including:

« MERS-CoV, which showed around 50% genomic similarity but did not use
ACE2

+ NL63, an endemic coronavirus that used ACE2

» other endemic coronaviruses: OC43, 229E and HKU1

+ influenza, as a pandemic respiratory virus

As data about SARS-CoV-2 accumulated with time, it became apparent that
SARS-CoV-2 was different from SARS-CoV-1 in several aspects, such as in its
pre-symptomatic infectiousness, levels of asymptomatic or subclinical infections,
and routes of transmission.

In the early stages of the pandemic, before robust data on SARS-CoV-2 itself
became available, prior experience and knowledge about these related
pathogens guided early understanding and public health actions — for example:
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« facilitating prioritisation of potential therapeutics that had already shown in
vitro or clinical activity against human and zoonotic coronaviruses

+ signalling the potential for reinfections due to prior observations of waning
immunity to seasonal coronaviruses

Prior knowledge also fed into early estimates of the incubation period, which was
known to be longer for coronaviruses than influenza. Reviewing existing data on

the environmental persistence of coronaviruses informed early policy on
decontamination.feotnote 6]

In characterising the pathogen from early clinical material, relationships between
public health agencies and laboratory networks were key in prioritising
distribution of virus isolate (to those with established biocontainment facilities)
and planning further investigations. Academic laboratories with technical
expertise collaborated with those running approved biocontainment facilities in
other organisations to set up and lead work on virus characterisation, such as
seguencing, in vitro studies and animal models. This supported assay
development and furthered our knowledge of the virus. Clinical studies, in
particular use of established protocols via the UK'’s International Severe Acute
Respiratory Infection Consortium (ISARIC) Clinical Characterisation Protocol
(https://isaric.net/ccp) and, later, human challenge studies, also delivered important
data about the virus and the disease it caused.feonote 71 [footnote 8]

As the virus reached the UK, early recognition and detection of cases was
important in supporting further research into SARS-CoV-2. After the first case
was detected in the UK in late January 2020, the virus was cultured and
sequenced within days and shared with academic partners, enabling early
virological work and feeding into wider research to develop our understanding of
the pathogen. This wider research, including into potential pharmaceutical
interventions, the duration of protective immunity to this pathogen and likelihood
of reinfection, and the nature of severe and long-term disease, is set out in the
following sections.

2. What information could be gathered about the pathogen
that could help develop an initial diagnostic test?

Testing to identify cases had multiple applications throughout this pandemic,
supporting clinical management, infection prevention and control (especially in
health and care settings), contact tracing, surveillance, and to understand
transmission force, transmission routes and severe disease rates. Testing was
especially important because the symptoms of COVID-19 were often non-
specific, minimal or absent. It was therefore an early priority — in the UK and
globally — to develop diagnostic tests for the SARS-CoV-2 virus. This is likely to
be the case for future pandemics and major epidemics.

The early diagnostic test (as is the case for many viruses) was molecular
(reverse transcription polymerase chain reaction, or RT-PCR), though
development of serological assays was also a major strand from an early stage,
and later commercially developed antigen tests were also deployed at scale (for
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further detail on test technologies see Chapter 6: testing). Had this been a virus
whose genetic material (DNA or RNA) is only briefly detectable (such as dengue
virus), serology may have played a greater role for diagnostic purposes. In this
pandemic, and in contrast to, for example, HIV, serology was primarily used to
monitor seroprevalence and support research (such as understanding rates of
asymptomatic infection, the risks of reinfection and vaccine efficacy). Self-
performed viral antigen-based tests were implemented for widespread
community-based asymptomatic testing and, in the later stages of the pandemic,
as a signal for infectiousness to guide isolation timelines.

There was a need for multiple modes and types of testing. The speed of initial
development of several different test modalities in this pandemic was impressive,
with scale-up being more rate limiting. Scale-up was also hampered by the lack
of a significant diagnostics industry capability in the UK (again, this is covered in
more detail in Chapter 6: testing).

Evidence informing molecular testing
Sequencing

Typically, with current methods, the development of specific molecular
diagnostics for any new emerging viral pathogen requires knowledge of the virus
genomic sequence. Once the target sequence is known, sensitivity and
specificity of PCR-based or nucleic acid amplification test (NAAT)-based
diagnostics is typically greater than 95% and 99%, respectively; this will likely
change and improve by the time of the next pandemic. Very early in this
pandemic Chinese scientists performed genomic sequencing of SARS-CoV-2
and shared the full sequence globally via a public database.20tnot 11 |t yyas
important to have the entire viral sequence for SARS-CoV-2 because different
regions of the viral genome could be used for different purposes for diagnostic
detection. Within each virus family for RNA and DNA viruses, there tend to be
regions of the viral genome which are highly conserved, usually containing
family-specific sequences. Such regions of the viral genome have been used to
develop family specific diagnostics — for example, pan-coronavirus, influenza A,
or herpes virus diagnostics.

Whole genome sequencing also enabled identification of genetic similarity with
other coronaviruses, particularly SARS-CoV-1, for which diagnostic expertise and
clinical materials existed in several public health laboratories across the world,
including the UK. This facilitated rapid development of a diagnostic assay
through international collaboration between public health laboratories. SARS-
CoV-1 clinical samples were used as control material during the early
development of an RT-PCR assay.[feotnote 9]

Ongoing sequencing surveillance was important for testing, throughout the
pandemic, to highlight mutations within primer sites that could affect test
performance.2otnote 101 pjylti-target PCR assays helped to reduce this risk — as,
for example, when S gene target dropout was observed with the Alpha and

Omicron SARS-CoV-2 variants.[©200t 111} inks with industry for rapid
development, distribution and validation of laboratory standards to support the
monitoring of test performance were essential.
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Sampling

Serial clinical sampling from multiple anatomical sites (respiratory and non-
respiratory samples) from the first 10 to 20 UK cases that were contained in high
consequence infectious disease (HCID) units provided valuable early data on
viral shedding.['eotnote 12] gy mid February 2020 there was growing clarity on
which sites the virus was shed from and when, based on sequential sampling
studies from small cohorts and case reports.lotnote 13] ‘[footnote 14] ‘[footnote 15]
Clinical data and case series began to show that nose and throat swabs were
reasonable samples for detection of the virus, and that although faecal shedding
occurred there was limited evidence for viraemia. 290t 11l it js worth noting that
there were initial difficulties moving samples around due to their HCID
classification, and this is relevant for future pandemics that will likely require
rapid moving and investigation into such samples. HCID classification should not
be extended beyond the period it is required.

Understanding the kinetics of viral infection in the upper respiratory tract during
an acute infection helped to inform the interpretation of PCR test results — in
other words, what positive, negative and ‘positive at the limit of detection’ PCR
results imply in terms of infectiousness, at different stages of infection. It was
noted that low-level PCR positivity can remain for some time after an acute
infection, without infectiousness. Therefore, for example, a single low positive
(high cycle threshold value) PCR test result could indicate early infection when
the individual is about to become highly infectious, late infection with lower
infectiousness, or inadequate sample quality — understanding this nuance was

important in interpreting test results for infection control or public health actions.
[footnote 16

As the pandemic progressed and testing was scaled up, the value of easy-to-
perform sampling, particularly that which can be performed by the patient
themselves at the point of care, became increasingly important. In this pandemic,
saliva samples for PCR-based diagnosis, different upper respiratory tract
swabbing locations (anterior nares versus nasopharyngeal sampling), oral fluid
or dried blood spots versus venous blood sampling for serology were all
explored. Longitudinal and cross-sectional sampling studies, collecting novel

sample types alongside existing validated sample types, enabled validation of
diagnostics.[foom"te 17]' [footnote 18]

With the ongoing evolution of SARS-CoV-2 and emergence of variants, it has
been necessary to repeat and review virological sampling studies to monitor any
impact on test performance as pathogen biology changes. We anticipate this will
be needed in future epidemics and pandemics.

Virus culture

In general, virus culture work was constrained by requirement for Biosafety Level
3 containment facilities and technical expertise. Distribution of the first live virus
isolates required appropriate safety licensing in place at receiving research
laboratories, which is a potential rate-limiting step in the event of a pandemic.
Virus isolation from clinical material taken from one of the first UK clinical cases
had occurred by early February 2020 — this was needed to generate RT-PCR
assay control material for diagnostic laboratories. Of note, had the UK not
experienced a clinical case of COVID-19 for some time, this material would have
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needed to be sourced promptly from an international partner to prevent delays to
diagnostic test development and rollout. The same was true for testing new
variants where appropriate samples were not available in the UK to use for
neutralisation studies. Throughout the pandemic, virus culture, performed ad hoc
on clinical samples from cohort studies, provided valuable information about
infectiousness timelines (see section 11: How long were people infectious?),
which in turn aided interpretation of diagnostic tests results for infection control
and public health purposes.footnote 19]

Evidence informing serological testing

Serological assay development, deployment and interpretation was supported by
an understanding of when and which antibodies (IgA/IgM/IgG) develop after
infection, to which pathogen antigen (such as SARS-CoV-2 spike, nuclear
protein), at which anatomical sites, and for how long. Of course, all serological
tests signalled some type of immune response to the virus — however, they had
differential sensitivity and specificity depending on the assay and target. It was
important to understand potential cross-reactivity with other coronaviruses as
well as any differences in the magnitude of the serological response depending
on the severity of illness (asymptomatic, mild, severe) or demographics (such as

age).

Evaluating test performance requires access to well-characterised positive and
negative serum samples. In this pandemic, paired serology was actively
collected from persons with suspected COVID-19 in the first months of the
pandemic who tested RT-PCR negative. This, in addition to existing banked
serum and residual serum from NHS diagnostic laboratories, contributed vital
assay control material.[eonote 201 | pngitudinal serological sampling studies such
as SARS-CoV2 immunity and reinfection evaluation (SIREN) and Enhanced
Seroprevalence for COVID-19 Antibodies (ESCAPE) also provided valuable
clinical material to help validate assays in development. For example, the
ESCAPE study collected oral fluid at the same time as serum to facilitate
validation of this sample type. These studies also furthered our understanding of
the kinetics of the immune response to infection (such as when people develop
detectable antibodies) and of the duration of protective immunity (such as how
long antibodies are able to protect us from a further infection). It was then
possible, in close collaboration with academic partners, to develop and validate
assays for detection of neutralising antibodies, particularly surrogate assays not
requiring containment level 3, and to understand their correlation with
commercially available serological tests such as enzyme-linked immunosorbent
assay (ELISA) tests. Later in the pandemic, having internationally recognised
serological standards enabled better comparison between vaccine clinical trials,
and specific serological testing was used to differentiate natural from vaccine-
derived immunity.
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3. What information about the pathogen and the disease
could support targeting of appropriate repurposed and
newly developed pharmaceutical interventions?

Pharmaceutical interventions (PIs) were an early priority as a means to reduce
morbidity and mortality — both directly due to COVID-19 disease and indirectly
from healthcare disruption due to high numbers of severe cases.

This section sets out the information required on the pathogen and the host
response to guide and support Pl development in this pandemic; how this
evidence was generated; advice based on this experience. This is set broadly
into 2 sections covering the different types of interventions: vaccines and
therapeutic agents, including disease modifying host directed therapeutics and
antiviral therapeutics. The process of developing and deploying Pls is covered in
more detail in Chapter 9.

Early research focused on viral pathophysiology, host susceptibilities and
disease course in order to:

« identify targets for preventative, disease modifying and antiviral therapeutics
« shortlist repurposed pharmaceutical candidates

» focus research and development of novel options

Vaccines

The development of vaccines against SARS-CoV-2 was informed by the host
immune response to the virus following natural infection and required information
on the antigenic target of antibodies that neutralised virus entry into cells. Review
of existing data on related human coronavirus structure and host cell binding and
vaccine studies for SARS-CoV-1 and MERS-CoV identified the SARS-CoV-2
spike protein as a primary antigenic target for vaccine development and
suggested the likely success of vaccines targeting this region of the virus in the
first months of the pandemic. [footnote 21] [footnote 22] [footnote 23] [footnote 24]

[footnote 25] foomote 26 I Prior knowledge of the mutation rates and duration of
immune responses to highly related human coronaviruses also helped to predict

the need for repeated vaccinations and regular adaptation of vaccine content.
[footnote 27

By April 2020, spike glycoprotein sequence analysis and structural analysis
using cryogenic electron microscopy had confirmed ACE2 as the human host cell
receptor.[footnote 28] [footnote 29] [footnote 301 | ahoratory studies from early clinical
samples enabled a better understanding of the viral lifecycle and identification of
the interaction between the SARS-CoV-2 spike protein receptor binding domain
(RBD) and ACE2.

The rapid development and validation of neutralisation assays provided

methodology for assessing the development of antibodies that could neutralise

viral entry into cells and were used to show that antibodies targeting the SARS-

CoV-2 spike protein neutralise the virus. This corroborated the use of the spike
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protein as a target for vaccine development and identified anti-viral monoclonal
antibodies with potential for therapeutic use.otnote 311

Neutralisation assays were also used to monitor the immune response following
natural infection to examine correlates of protection and duration of immunity,

informing protocols for vaccine trials and the need for booster doses.[footnote 321
[footnote 33] [foothote 34]

All of these processes required rapid access to viral specimens to analyse the
genetic sequence of the virus and obtain live virus isolates, clinical
characterisation of patients with different disease severity, and blood samples to
assess antibodies from convalescent patients. This necessitated the early set-up
of cohort studies from the outset of the pandemic, with sequential sampling from
people across the spectrum of disease, a process that was undertaken first in
China and then rapidly across the globe as the pandemic spread.2otote 35]

A variety of samples (serum, whole blood, peripheral blood mononuclear cell
(PBMC), oral fluid) from affected individuals during acute and convalescent
phases were obtained. The processing of these samples can be more involved in
terms of time and materials than standard diagnostic samples, but these samples
were key to understanding the nature and duration of pathogen-specific immune
memory and for the identification of further vaccine targets.

Knowledge of the high mutation rate of other human coronaviruses highlighted
the need for vigilant monitoring of the genetic evolution of the virus, which was
facilitated through the set-up of the COVID-19 Genomics Consortium. This
identified new viral variants and guided hypotheses regarding the likely
generation of resistance to vaccines and antiviral agents, as well as likelihood of
reinfection due to evasion of host immunity.[feotnote 261

By early summer 2020, concurring with earlier studies from China, a cohort study
using samples collected from the first infected people in the UK showed that the
majority of individuals mounted a detectable antibody response, including
neutralising antibodies, following laboratory confirmed infection. This suggested
that individuals were likely to respond to vaccination with a protective immune
response. The same study also found a higher neutralising antibody associated
with more severe disease and highlighted the potential for convalescent plasma
as a therapeutic intervention.feotnote 571

Animal models were an important route to testing hypotheses and delivered early
signals on likely host responses to vaccination. In August 2020 non-human
primate models indicated protection from re-infection following a primary infection
with SARS-CoV-2 or passive immunisation with SARS-CoV-2 specific
monoclonal antibodies, supporting the postulation of the likely success of future
vaccination programmes in protective immunity, at least in the short term.[footnote
38] [footnote 39] ' [footnote 401 gjmyltaneously, SARS-CoV-2 virus-specific B cells
were found to be detectable by flow cytometry following mild and severe
infection, and for several months following infection, irrespective of waning
neutralising antibody titres.[fooinote 41] ‘[fooinote 42] Thig demonstrated the

presence of a pool of antigen specific immune memory cells primed to respond
on re-exposure.

By September 2020, understanding of immune differences between those with
mild and severe disease further expanded with T cell enzyme-linked
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immunosorbent spot (ELISPOT) on peripheral blood mononuclear cells using
synthetic peptides of SARS-CoV-2, finding functional CD4+ and CD8+ memory T
cell responses in COVID-19 survivors. 090 43l The presence of responses to
multiple viral epitopes, including those outside the key spike region of the virus,
highlighted novel vaccine targets with the potential to be less susceptible to viral
escape mutations within the spike region.

Early detection of neutralising antibodies from patients recovered from SARS-
CoV-2 infection were important in the development of monoclonal antibodies
blocking the interaction between SARS-CoV-2 and the host cell receptor.feotnote
31] Along the same principles the potential utility of convalescent plasma therapy
was considered in the early stages of the pandemic based on historical use in
SARS-CoV-1, influenza and other respiratory viral infections.[footnote 44] -[iootnote
45] | [footnote 461 This required sampling from known positive cases and substantial
operational input and coordination between public health and blood transfusion
services to obtain donations for analysis and therapeutic use. Evaluation in multi-
site platform trials subsequently demonstrated this not to have a survival benefit
in hospitalised patients, the reasons for which remain unclear, but convalescent
plasma may be a useful option to consider in the absence of other therapeutics

early in the course of a newly discovered infectious agent.[ootnote 47

In this pandemic, vaccine development was focused on the S protein which was
the most obvious and most defined antigenic target. Targeting a wider selection
of target proteins, such as the N protein, could potentially be helpful. These
targets are less well defined but could be more conserved and offer more
durable protection particularly given the possibility of vaccine-escaping new
variants. The first targeted antigen for a pandemic organism may not ultimately
be the best, so there may need to a broader scientific lens and incentives and
support for industry to explore other protein targets. This is important to keep in
mind whatever the pathogen.

Therapeutic agents

Therapeutic agents were required for different purposes in different scenarios: in
intensive care (ICU) settings the primary aim was to reduce mortality; in
hospitalised patients outside of ICU the goal was to reduce escalation to ICU or
requirement for oxygen therapy; in the community the aim was preventing
hospital admission by treating high risk individuals early or targeting prophylaxis
at high-risk individuals who had been exposed. For post-exposure prophylaxis in
the community (both vaccines and therapeutics), early studies on the secondary
attack rate were helpful in clarifying the incubation period.

Potential therapeutic agents included those acting directly against the virus,
immunomodulatory agents directed against the host immune response to
infection, and therapeutics directed against other organ system effects of the
infection. At the very outset of the pandemic, hypothesis generation and
identification of candidate therapeutics for trials relied on existing knowledge of
similar pathogens. Knowledge of other human coronaviruses, including SARS-
CoV-1 and MERS-CoV, enabled a rapid assessment of potentially viable
therapeutic agents, both direct acting antivirals and immunomodulatory agents.
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In vitro studies, animal models and human safety data were key in generating
early candidates for clinical trials — though caution and expert input were
essential when interpreting such evidence in light of SARS-CoV-2.

Virus-directed agents
Initial assessments suggested 2 antiviral candidates to begin trials:

« combination lopinavir/ritonavir, protease inhibitors with activity shown in limited
experience with SARS-CoV-1 and in non-human primate models of MERS-
CoV

« remdesivir, a nucleoside analogue with activity against MERS-Co\/eotnote 48]
[footnote 49

This is covered in Chapter 9: pharmaceutical interventions.

Host-directed therapeutics

Initial selection of host-directed countermeasures for evaluation (such as
immunomodulators or anti-thrombotics) depended upon careful clinical
characterisation of mild, moderate and severe cases and the mechanisms of
pathogenesis, as the efficacy (and safety) of host-directed therapies can depend
on the stage and severity of disease. Large-scale cohort studies provided
information on the contribution of immune-mediated disease to the pathogenesis
of infection and rates of complications, such as thrombosis. They delivered
results fast in this pandemic. By March 2020, multi-centre cohort trials with
sequential sampling from individuals across the spectrum of disease severity
measuring a range of markers highlighted the role of inflammation in
pathogenesis of SARS-CoV-2 infection and identified interleukin 6 (IL-6), in
particular, as a potential therapeutic target.[°otnote 50] [footnote 51 These findings
resulted in the inclusion of steroids, tocilizumab, a monoclonal antibody targeting
the IL-6 molecule, and sarilumab, a monoclonal antibody inhibiting the IL-6
molecule receptor, in clinical trials in April 2020. This is covered in more detail in
Chapter 9: pharmaceutical interventions.

4. How could viral evolution be monitored?

Although whole genome sequencing of viruses during epidemics (for example,
during the Ebola outbreak of 2014 and the H1N1 influenza 2009 pandemic) has
been employed over the past decade, the SARS-CoV-2 pandemic marked a
turning point with many countries, particularly the UK, investing substantially in
sequencing large numbers of genomes.[f20note 521 This allowed for fine
epidemiological tracking, to understand the introduction of virus and variants into
the UK, and rapid detection of novel variants. However, it is important to note
that large scale sequencing on its own was not sufficient to understand variant
emergence, nor to make meaningful risk assessments to inform policy
responses, until it was later coupled with phenotypic analyses including antigenic
studies and epidemiologic analyses of clinical severity. It also required robust,
large scale epidemiological sampling.
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Wastewater sampling helped signal human circulation of SARS-CoV-2 variants
of concern and supported tracking lineages of SARS-CoV-2. It could have a
potential role in future pandemics, but in this pandemic in the UK there were a
number of important caveats to its use, such as the potential to detect viral
fragments from past, resolved infections. These are covered in more detail in
Chapter 4: situational awareness, analysis and assessment.

Wild type

Large scale sequencing revealed that SARS-CoV-2 arrived in the UK by
hundreds of separate introductions carried by travellers returning in large part
from Europe after the half-term holidays in February.[l2onote 531 Thjs first wave
was largely clonal, with the single exception of the early emergence, and rapid
worldwide dominance, of the B.1 lineage.©°no€ 541 B 1 contained 4 mutations
including the D614G substitution in the spike gene. It was not clear until several
months later, when detailed phenotypic analyses were performed, that this was
something other than a founder effect — in other words, a predominance of a
lineage without a clear fitness advantage, largely due to early import and
stochastic growth. Subsequent phenotypic work showed the single mutation
D614G worked by exposing the part of the spike protein that bound to the ACE2
receptor, and thus increased infectivity. 2219 551 This analysis was only possible
due to a combination of the development of large scale sequencing, which was
at the time rapidly scaled up, including by the nascent COVID-19 Genomics UK
consortium (COG-UK), coupled with phenotypic characterisation by
multidisciplinary collaborators.

Alpha

For several months after summer 2020 there was again relative stasis in SARS-
CoV-2 evolution within the UK, with only a few minor and fairly inconsequential
mutant lineages emerging. A%ain, many were carried to UK from mainland
Europe by travellers.990t€ 561 To\wards late 2020, however, rising case rates in
the south-east of the UK were investigated and found to correlate with a negative
result for the S gene target, one of the commonly used probe sets for
quantitative polymerase chain reaction (QPCR) tests. This variant was later
labelled the ‘Alpha’ variant and was relatively easy and fast to track using S gene
target failure in qPCR testing.[29N9 571 Thjs underscored the importance of
using several different PCR targets in combination for large scale testing of an
RNA virus; had this not been done, Alpha infections would have gone
undetected until later in the wave. Alpha drove a large wave of cases in the
winter of 2020 to 2021, and genome sequencing revealed a constellation of
mutations throughout its genome.[fe2note 11 A|pha was revealed through later
phenotypic testing to have increased transmissibility conferred by changes in
receptor binding and also changes in innate immune control.[feotnote 58] [footnote
59 with the emergence of Alpha (and, shortly after, Beta detected in Southern
Africa), effort was expanded to sequence and rapidly identify and characterise
any further variants arising.feotnote 60]
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Delta

By spring 2021 signals were seen in India of potential new variants, with a surge
in cases reported. These variants were later classified as Delta and Kappa. In
the UK, cases of Delta and Kappa were initially predominantly in those travelling
from India (see Chapter 8: NPIs, for further epidemiological context on travel
restrictions).22tote 611 |hitially, Kappa was assessed to be the larger threat as
imports into the UK consisted mostly of Kappa, which contained a mutation at
spike position 484 (484Q) that was flagged as a likely antigenic escape mutant
due to its similarity to E484K (found in Beta and Gamma). However, Delta began
to exhibit a more rapid growth rate and went on to dominate globally in 2021.
This was occurring at the same time as the UK was rapidly vaccinating its
population and gradually lifting NPIs. Laboratory studies showed that Delta was
intrinsically more transmissible than previous variants.[299€ 62] t 3|50 showed
some modest immune escape properties, potentially allowing it to break through
immunity granted by vaccination or prior infection from wild type SARS-CoV-2
with greater efficiency than Alpha.[feotnote 63]

Omicron

By November 2021 many countries worldwide, including the UK, were reaching
their highest rates of sequencing. Sequencing from Southern Africa and travel-
related sequencing from Hong Kong allowed the rapid identification of a novel
variant of concern, Omicron, as soon as the first 4 sequences had been
uploaded by Southern African researchers to the online sequence database
GISAID.[l20tote 641 Omicron was characterised by a very large number of
mutations, including 35 across the spike gene, many at known antigenic
epitopes. The large antigenic distance between Omicron and the wild type spike
protein, combined with antibody waning, resulted in poor neutralisation of
Omicron by sera from vaccines — and this necessitated rapid implementation of
vaccine booster programmes to counter immunological waning associated with
the establishment of this variant.[feotnote 65]

Discussion

The origin of variants remains an open question. However, immunocompromised
hosts have been a hypothetical population for variant emergence prior to the
pandemic, and a similar route was implicated in this pandemic by the fact that
Alpha and Omicron were phylogenetically similar to much older sequences that

circulated 6 to 18 months before their emergence.feotnote 66] [footnote 67]

Whole genome sequencing has been a huge boon to the UK in the pandemic
and was probably world-leading in terms of genomic epidemiology, identification
of novel variants and understanding the evolution of viruses in real time. This has
been a mix of both population-wide surveillance, allowing for high quality
epidemiological resolution of new variants, as well as surveillance targeted to
hospital populations allowing rapid detection of imported variants or chronic
infections in hospitalised patients. It was extremely fortuitous (and very unlikely
to be repeated in a future pandemic) that one of the main gPCR toolsets bound
to a region of the SARS-CoV-2 genome was not present for some variants,
allowing for rapid detection of certain potential variants. Although the UK
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deployed gPCR-based targeted genotyping sparingly, this could be very
important for future pandemics where a rapid detection method like S gene target
failure is unlikely to occur. Furthermore, the UK (like many other countries)
invested in associated phenotypic characterisation of variants, allowing rapid risk
assessment of emerging variants to feed into public health policy. It has been
important to bring together multidisciplinary groups of public health academics
including epidemiologists, genomics scientists, bioinformaticians and virologists
together to rapidly assess new variants.

Table 1: summary of key SARS-CoV-2 variants and their emergence, 2020 to
2021

Event Timeline  Description
D614G becomes Spring Genomic signal, confirmatory studies
predominant 2020
Alpha first found November Epidemiological signal from Kent,
2020 genotyping signal, genomic signal
Delta takes over April 2021  Genomics signal from UK and India, travel-

related signals

Omicron first November Genomics signal from South Africa, rapid
found 2021 global response

Questions on the disease

5. How severe was this disease, and were there longer-
term sequelae?

Gauging the potential impact of COVID-19, and the appropriate response to
take, heavily relied on understanding both the severity of acute disease and its
possible longer-term sequelae.[209t€ 68l The degree of severity and its
underlying causes will be central to the management of any future pandemic or
epidemic. This section sets out evidence evolved on mortality and morbidity, both
acute and chronic, for COVID-19.

Mortality

Mortality rates were difficult to define in the initial stages of this pandemic, as
was the case for HIN1 influenza and SARS-CoV-1 — but for slightly different
reasons. For SARS-CoV-1 in 2003, initial case fatality rate (CFR) figures
underestimated severity due to early estimates missing delayed deaths — though
statistical methods were developed to provide a more robust estimate of severity
in similar situations which were useful in this pandemic.22t0t 691 For HIN1
influenza in 2009, initial CFR estimates were about 500 times higher than the
later agreed infection fatality rate (IFR) of 0.001% to 0.002% due to initially
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measuring only symptomatic or confirmed cases and missing milder and
asymptomatic ones.[ootnote 70] [footnote 711} atar more accurate estimations of
the IFR for HIN1 influenza arose from studies on outbreaks, such as one in a
school in New York which included milder cases — though with important caveats

on the demographic representativeness of those within specific settings like
schools.[footnote 72]

For SARS-CoV-2, too, there were varying estimates of CFRs in the early stages.
In the UK, before widespread surveillance was set up, initial estimates of the
CFR came from dividing numbers of reported deaths by the estimated number of
cases in Wuhan, China at a given time.[l22no€ 73l These estimates were greatly
improved by Chinese Centres for Disease Control (CCDC) data: in mid February
2020, for example, the CCDC weekly bulletin provided a CFR estimate of 2.3%
from 72,314 cases identified using either PCR testing (63%) or clinical diagnosis
(37%).[lcotnote 741 of this group 1.3% were thought asymptomatic. Of the PCR
confirmed cases, 81% were classified as mild (which included non-pneumonia or
mild pneumonia) and 19% were described as severe or worse (which was
classified as dyspnoea, low oxygen saturations and/or greater than 50% lung
infiltrates on imaging). The CFR for those with severe disease was high at 49%
and increased substantially with age (though the age distribution of this cohort
was relatively young compared to the UK, with 68.8% of patients under 60).
Another early study incorporated a wider range of cases from PCR testing for
international travellers arriving to China, alongside cases and deaths in Wuhan,
and reported a CFR of 1.4% for symptomatic COVID-19 cases.[f2onote 751 |t yyas
initially difficult to interpret such studies for a UK context, in part because
denominators and numerators varied and in part because their source
populations differed from the UK in several important ways (such as age
distribution).

Population-wide surveillance (positive tests, syndromic surveillance) linked to
outcomes (hospitalisation, deaths) provided high quality data for the routine
calculation of CFRs in particular by providing a robust denominator. In the UK
this was initially done using serology, which was difficult to interpret due to
waning antibody levels, and after late spring 2020 by large scale surveillance
studies such as the Office for National Statistics (ONS) COVID-19 Infection
Survey (CIS), Real-time Assessment of Community Transmission (REACT) and
Early Assessment of Vaccine and anti-viral Effectiveness 2 (EAVE-2), and in
cohorts such as SIREN (healthcare workers) and Vivaldi (care homes). The
calculation of an accurate IFR required serological testing of a representative
random sample of the population, and establishing a regular serological survey
allowed us to estimate the severity of disease on a regular basis. However, this
took time to set up and for results to indicate severity more clearly and CFR was
available much more quickly. Early establishment of data storage and linkage
systems was important for the timely calculation of these statistics. Securely
sharing data with academic groups facilitated rapid analysis.

Investigations of large outbreaks of COVID-19, similar to previous experience
with HIN1 influenza, also supported CFR and IFR estimates early on, as well as
giving signals on the proportion of asymptomatic infections. An outbreak on the
cruise ship Diamond Princess in February 2020 provided early data on outcomes
for 3,711 passengers and crew, and gave a CFR of 2.6% and an IFR of 1.3%,
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likely due to testing across the ship picking up asymptomatic cases.footnote 76
[footnote 77] sty dies of Wuhan residents outlining the likely delay distribution
between onset and death were critical in estimating both CFRs and, as testing
and surveillance expanded, IFRs.[feonote 78] other opportunities for screening
were passengers on flights from affected areas. However, these figures needed
to be interpreted in context, and could not readily be applied to different
population groups with different demographic characteristics.

It was not until late spring 2020, when many countries were experiencing high
transmission and testing was being ramped up alongside surveillance studies,
that a shift from CFR to IFR occurred and estimates converged towards an
overall IFR of around 1%.

The presence of asymptomatic cases and asymptomatic transmission for
COVID-19 was particularly problematic in early mortality rate estimates, and this
had not been the case for the closely related SARS-CoV-1 (for which peak
infectiousness matched peak clinical symptoms). Many early studies missed
asymptomatic cases in the absence of widespread testing and community
surveillance, and in the UK in February to April 2020 a number of cases due to
COVID-19 occurred in the community without confirmatory testing. This was
likely the reason behind higher early CFR estimates: collated data in England
from 31 January to 22 April 2020, for example, recorded 99,137 cases with
16,271 deaths, a crude mortality ratio of 16.4%.00Mot € /9] Argund the same time,
adjusting for age and using serological data alongside case data gave an IFR of
1.6% for the UK.[—HO““’te 80

As noted above, global comparisons proved difficult as hospitalisation criteria,
testing availability and case definitions varied over time and across different
health jurisdictions. Mortality itself also varied significantly from country to
country, likely due to different age structures of populations as well as differences
in a range of other risk factors such as obesity, levels of social deprivation and
important comorbidities (see Chapter 2: disparities). A study in Italy, where
37.6% of cases were aged 70 years or older, gave an estimated CFR of 7.3% up
to 15 March 2020, compared to a much lower CFR in a Chinese study where just
11.9% of cases were over 70.[lonote 81l ynderstanding of how these complex
and interacting demographic factors influenced severe disease evolved
throughout the pandemic and underscored the importance of continual
evaluation of variation in severity. Heterogeneity of infection risk and disease
severity is covered in more detail in Chapter 2: disparities.

Obesity was also an important driver of mortality rates. A large study of over
13,000 hospital admissions in England found a J-shaped relationship between
BMI and death from COVID-19, with a nadir at 23 kg/m?, and a linear rise with
BMI values higher than this.[f2onote 821 A BM| of 40 was associated with about a
2-fold increased risk of death. Geography, level of social deprivation and the
presence of co-morbidities, often linked to ethnicity, played an important part in
understanding rates of severe COVID-19 and disease outcomes overall.[lconote
83] [footnote 841 Gander, too, has been flagged as a risk factor for mortality: in the
working-age population, COVID-19 death rates were consistently and markedly
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higher for men than women throughout the pandemic.[99t9t€ 85] Early reports
during the pandemic were often not able to link and adjust for all relevant
variables. This is covered in more detail in Chapter 2: disparities.

In light of these differences, changes in all-cause mortality across different
countries was a helpful indicator as it was not sensitive to differences in
diagnostic or testing data and encompassed both direct and indirect mortality
impacts from the pandemic.[20tnote 861 Neyertheless, geographical comparisons
even with all-cause mortality needed to be handled very carefully. Future
developments in infectious disease modelling may allow more precise
determinations of severity earlier in a pandemic.

Morbidity

Mortality was not the only measure of severity; admissions to hospital and ICU
with COVID-19 were also important metrics in this pandemic — particularly to help
plan healthcare delivery. Understanding delays between infection and severe
disease was also crucial in estimating the correct denominator and likely rates of
severe disease at any given point. For COVID-19, the mean delay from infection
to death was around 4 weeks but with wide variation.

Initial clinician impressions from the first cases can give early signals but can be
misleading. Many of the early patients seen in the UK with COVID-19 were
returning travellers from Europe, the majority of whom were young and fit
patients with greater rates of mild disease than the wider population. Within
about 2 weeks the disease had spread more widely in the population and
hospitals were faced with large numbers of older patients with severe disease
and high mortality.

As case rates rose, determining wider population levels of morbidity was
complex. Although routine statistics on hospitalisations within the UK were
available from early on, a need to prioritise tests during times of limited testing
capacity meant that it was difficult to estimate the proportion of cases likely to
require hospital admission or ICU care. Early, large-scale testing within the
population is of course the best way to gauge severity more accurately, but this is
not always feasible, especially when tests need to be developed, or are limited in
supply and need to be prioritised to high-risk settings.

Comparisons using other nations’ case hospitalisation rates (CHRSs), as noted
above for CFRs and IFRs, was complicated by differing age structures and
hospitalisation criteria and access. It was particularly challenging as some
countries hospitalised all cases as an isolation method, while others hospitalised
only those with clinical need for hospital care. An early report from Hubei
province, China, found that 80% of identified cases were mild (no pneumonia or
mild pneumonia) indicating that hospitalisation was unlikely to be required for the
majority of cases — though its estimation of cases requiring hospitalisation was
undoubtedly too high, most likely because it was restricted to symptomatic
patients. Later, widespread testing enabled more accurate estimates which gave
significantly lower percentages: a study in Indiana, USA, in early 2020 found an
infection hospitalisation rate (IHR) of 2.3%, while a similar analysis in the UK at
the end of 2020 (for the wild type strain) gave 3.5%.[lcotnote 87] ‘[footnote 8]

37



Estimates of the demand for hospital and ICU beds were challenging. Levels of
known risk factors for severe disease, such as population age profiles, were
helpful in signalling potential levels of demand. Large scale surveillance, such as
via ISARIC, has been important in giving early signals on risk factors.[feotnote 89]
ICU admission criteria, and indeed the definition of ICU, varied between
countries, again making international comparisons complex. There was
significant variation in the number of critical care beds in different countries, and
population characteristics (such as age) influenced likely need for ICU among
COVID-19 cases.[feonote 90l However, criteria for admission and quality of care in
ICU were likely similar across comparable health systems, suggested by
international comparisons of ICU mortality in early 2020 which showed broadly
similar mortality rates of 35% to 40%.12010€ 91 There were, of course,
substantial changes in hospital fatality rates (HFRs) over the course of the
pandemic: rates in the UK during the first wave had almost halved by summer
2020, but rose again during autumn 2020 and into the 2020 to 2021 Alpha wave
as the new variant drove rapidly increasing case rates and hospitals came under
significant pressures.

Longer-term consequences of COVID-19

By the summer of 2021, it was becoming apparent that many patients had
ongoing symptoms after recovery which persisted for longer than 3 months. One
prospective study of 431 individuals testing positive for COVID-19 in Switzerland,
published in July 2021, found that 6 to 8 months after infection 55% of the cohort
reported ongoing fatigue, 25% had some degree of breathlessness, and 26%
fulfilled criteria for depression.[22tote 92 gince that time, the range of chronic
symptoms recorded for cases of COVID-19 has expanded greatly.[fooinote 93] o
diagnostic definition of the condition has been made as post-COVID-19
syndrome by the National Institute for Clinical Excellence (NICE), more
commonly referred to as ‘long COVID’ by sufferers and clinicians, although in
reality it is likely to represent several overlapping syndromes.[feotnote 941

The exact number who have experienced longer-term symptoms after COVID-19
is likely substantial but remains unclear, as does the aetiology of the syndrome,
including whether it was one or (perhaps more likely) a number of different
overlapping syndromes. In July 2022 the ONS CIS estimated that 1.4 million
people in the UK were experiencing long COVID symptoms that adversely
affected their day-to-day activities in the 4 weeks ending 4 June 2022.[footnote 95]

Most children had very minimal medium and long-term health impacts from
COVID-19, but rarely some children developed a multisystem inflammatory
condition termed paediatric inflammatory multisystem syndrome (PIMS-TS)
temporally associated with SARS-CoV-2, or multisystem inflammatory syndrome
(in children) (MIS-C).[°otnote 96] The trye incidence of PIMS-TS was unclear, as
many childhood COVID-19 infections went undiagnosed. One study from the US
estimated 316 cases per 10® COVID-19 infections in persons under 21 years old.
[footnote 97] The relationship between the syndrome and COVID-19 infection was
shown by about two-thirds of presentations being associated with
seroconversion to SARS-CoV-2, and about one-third actually testing positive for
SARS-CoV-2 on admission. In some cases, the association was suspected
because of close contacts with a confirmed case but without seroconversion or
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positive viral PCR. Most cases presented between 2 to 4 weeks after COVID-19
infection was documented. About 70% of cases required ICU admission, though
mortality was relatively low at 1.1%.10010t 98l 5ome children also experienced
long COVID but at a much lower rate than adults.

It is important to note for future pandemic preparedness that there may be
longer-term consequences of an infection affecting a large percentage of the
population, and that adequate surveillance mechanisms should be in place to
capture the epidemiology of the condition accurately to allow adequate planning
of healthcare resources in the longer term.

Variants

Over time, new variants arose that led to different clinical outcomes. Detecting
these differences was challenging, as it required linking large scale genomic data
with hospitalisation and mortality rates. Greater severity was seen with one of the
first variants (Alpha), although a subsequent group of variants (Omicron) was
found to have had reduced hospitalisations and deaths per case, though due to
higher transmissibility and therefore hi?h case rates still resulted in large
numbers of hospitalisations. [ootnote 9] [footnote 100] changes in pathogenicity
were difficult to measure and it was not possible to assume a shift towards less
severe outcomes as the virus evolved. Levels of immunity (both natural and
vaccine-derived) were an important confounding factor in determining the
intrinsic severity of new variants, as were changing demographic factors (such as
the age group predominantly infected) across different waves.

6. What was the duration of naturally acquired and
vaccine acquired immunity, and the risk of reinfection
over time?

Duration of immunity (natural or vaccine-derived) and risk of reinfection has
varied widely in epidemic-potential infections, ranging from lifelong infections
such as HIV, infections where a single infection generally confers lifelong
protection such as measles, and infections where prior infection provides partial,
temporary, or minimal protection from subsequent infection such as influenza
and malaria. Cross-protection between different variants of a disease is also
highly variable.

As a novel infection, understanding the duration of immunity and risk of
reinfection over time for COVID-19 was important to enable individuals,
scientists, and policymakers to determine who was protected against infection
and for how long, to predict the likely duration of impact of any vaccines, and to
inform epidemic modelling. Knowledge of the duration of passive immunity from
antibodies was also important for understanding the potential role of antibody
drugs.

This information is likely to be important in any new pandemic or major epidemic.
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Throughout, there was a need to differentiate between sterilising immunity, which
provides protection against both illness and infection, and non-sterilising
immunity which provides some, or complete, protection against serious illness
but not infection.leotnote 1011 Estimating protection against infection required
routine systematic testing to detect infections in the presence or absence of
symptoms, while symptom-based testing and data on hospitalisations or deaths
supported understanding of protection against illness. There was an initial
assumption, which had to be tested, that waning of immunity from severe
disease would be significantly slower than waning of immunity from infection.

Initial hypotheses

Extrapolation from biologically similar or evolutionarily related pathogens
provided the earliest clues to whether reinfection was likely, and after what
interval.[eonote 102 | mmynity to SARS-CoV-1 and MERS-CoV was thought to

wane over time, and there was evidence of confirmed reinfections with seasonal
human Coronaviruses.[footnote 103] [footnote 104] [footnote 105] [footnote 106] [footnote

107] [footnote 108] This meant that from an early stage there was an assumption

that reinfections with SARS-CoV-2 were possible and it was possible to explore
the impact of reinfection through mathematical models, monitor early case
reports for evidence of proven reinfection and design studies to investigate
reinfection rates.[00inote 109 There was also a reasonable assumption that the
virus would mutate over time which in turn could impact reinfection risk.

Characterisation of the immune response to infection with SARS-CoV-2 required
exploration of both antibody and cell-mediated effects. However, the presence or
absence of an antibody or T-cell response was insufficient to confirm protection
against infection with SARS-CoV-2.[l00tnote 110] pjeasurement of the duration of
immunity therefore required establishment of correlates of protection which

indicated the presence of an effective immune response.[lotnote 102] ‘[footnote 111]

Early data

By early 2020, data emerged indicating that the majority of individuals infected
with SARS-CoV-2 displayed an antibody response between 10 to 14 days after

symptom onset. (000t 1021 pata showed that in mild cases, antibodies took
longer to appear or were low or undetectable during the timescale of completed
studies. [footnote 102]'[footnote 112]' [footnote 113]' [footnote 114]' [footnote 115]' [footnote 116]
Much data was gathered through observational studies with serial sampling on
small numbers of participants — however, a lack of available validated assays to
measure antibody or cell-mediated immunity in early 2020 hampered early
attempts to characterise the immune response soon after the emergence of the
pathogen. Around this time, data from animal models also signalled that the

presence of antibody protected against reinfection when challenged with SARS-
CoV-2.[footnote 117] [footnote 118]

Antibodies did not, however, inevitably mean protection from infection (nor did
lack of antibodies preclude it due to other immunological mechanisms such as T-
cell mediated immunity), so there was a need for further longitudinal studies to
examine reinfection risk. The Vivaldi (care homes) and SIREN (healthcare
workers) cohort studies were key to developing understanding of infection,
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transmission and immunity.[footnote 119] [footnote 120] ‘[footnote 121] Thege studies
were initiated in the first half of 2020 and adapted to provide up-to-date
information on issues as they emerged, through adjustment of protocols to
include questions on vaccine effectiveness and variant characteristics.22tnote

122] 5IREN, for example, recruited its first participant in June 2020, investigated
its first reinfection in September 2020, produced an initial reinfection analysis in

December 2020, and published its first vaccine effectiveness analysis in January
2021 .[footnote 123

Emerging evidence from the first wave

From early to mid 2020, evidence arose that there was variation in the antibody
response produced by different individuals after infection.feotnote 102] [footnote 114]
[footnote 124] |y May 2020, literature reports emerged of individuals testing positive
for SARS-CoV-2 on PCR for 6 to 8 weeks, complicating the differentiation of new
infections from ongoing detection. 000 551 At this stage, the time to
seroconversion and antibody dynamics over the first 3 months following infection
were well-characterised for both total antibody and antibody classes.feotnote 125]
Mid 2020 also saw the emergence of early observational studies describing the
T-cell response to SARS-CoV-2 infection, though there was little data on the T-
cell response after the acute phase of infection. Robust evidence characterising
the T-cell response to SARS-CoV-2 infection emerged later in the year. [footnote 43]

The first published case reports of SARS-CoV-2 reinfection confirmed by whole

genome sequencing also emerged in mid 2020.[100t0te 1261 seyera| other reports
of reinfection emerged at this time, though many did not have sufficient data to
distinguish between persistent primary infection and reinfection.feotnote 127
[footnote 128]’ [footnote 129]’ [footnote 1301 The corroboration of early reports of
reinfections with SARS-CoV-2 was complicated due to restricted access to
testing during the time period of primary infections. During the ‘first wave’, the
great majority of infected persons did not have access to PCR testing, and viral
isolates were not regularly obtained for sequencing.©20note 1311 At this point,
reliable information on the proportion of people likely to experience reinfection,
the timeline of reinfection, and the characteristics that make reinfection more or
less likely was still missing.

Accumulating evidence as time from infection increases

As time since the first infections with SARS-CoV-2 elapsed, the length of time
over which the immune response was characterised increased. By the end of
2020, antibodies, in particular neutralising antibodies, were shown to be a useful
correlate of protection against SARS-CoV-2, through a combination of animal
studies, outbreak studies and cohort studies.eotnote 120] [footnote 132] *[footnote 133]
[footnote 134] [footnote 135] [footnote 136] Neyertheless, the concentration of antibody
that correlated with protection was not yet established. The antibody response
following natural infection was shown to persist for at least 3 to 6 months, and
the cellular immune response for over 5 months, though seroprevalence studies
in the UK showed a decline in the presence of antibody positivity and confirmed

reports of reinfection began to emerge, suggesting a waning in protection over
time'[footnote 41] [footnote 128] [footnote 129] [footnote 137] [footnote 138] Evidence from
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longitudinal observational and cohort studies emerged to suggest that people
who had experienced asymptomatic or mild SARS-CoV-2 infection could

experience waning immunity over 3 to 5 months. [footnote 33] [footnote 139] [footnote
140]

Data collection in longitudinal cohort studies included the demographic
characteristics of participants, routine samples (systematic testing for the
identification of the pathogen and its antibodies, with genetic sequencing of the
pathogen where applicable), and routine collection of information on symptoms
and exposures. Once established, these longitudinal cohort studies were cross-
purpose sources of information, providing insight not only into reinfection risk, but
also the duration of the protective effect of vaccination following rollout, and the
prevalence and incidence of infections in defined populations. Healthcare
workers were a useful target population as they were essential for the functioning
of the health system, could provide insight into the effectiveness of personal
protective equipment and assist in the understanding of nosocomial

transmission, and facilitated the establishment of cohort studies at pace.[l2otnote
121] [footnote 132

At this time, numerical estimates of the protective effect of baseline antibodies to
SARS-CoV-2 against symptomatic reinfection, asymptomatic reinfection, or all

infections combined over a period of 3 to 5 months, also became available.
[footnote 101] [footnote 132] [footnote 133] [footnote 139] The end of 2020 also brought

the first clinical trial data demonstrating that SARS-CoV-2 vaccines could provide
a high level of protection against disease — however, the duration of immunity
provided remained unknown.

By mid 2021, descriptions of viral loads (as measured by cycle threshold (Ct)
values) in reinfected individuals were available.[feonote 120] cyitivable virus had
also been isolated from reinfected individuals, demonstrating that reinfections
presented a risk of onward transmission.[feotnote 141] - [footnote 142] Thrgyghout the
first half of 2021, understanding of the duration of the immune response to
SARS-CoV-2 improved. Antibody was found to be detectable in saliva for at least
8 months following infection, and in blood for at least 9 months. The presence of
antibody was shown to be associated with a protective effect against infection
over at least 7 to 10 months, with a lower effect in those aged over 65.[100tnote 110]
The cell-mediated immune response to SARS-CoV-2 was shown to be
detectable up to 8 months after infection.[lcotnote 41] [footnote 110] [footnote 137]
Characterisation of neutralising antibody titres over time since either infection or
vaccination or both (through longitudinal serological sampling) continued
throughout 2022 [footnote 143]’ [footnote 144]

Variants
The duration of protection against infection and illness with SARS-CoV-2 was
driven both by the immune response to either infection or vaccination or both,

and the antigenic distance between circulating viruses.f20note 145] it yyas
recognised that protection would not endure if the variant causing the primary
infection (or against which the vaccine is directed) was replaced by a new variant
that was antigenically distant from the first.[f2onote 1461 |5 |ate 2020 and early
2021, the emergence of new SARS-CoV-2 variants which were significantly
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different to the Wuhan original necessitated exploration of the protection induced
by natural infection and vaccines against variants that were antigenically different

In March 2021, early evidence showed that the risk of reinfection with the Alpha
variant was comparable to the risk of reinfection with the wild type, though these
findings were confounded by the shorter time from primary infection in the case

of the alpha variant.[feotnote 149] ‘[footnote 150] National surveillance data was used
to monitor reinfections, including with newly emerging variants, and showed

evidence of increased reinfections at the emergence of the delta and omicron
variants.[footnote 151] [footnote 152] [footnote 153]

Epidemiological questions

7. What were the case definitions?

Establishing case definitions is an essential step in any pandemic or major
epidemic. As a new disease, the case definitions for COVID-19 evolved over
time. During the SARS-CoV-2 pandemic, as with most common infectious
diseases, case definitions were used for 3 differentiated but overlapping
purposes:

« public health: contact tracing, outbreak investigations, and communication to
the public — for example, on when to isolate

+ epidemiological: surveillance

+ clinical: provision of healthcare

Optimising case definitions to cover different use cases often required trade-offs,
especially between sensitivity and specificity. Case definitions used
epidemiological, clinical and testing criteria, but the balance of these changed
over the course of the pandemic as knowledge of SARS-CoV-2 accumulated and
as testing resources expanded to meet demand.

Epidemiological criteria

Initially, UK case definitions placed more emphasis on person and place (such as
people who travelled from Wuhan, China) than on testing criteria — which would
likely also occur in the initial stages of most future pandemics and major
epidemics for which testing is limited.l2otnote 154] [footnote 1551 gymptoms were
included but it was helpful to also include epidemiological information (such as
where a person had recently been) due to non-specific symptom profiles for
COVID-19 in early 2020 [footnote 154]’ [footnote 155]

The geographical scope of definitions widened as cases appeared in other
countries until such time as it was no longer meaningful and most transmission
was domestic.
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Clinical criteria

The clinical criteria included in the case definition changed over time as data
accumulated. For example, in spring 2020, loss of taste or smell were included in

the COVID-19 case definition. footnote 156]

Robust estimates of the sensitivity and specificity of specific symptoms were not
available until later in the pandemic, as much of the early evidence generated
was affected by the following limitations:

1. Many studies reported only the frequency of symptoms in persons infected
with SARS-CoV-2 and no comparative data on symptomatic people testing
negative. This allows assessment of sensitivity but not specificity. Research

should include non-infected comparator groups.feotnote 157

2. Many early symptom reports focused on people who were hospitalised,
leaving it unclear whether symptoms would be similar in mild community
cases.

3. Data from national testing programmes may be biased as these programmes
often specify the symptoms for which they want people to test. This leads to
an overestimation of the sensitivity of the symptoms described in the testing
criteria.

Throughout the pandemic, there were frequent calls to include a wider range of
symptoms in case definitions but there was an ongoing need to balance the need
for sensitivity (increased by a broader list of symptoms) with specificity
(increased by a narrower list of symptoms).[feotnote 158] "[footnote 159] Early jn the
pandemic when the infection was emerging, and the critical objective was to find
as high a proportion of all cases as possible and reduce transmission through

high impact public health contact tracing, the strategic aim of the case definition
was high sensitivity. [footnote 160]

Regular reviews of the sensitivity and specificity of specific symptoms and
symptom complexes were undertaken to ensure that a reasonable balance was
struck between the ability to correctly identify cases, and the ability to exclude
non-cases, in a pragmatic and clinically useful way.feotnote 157] [footnote 161]
Algorithmic approaches to case definitions, incorporating both symptoms and
epidemiological data, could theoretically have been used to optimise the balance
between sensitivity and specificity, but may have been challenging to implement

and communicate.

When deliberating the balance between sensitivity and specificity, it was also
necessary to consider the impact of changing case definitions. For example,
using a highly sensitive case definition would have had a big impact on testing
resources, and would have also increased the numbers of individuals who
needed to self-isolate, potentially unnecessarily.

44



Testing criteria

Rapid diagnostic development meant that tests were available early in the
pandemic, and testing criteria were included in some early case definitions.
However, as the first wave rose in the UK, demand for testing rapidly outstripped
capacity, and existing supply had to be prioritised for hospital settings. This
impacted the ability to confirm cases in the community so other forms of case
definition, such as symptomatic, were prioritised. (See Chapter 6: testing.) Test
demand outstripping supply is likely to be the case in a future pandemic; it will be
essential to ensure that diagnostic testing is scaled quickly and capacity is
created for widespread community testing as early as possible. Understanding of
the frequency of certain symptoms over the year (such as influenza-like illnesses
in winter) can support preparations for this.[0otnote 162]

As testing capacity increased in spring 2020 and became more widely available
in the community, testing criteria played a greater role in case definitions.
Identifying cases using contact criteria, meanwhile, required effective contact
tracing systems, which were under significant pressure during the first wave
when community transmission rose rapidly. (See Chapter 6: testing and Chapter
7: contact tracing.) It also required a good understanding of what type of contact
constituted a risk of infection, which took time to accumulate.

Evolution of COVID-19 case definitions
The earliest sources of information for the establishment of case definitions were

case reports, case series and information shared by national health agencies in

East Asia and the WHO_[footnote 15]’ [footnote 163]’ [footnote 164] | December 2019,
the Wuhan Municipal Health Commission reported a cluster of pneumonia cases

in Wuhan, Hubei Province, China.leotnote 165] [footnote 166] gy mid January 2020,
the WHO had issued a report describing the clinical symptoms and signs

associated with the pneumonia cluster.[fe2note 165] The first surveillance case

definition for human infection with novel coronavirus followed soon afterwards.
[footnote 167

Throughout January, reports describing the clinical signs and symptoms
associated with SARS-CoV-2 infection continued to emerge, including the first
published case reports and case series. [feotnote 15] [footnote 163] [footnote 164]

[footnote 168] [footnote 169] By the end of January, the New and Emerging
Respiratory Virus Threats Advisory Group (NERVTAG), the Scientific Advisory
Group for Emergencies (SAGE), Public Health England (PHE) (later the UK
Health Security Agency or UKHSA), and the Department of Health and Social
Care (DHSC) had agreed the first epidemiological case definition in the UK, the

geographical element of which expanded over the following weeks.[f0otnote 1541
[footnote 155] [footnote 160] [footnote 170] [footnote 171]

In the UK, the First Few Hundred Cases Study (FF100) provided early insight
into the symptom profiles of local cases, but these were generally younger and

healthier cases.l20note 172] Fyisting surveillance studies (such as flu watch)

provided useful negative controls against which to compare the symptom profile
of positive cases.l0tnote 157]
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With the passage of time, more sources of data were established. National
surveillance data, with symptom surveys linked to test results, provided useful
insight into symptom frequency in cases throughout. By mid to late 2020,
systematic reviews and meta-analyses with large sample sizes had produced
detailed summaries of symptom profiles in different age groups. Non-traditional
academic sources, such as healthcare worker symptom reporting, symptom-
tracker apps (such as the ZOE app) and social media, also provided information
on symptom frequency, though many of these sources were not sampled in a
randomised way and were therefore not representative of the population as a
whole.

As new variants emerged later in the pandemic, ecological studies were used to

compare symptom profiles over time.[©20tote 150l ophservational studies with large
sample sizes also allowed the accumulation of data on symptom profiles.

Population-wide or nationally representative case-control studies and longitudinal
studies, and later systematic reviews and meta-analyses, ultimately provided the
best insight into symptom profiles and case definitions, though they took time to
establish. Studies that tested people regardless of symptoms (such as REACT
and those coordinated by ONS) and compared symptom profiles in symptomatic
test negative and symptomatic test positive people provided robust estimates of
the sensitivity and specificity of specific symptoms, while avoiding the biases
often present in national testing data.

Challenges and complexities

Throughout the pandemic, the public nature of case definitions for COVID-19 to
direct people to take actions such as self-isolation added complexity. Case
definitions for public use (as opposed to use by clinicians) had to be sufficiently
simple to be remembered by the general public so that they could take
appropriate public health actions, while correctly identifying cases sufficiently
frequently for public health action. Evidence suggested that very sensitive case
definitions, including many symptoms, could lead to reduced compliance with

public health actions (such as testing or self-isolation) especially if they were
triggered too frequently.[feotnote 173]

There were also important nuances to how symptoms were communicated. For
example, many people did not have access to thermometers to measure fever,
and so language such as feeling hot or feverish was helpful in addition to a
technical definition of fever. It was also important to consider how symptoms
were interpreted when transmitted into different languages.

Towards the end of 2020, co-circulation of other influenza-like illnesses
threatened to impact the specificity of SARS-CoV-2 public case definitions.
[footnote 174] |y the event, there was relatively limited co-circulation of SARS-CoV-
2 and other influenza-like illnesses in the UK in winter 2020 to 2021 due to
widespread implementation of NPIs, though co-circulation has since occurred.

As knowledge of symptom profiles and diagnostic testing capacity accumulated,
the strategic objectives of each case definition had to be borne in mind (for

example, correctly identifying as many infections as possible) and balanced with

a requirement for consistency and public understanding.[footnote 145]
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Clinical case definitions were more widely defined throughout the pandemic than
the public ones, recognising the wide range of rarer symptoms that people with
COVID-19 could present with.

8. What were the important routes of transmission?

Evidence on routes of transmission was important for guiding the pandemic

response, especially in the early stages where NPIs were the only interventions
that were available.[footnote 175] [footnote 176] [footnote 177]

Evidence of this kind has been important in previous pandemics and recent
epidemics, such as HIV (sexual and intravenous), Ebola virus (touch) or Zika
virus (vector), and it will be for any future pandemic or major epidemic.

It was established early that the likely principal route of transmission for COVID-
19 was respiratory, although secondary routes including faeco-oral were not
excluded. From early in the pandemic, 3 components have been considered
potentially important for COVID-19: fomite, droplet and aerosol spread. However,
global scientific consensus on the relative importance of these different
transmission routes, and the potential role of other routes, shifted as new
evidence emerged, and evidence has been continually reviewed as new variants
of SARS-CoV-2 have become established.foonote 178]

There were important complexities in understanding transmission routes. First,
transmission depends on multiple factors including:

» pathogen dynamics, such as viral load
« environmental factors, such as temperature and ventilation

» host-related factors, such as behavioural adaptation, immunity and contact
patterns

« wider contextual factors, such as prevalence of the diseasel/20tnote 175] [footnote
176]

Second, some routes of transmission were easier to measure than others. It was
relatively rapidly identified that close contacts were at elevated risk and from that
it was inferred that close range droplet transmission was likely to be important. It
was less easy to identify the most likely pathway in those with more distant
exposure — where respiratory particles will have been diluted by distance — as a
contact event was often harder to identify.

Third, there was a need to balance the level of infection risk from a given
transmission route with the frequency and likelihood of exposure to this route in
day-to-day activities. Aerosol transmission across a room, for example, may
present a low risk from any single exposure, but the ability for one infectious
person to expose multiple people at the same time means it could present a
higher population level risk in some settings than for close direct contact with an
infectious person.
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Finally, given the challenges inherent in attempting to determine the relative
impacts of different routes of transmission, it was important to retain an open
mind as understanding evolved over the course of the pandemic. It was also
important to ensure that absence of evidence was not interpreted as evidence of
absence, and that important transmission routes to which there were potential
countermeasures were not ignored.

Expertise in public health, clinical medicine, microbiology, physics, behavioural
science, built environment and data science was helpful to interpret a range of
evidence on routes of transmission.

Outset: using existing knowledge

Initially, inference was drawn from studies of transmission routes for other
respiratory viruses. Phylogenetic studies helped identify similarities to known
viruses within the same family, in particular SARS-CoV-1.[fconote 1781 |,
retrospect, this provided mixed early indications — on the one hand, the airborne
transmission capabilities of SARS-CoV-2 are similar to SARS-CoV-1; on the
other, there are a number of important differences such as in timelines of
transmission and the much greater role of asymptomatic transmission seen with

SARS-CoV-2 (see section 10).feotnote 1771

As a respiratory virus SARS-CoV-2 carried the potential for transmission via
droplets and aerosols, direct physical contact, and indirect (fomite based)
physical contact. Existing evidence suggested that close contact with a person
with acute respiratory infection carried more risk than a more physically distant
contact, implying the importance of close-range droplet and, as now understood,
short-range aerosol transmission. Pre-pandemic research into other acute
respiratory infections also showed the importance for transmission of exposure in
public spaces including public transport, shops, restaurants, parties, theatres and
places of worship, suggesting an additional potential role for more distant,
primarily aerosol based, transmission.[©20tn0te 1791 Eyisting systematic reviews
showed that regular handwashing can reduce incidence of respiratory infections,
implying a possible role for direct contact and/or fomite based transmission.
[footnote 180] This helped guide early control strategies, but the relative importance
of these transmission routes for SARS-CoV-2 was initially unclear and required
further investigation.

Early investigations

Early retrospective cohort studies were helpful in generating hypotheses about
modes of transmission. In January 2020, for example, a retrospective cohort
study of 41 patients in Wuhan, China, provided initial evidence of human
transmission. The authors of the study suggested further investigation to exclude
major alternate routes of transmission such as faeco-oral and recommended the
use of precautions against airborne transmission.[footnote 178]

Outbreaks — especially super-spreading events — also provided valuable
opportunities to understand transmission dynamics at the outset of the
pandemic, particularly when background prevalence was low. Well-designed
outbreak investigations conducted during times of low prevalence could identify
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transmission from a single index case and describe the risk of infection according
to proximity of contact. For example, early outbreaks in restaurants in China
showed the highest risk of infection was for those with closest proximity to the
index case. They also showed infections among people at distant tables,
implying that some aerosol transmission had occurred — video evidence later
discounted the role of fomite transmission.feotnote 181] "[footnote 182] gjmjj|gr
findings were seen for outbreaks on coaches and trains.[lotnote 183] [footnote 184]
An early outbreak investigation in Germany in March 2020, combined with similar
studies from China, also suggested the importance of pre-symptomatic
transmission as some of those infected had only been exposed to the index case
prior to that person becoming Symptomatic_[footnote 185], [footnote 186], [footnote 187]
Gaining access to outbreak sites to gather samples, however, proved
challenging, and at the outset of the pandemic protocols on containment levels
hampered efforts to rapidly move samples. Having pre-approved emergency
protocols for access and sample transportation, as well as adequate resources
to investigate and take samples from outbreaks, will be important in a future
pandemic. Adequate resource to undertake reviews of outbreaks occurring
internationally is also important.

Systematic studies of contacts of known cases, such as the First Few Hundred
approach, provided valuable evidence in the early stages of the pandemic.
[footnote 188] |n grder to describe secondary attack rates according to the nature
and setting of exposure, these studies needed carefully to define the nature of
the contact in terms of proximity, type of contact, duration and setting, to follow
up both close and distant contacts, and to undertake regular testing of contacts
regardless of symptoms.

Environmental studies were also important. One environmental study with air and
surface sampling, conducted over a period of 2 weeks in a Singaporean hospital
with COVID-19 patients, found environmental contamination suggestive of
droplet spread, and possible faecal shedding.[feonote 189 yowever, sampling live
virus is difficult and it remained unclear whether shedding in this study indicated
transmission risk.

Alongside the above relatively rapid investigations in the early months of the
pandemic, there was a need to establish surveillance programmes across
multiple settings to provide real-time information and therefore early warning
signals on transmission by different routes in household, community, health and
social care settings. However, this relied on large scale availability of testing,
which was limited in early spring 2020 in the UK as testing capacity struggled to
meet rapidly rising demand (for more on this process, see Chapter 6: testing).

The WHO-China Joint Mission analysis in early 2020 triangulated findings from
phylogenetic and laboratory studies of COVID-19, outbreak analyses, in-depth
analysis of disease progression, and published literature to outline what was
known and not known with respect to COVID-19 in order to make
recommendations for both China and the international community. This
suggested that SARS-CoV-2 was likely to be primarily transmitted through
respiratory droplets during close unprotected contact, and also by fomites, an

assessment that did not change in their follow-up briefing in March 2020.[feotnote
190] [footnote 191
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In recognition of the need to maintain an up-to-date overview of emerging
evidence the SAGE Environment and Modelling group (EMG) was established in
April 2020 to bring together a range of scientific experts to explore these issues
in depth. The group continuously monitored best available evidence on

transmission routes, in particular the growing evidence for the significant role of
aerosol transmission'ﬁootnote 192] [footnote 193] [footnote 194] [footnote 195]

Throughout the pandemic

Based on a further review of the existing evidence in July 2020, the WHO
continued to recommend that direct or close contact with infected people via
droplet remained the most likely principal route of transmission, and uncertainty
remained about the fomite route. Multiple environmental sampling studies
demonstrated presence of viable SARS-CoV-2 virus and/or RNA on surfaces for
hours to days — however, there was an absence of case reports or outbreaks
robustly demonstrating fomite transmission (most people who came into contact

with infectious surfaces had also had close contact with an infectious person).
[footnote 196] [footnote 197]

Quantitative microbial risk assessment methods, estimating viral exposure via
hand—face touches based on measured environmental contamination, steadily
added to the evidence base that fomite transmission risks were low, with one
study concluding that each contact with a contaminated surface had less than a
1 in 10,000 chance of causing an infection.feonote 1981 Enidemiological evidence
for fomite transmission and the impact of interventions such as surface cleaning
and hand hygiene was and remains very limited. There was a notable difference
between calls for evidence of the importance of airborne transmission that were
not replicated for fomite transmission, which was assumed despite little evidence
to support it.

Though SARS-CoV-2 RNA had been detected in some samples of urine and
faeces, there remained no published reports by summer 2020 that were able to
link transmission to these routes.20o 1891 Bloodhorne transmission was
considered low risk due to low viral titres in blood, and there was still no evidence
of intrauterine transmission.feotnote 199]

As the evidence base grew, synthesis of evidence from completed studies on
viral load across the respiratory tract, fluid dynamic studies examining dispersion
of virus from household appliances, environmental air sampling outbreak reports,
and studies in animal models all helped enhance understanding of short and

long-range airborne transmission risks and the importance of ventilation.ectote
196] [footnote 200] [footnote 201] [footnote 202] [footnote 203] Despite accumulating

evidence, reaching a position of confidence on the full range of transmission
routes and their relative importance took longer than expected. A year into the
pandemic, the WHO noted that high-quality research was still required to
understand routes of transmission, infectious dose and settings in which
transmission might be amplified.

As the pandemic progressed the importance of airborne transmission was

increasingly recognised.[20tnote 2041 1+ a5 established early on that transmission
was far more likely indoors than outdoors, suggesting a role for the environment,
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and particularly dilution by air (but also the effects of sunlight), in influencing
transmission. The evidence encompassed theory, observation and experiment,
and inc|uded:[footnote 182] [footnote 205] [footnote 206] [footnote 207] [footnote 208]

[footnote 209] [footnote 210] [footnote 211] [footnote 212] [footnote 213]

+ outbreak reports relating to choir groups, restaurants and fitness classes

» long-range transmission in quarantine hotels between people who had had no
contact with one another

+ nosocomial transmission in settings where droplet-based precautions but not
aerosol based ones were taken

» animal studies in caged animals which became infected despite only sharing
air ducts

+ air sampling studies showing infectivity of air for up to 3 hours in rooms
occupied by patients with COVID-19

» experimental studies mimicking aerosol dispersion

+ a substantial volume of cases arising from pre symptomatic transmission
which was most likely to have occurred by the aerosol route

Some transmission events were reported to occur after an infected person had

left a setting, indicating likely airborne transmission of the virus, [footnote 205]
[footnote 206] [footnote 207]

Although the fact that the respiratory route was dominant was established very
early, teasing out the relative contributions of close range and longer distance
airborne spread, and of fomites, presented significant challenges. Super-
spreading events and rapid epidemiological studies made an important
contribution to understanding transmission routes — however, relying solely on
these at times led to misleading conclusions about transmission, especially
because aerosol and fomite transmission were and remain harder to measure
robustly than close range transmission.20n0t 2141 Fyen transmission at close
range was subject to prior assumptions, with the belief that the risk was posed by
large droplets rather than more concentrated small aerosols, resulting in reduced
focus on masks for protection against inhalation for people at close proximity.

This pandemic highlighted the role of controlled laboratory settings in providing
evidence on routes of transmission, as well as the importance of rapid
investigations into survival of viable virus across different environments (using,
for example, quantitative microbial risk assessment). [footnote 198] [footnote 215]
Different laboratory detection and sampling methods had differing abilities to
detect differences between viable and non-viable virus. It is important to note that
the level of viral RNA measured in an environment is not necessarily reflective of
its infectivity. As an example, sampling of environments where people have
influenza or Monkeypox show far more viral RNA than for SARS-CoV-2, yet the
outbreak data indicate that both are much less transmissible. This suggests that
a lower viral dose is needed to initiate a SARS-CoV-2 infection than for these
other diseases.
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There was a need to consider local circumstances when assessing the evidence.
For example, early data from China suggested a limited role for healthcare
settings in driving transmission, but this was in the context of important
differences between these settings in China and the UK, including the imposition

of different mitigation measures against aerosol transmission. [eotnote 190]

9. What were the higher risk settings for transmission?

In this pandemic it has been important to understand higher risk settings for
transmission in order to target mitigation measures at those locations where they
would have the greatest impact.

Outset: using existing knowledge

At the outset, in the absence of specific evidence on mechanisms of
transmission of SARS-CoV-2, the use of fundamental transmission principles
alongside pre-existing research on respiratory-transmitted pathogens helped
identify potential high-risk settings for transmission. Fundamental principles
suggested that the highest risk of transmission would be in places where people
from multiple households could meet, such as hospitality settings, especially if
they were physically close and indoors. There were ongoing questions regarding
mass events, particularly where these took place predominantly outdoors.
Chapter 8 on NPIs covers this in more detail, outlining how greater
understanding on this issue was reached, and outlining key epidemiological
principles when considering transmission linked to mass events. Pre-existing
research on respiratory pathogens supported this approach, with high
transmission risks likely in settings including households, schools, hospitals,
homeless hostels, prisons and nursing homes.feotnote 216]  [footnote 217] -[footnote
218]  [footnote 219] " [footnote 220] There were, however, important caveats to using
such evidence. The level of transmission risk within different settings can vary
according to the characteristics of different infectious diseases, such as who
uses such settings, who is vulnerable to severe disease, and how this might
affect their behaviour. There was therefore a need to generate evidence on high-
risk settings both in terms of transmission of SARS-CoV-2 and the consequences
for those affected, rather than relying on existing evidence alone. It was also
important to review findings as new variants became established, vaccines were
rolled out, and both guidance and public behaviour changed.

Early investigations

In the first few months of the pandemic, early outbreaks gave an indication of
potential high risk contexts including health and care settings, long-term living
facilities particularly for older people, prisons and cruise ships.[footnote 190]
[footnote 191] ‘[footnote 2211 | ater in spring 2020, evidence from early outbreaks in
choir groups, restaurants and fitness classes was reported.eotnote 182] [footnote
205] | [footnote 206] ' [footnote 2071 Formg| and informal information channels played a
part in reporting possible outbreaks at speed; many apparent outbreaks were
reported in the media or on social media long before they were formally
described in preprints or journal articles. However, in addition to uncertainties
about the reliability of such reports there was an additional important caveat to
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this early evidence: the majority of transmission did not take place within
recognised large outbreaks, which are more likely to be identified in relatively
closed settings than in more open venues such as shops or public transport
where tracing of contacts is more difficult and the extent of contact often less
clear. In addition, outbreak studies highlighting risks in particular settings had to
be balanced with the overall epidemiological importance of that setting in a given
population. For example, while shopping may not be inherently high risk, the fact
that the majority of people need to shop for essential items means that it makes
an important contribution to transmission.29Not€ 222] 1t shoyld also be noted that
in the early days testing was very limited, so outbreaks where multiple people
were symptomatic or died would have been more likely to be reported.

Early mortality data, alongside outbreak studies, indicated that enclosed settings
which housed vulnerable individuals (such as migrants, homeless people and
prisoners), and health and care settings (hospitals, care homes, care settings for
those with learning disabilities, domiciliary care, long stay mental health

institutions) were of particular importance for both mitigation efforts and for
research.[feotnote 223]’ [footnote 224]

Differences in mortality by occupation also gave indications of potential higher
risk contexts. Data from May 2020 showed that mortality was elevated in
occupations with high levels of close contact with others (including health and
care contact), and in those with low pay.[feonote 2241 ater analyses controlling for
key comorbidities with COVID-19 showed that high levels of comorbidities in
some occupational groups contributed to these variations, but setting and type of
work remained an important factor.[feonote 225 1t js also important to note that
industrial sectors concentrated in areas with high levels of community prevalence
might have given a misleading impression that the type of business posed an
elevated risk when this may in fact have primarily been a function of local
prevalence or workers living close to one another or sharing social facilities.

Throughout the pandemic

From the early pandemic onwards a number of different scientific approaches
were needed to understand high transmission risk settings. In the early stages,
outbreak investigations, contact tracing, surveillance studies, environmental
sampling, modelling studies and behavioural analysis were the approaches most
likely to be able to collect data rapidly. As the pandemic progressed, longer-term
methodologies such as case control studies, repeated cross-sectional studies,
cohort studies, sequencing and phylogenetic studies, intervention studies and
meta-analyses became possible and assumed greater importance.lotnote 176]
Implementing such studies required deployment of a variety of robust
surveillance programmes and research to gather real-time information on cases
in household, community, health and social care settings as well as rapid
outbreak analysis.

In prioritising the focus of these studies, it was crucial to understand transmission
dynamics and populations at risk from the pathogen as quickly as possible
through live surveillance. With H1IN1 influenza in 2009, young adults were most
at risk, while other infectious disease such as measles generally affect children
most.['ootnote 226] '[footnote 227]\wjith COVID-19, demographics of those at risk
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became clear through outbreak and mortality patterns analysed prospectively

and retrospectively in cohort studies, with the aid of electronic healthcare data.
[footnote 223] [footnote 224] [footnote 228] [footnote 229]

Well-designed epidemiological studies took considerable time to generate
statistically robust data. This required the development of reliable methods for
testing and sequencing, and the rollout of these at scale. The speed at which this
can happen is likely to depend on how similar the pathogen is to existing
microorganisms and whether surveillance and sampling approaches for other
infections can be easily adapted. It was important to have funding mechanisms,
data governance and data sharing agreements in place, and to plan and initiate
them as rapidly as possible. They also relied heavily on availability of testing and
contact tracing, both of which were running at very limited capacity in the early
part of the UK’s first wave, and on community surveillance such as the ONS CIS,
which went live in April 2020, the same month the UK’s first wave peaked
nationally.

It was more difficult to generate new evidence on potential high transmission risk
settings such as hospitality, some workplaces, or schools during periods of
intense restrictions as many such settings were highly restricted or closed down,
and thus unable to contribute to generating evidence. Analyses of the Virus
Watch cohort submitted to SAGE in December 2021 showed that during
restrictions in winter 2020 to 2021 leaving home for work, using public transport,
and shopping were all important risk factors for transmission. Following lifting of
restrictions all of these activities remained relevant, but other activities which had
previously been restricted (such as visiting pubs and restaurants) increased their
relative importance as risk factors.feonote 222]

Analyses that brought together multiple study types were helpful in highlighting
consistent signals from particular settings. For example, an analysis of COVID-
19 outbreaks in hospitality, retail and leisure facilities in the UK and worldwide,
presented to SAGE in January 2021, used multiple analytical approaches to
examine transmission risks in these settings including:

+ social contacts over time
+ case-control studies

» secondary attack rates
« cluster concordance [feotnote 230

It reinforced the initial fundamental principles outlined above that transmission
risks were highest in settings that were poorly ventilated and crowded, where
mixing was for extended periods of time, and where population turnover was
high. Analysis of cases by occupation and sector also highlighted that risk is not
necessarily the same across a particular sector or indeed within a setting, with a
range of socio-economic factors influencing risks.20note 231 £ example, food
processing is a sector that has been associated with multiple large outbreaks,
with analysis suggesting that the likelihood of transmission depends not only on
the characteristics of the settings (such as ventilation, social distancing), but also
the socio-economic characteristics of the workforce, including shared housing,
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lack of sick pay (creating pressure to continue working even if unwell), and use of
shared transport.[footnote 232] it yas difficult to differentiate beyond fundamental
principles to attribute causation to particular properties of these specific settings
which increased or reduced risk.feotnote 230]

Understanding transmission risks in different settings was a complex process for
a number of reasons, some of which have been outlined above. First,
transmission risk in settings was linked to factors that changed throughout the
pandemic, across different settings and communities, in response to changing
guidance, behaviours and mitigating measures: contact patterns (the type,
frequency, proximity and duration of contacts and networks of contacts), levels of

immunity, and environmental factors such as ventilation or occupant density.
[footnote 176] [footnote 233]

Second, transmission risk may vary depending on factors particular to specific
settings (rather than setting types or sectors) such as ventilation or proximity to
others in a building. Society-wide guidance for different setting types needed to
be accompanied by risk assessments tailored to particular locations, and
adaptations that considered the range of activities as well as the environment.
Third, background community prevalence and the changing epidemiology of the
pandemic needed to be considered. For example, a retrospective study
examining outbreaks recorded in educational settings between June and July
2020 when community prevalence was relatively low noted that outbreaks were

uncommon; transmission in educational settings was higher later in the
pandemic as new variants became established and prevalence rose again.
[footnote 234

Transmission risk in settings was a dynamic factor throughout the pandemic, and
this ongoing risk of time-varying and contextual confounding meant that although
some settings were indicated as potentially higher risk through epidemiological
studies, the level of that risk was complex to assess. Cross-disciplinary expertise
across epidemiology, health, microbiology and understanding of specifics
behaviours and environments supported interpretation of potential risks.

10. What was the proportion of asymptomatic infection
and transmission, and could this maintain R over 1?

Overview

From the outset, asymptomatic infection and transmission were considered
possible, but the extent of each was not understood. Existing knowledge of other
related human coronaviruses suggested that asymptomatic infection and
transmission were possible, but it was difficult to extrapolate directly, and work
was needed to clarify:

« the proportion of infections that were asymptomatic

« the role of asymptomatic transmission
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These parameters are complex and quantitative, and their estimation required
the continual balancing of multiple types of emerging evidence. Continual
reassessment of this evidence was also required, as the immunity profile of the
population changed due to infection-induced and vaccine-derived immunity, and
as new variants emerged. There was conflation of asymptomatic infection and
asymptomatic transmission in some public reporting, and it was necessary to
highlight that asymptomatic infection does not necessarily lead to asymptomatic
transmission (though it was a prerequisite).

Knowing the proportion of infections that were asymptomatic was important for
case detection strategies and determining the infection fatality rate.
Understanding the role of asymptomatic transmission was important for
identifying which public health measures would likely bring R below 1.
Transmission of infection from asymptomatic cases can be difficult to control, and
the infectious timeline is difficult to establish in the absence of symptoms as a

marker of infection or infectiousness, adding complexity to disease control.
[footnote 235] [footnote 236]

Asymptomatic cases cannot be detected in the absence of testing, and in the
early pandemic the global and UK constraints on test availability significantly
slowed the estimation of asymptomatic cases.

Proportion of infections that were asymptomatic

The proportion of SARS-CoV-2 infections that were asymptomatic was defined
using 2 different numerators:

» PCR positivity
+ antibody positivity

PCR positivity was technically easier to assess but had a shorter duration, which
may have resulted in undercounting of infections in some studies. Serology was

more labour intensive to collect and analyse, but has a longer duration, providing
a more accurate estimate of infection proportions.

There was difficulty in identifying asymptomatic cases as the majority of testing
took place in those who were symptomatic, particularly in the early stages of the
pandemic when limited tests had to be prioritised.

Simpler study designs (such as cross-sectional studies) were unable to

differentiate between asymptomatic and pre-symptomatic infections. [feotnote 237

Although these produced estimates of the proportion of asymptomatic infections
at pace, they were likely inflated by the inclusion of some pre and post-
symptomatic individuals.feotnote 238]

Role of asymptomatic transmission

It was likewise challenging to distinguish between asymptomatic, pauci-

symptomatic and pre-symptomatic transmission.l2onote 239 where studies had

designs which did not enable the differentiation of pre and asymptomatic
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transmission, there was a tendency to over-report cases resulting from
asymptomatic transmission.[feotnote 236

Transmission from one person to another depends on a number of factors
including shedding of viable virus and behaviours and contact patterns, noting
that asymptomatic people may be more likely to be unaware of infection than
symptomatic people.

Methods to understand the proportion and relative infectiousness of
asymptomatic infections

1. Case series and cluster investigations provided early signals that
asymptomatic infection and transmission were possible while more robust data

2. Longitudinal designs which collected information on symptoms over time (and
thus were able to differentiate between asymptomatic and pre-symptomatic

infections) were needed to calculate reliable estimates of the asymptomatic
proportion.[footnote 242]

3. Longitudinal studies were also required to understand the potential for
transmission from asymptomatic cases. These studies addressed secondary
attack rates in households with asymptomatic infections and/or included serial

viral culture to indicate the presence of live, infectious virus.[foonote 243

4. Studies in institutional settings (nursing homes, army barracks) were among
the earliest established, and enabled the estimation of asymptomatic
proportions and relative infectiousness more quickly.eotote 244] ' [footnote 245]

[footnote 246] Hoyever, their applicability to the general population was
potentially limited.[footnote 236]

5. Viral culture was the optimal tool for assessing infectiousness in both
symptomatic and asymptomatic cases but was not widely available.

Summary of the types of evidence available, and broad timelines

For SARS-Cov-2, the asymptomatic proportion and the relative infectiousness of
asymptomatic individuals varied substantially depending on the setting and
characteristics of the individuals involved. In addition, they changed over time as
the population gained protection from prior infection or vaccination and viral

variants with different biological properties emerged.[fcotnote 238]

Early case and cluster reports raised the possibility of asymptomatic infection
and transmission but often with poor differentiation between asymptomatic and
pre-symptomatic transmission.[feotnote 240]' [footnote 247], [footnote 248] At this stage,
robust data on asymptomatic infections and whether they may be infectious to

others was lacking, and estimates of the asymptomatic proportion varied widely.
[footnote 249
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After a few months, outbreak studies in closed or institutional environments
provided early estimates of the asymptomatic proportion of PCR-confirmed
cases, but may have included pre-symptomatic cases. Descriptive reports of

transmission chains and clusters described apparently asymptomatic
transmission. [feotnote 241] - [footnote 250]

Over time, evidence of positive tests in asymptomatic individuals mounted, and
more robust data on asymptomatic transmission emerged. Estimates of the
asymptomatic proportion were high. Cross-sectional studies were conducted
which were unable to differentiate between pre and asymptomatic transmission.

By mid 2020, further estimates of the asymptomatic proportion in closed and/or
institutional settings had been published, and the first evidence that infectious
virus could be recovered from asymptomatic individuals emerged.[feotnote 244]
[footnote 245], [footnote 2461, [footnote 251], [footnote 2521, [footnote 253] Early systematic
reviews and meta analyses of asymptomatic proportions followed, with wide
variation in the estimates of the asymptomatic proportion, and lower estimates
from studies that were better able to differentiate between pre and asymptomatic
cases,[footnote 238] [footnote 242] Arqynd this time, early data comparing cycle
threshold (Ct) values between asymptomatic and symptomatic individuals

became available, though the link between Ct values and infectiousness was not
firmly estabnshed.[footnote 245] [footnote 254] [footnote 255] [foothote 256]

Eventually, large random-sample swabbing studies, such as REACT and those
led by the ONS, were established and provided robust estimates of the
asymptomatic proportion on a regular basis. By mid to late 2020, studies of
household transmission had been established that were able to robustly identify
asymptomatic infections and transmission, and the viral load dynamics in

asymptomatic individuals had been characterised.[2otnote 243] ‘[footnote 254]
[footnote 257

Establishing that asymptomatic transmission occurred was well in advance of
establishing what proportion of transmission was from asymptomatic people, and
whether, if all symptomatic transmission ceased (for example, due to case
isolation) asymptomatic transmission alone was capable of sustaining the
reproduction number (R) above 1.

11. How long were people infectious?

Understanding duration of infectiousness is central to infection prevention and
control and will be for any future pandemic or epidemic. Infections vary widely in
their duration of infectiousness from a few days to lifelong (the last major new
pandemic, HIV, was lifelong when untreated). It was important to understand the
duration of the infectious period of SARS-CoV-2 in order to make informed
decisions on the duration of isolation and contact tracing windows, to optimise
prevention of transmission in health and care settings, and to be able to
understand and model the dynamics of the pandemic.

For SARS-CoV-2, epidemiological and virological methods were primarily used to
develop this understanding.
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Detecting the presence of SARS-CoV-2 virus

The presence of SARS-CoV-2 virus was an essential piece of information for
determining timelines of infectiousness. Presence of SARS-CoV-2 virus can be
detected in several ways:

+ RT-PCR testing (see Chapter 6: testing): detects the presence of virus genetic
material but does not reliably indicate viable infectious viral particles. It
provides Ct values, which allow estimation of the amount of virus present in a

sample. Ct values correlate with, but are not a predictor for,
infectiousnesslfeotnote 258

« virus culture: detects the presence of live infectious virus, thus can be used as
a proxy for infectiousnessfootnote 19

+ rapid antigen: detects the presence of viral antigen in a clinical sample

RT-PCR testing was used to detect infection, and measurement of Ct values on
RT-PCR allowed quantification of the amount of virus present in a sample. Serial
Ct values, obtained using the same type of assay, were used to show the
variation in viral load in an individual over time.[l20tnote 2591 ' [footnote 2601 it yglyes
were also used as a proxy for infectiousness. A reasonably firm correlation
between cycle threshold values and the presence of live, infectious virus was
established approximately 6 months into the COVID-19 pandemic through

stu]dies with serial sampling, RT-PCR testing and viral culture.[lcotnote 261] [footnote
262

Early in the SARS-CoV-2 pandemic, clinical sampling was of variable quality and
there was wide variation in diagnostic targets and sensitivity. 12210t 263] Cinjcal
samples were obtained on relatively small numbers of individuals, often after
symptom onset and without systematic follow up. Estimates of trends in viral load
throughout the entire course of iliness, as measured by RT-PCR, were available

but low certainty until 6 to 8 months into the pandemic.[feotnote 261] ' [footnote 262]
[footnote 264

Viral culture was used to infer infectiousness. Results were not available in the
UK until 3 to 4 months into the pandemic, and at this time, studies assessing the
presence of infectious virus through viral culture were few and based on small
numbers of persons and datapoints. 200t 265 The most timely datasets came
from both international sources and PHE’s laboratories, which shared results
with expert groups at 6 months,[eotnote 261]

Ultimately, longitudinal studies with serial sampling of cases, quantitative RT-
PCR and viral culture allowed the most direct measures of the kinetics of
infectiousness. [feotnote 19] [iootnote 2591 As would be expected, SARS-CoV-2 viral
load dynamics and kinetics of infectiousness were found to vary between

individuals depending on symptom severity, immune response, prior infection
and vaccination Status'[footnote 259] [footnote 260] [footnote 266]
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Timeline of discovery

Initially, knowledge of other coronaviruses (SARS-CoV-1 and MERS-CoV) was
used to develop broad estimates of the expected kinetics of viral shedding of

SARS-Cov-2, but this needed to be supplemented with pathogen-specific
evidence.[footnote 267]' [footnote 268], [footnote 2691, [footnote 270]

Epidemiological studies of transmission chains provided the earliest estimates of
infectious periods. Studies of clusters and chains of transmission, and early
models of transmission dynamics, were used to infer the infectious period.

After 3 to 4 months, initial estimates of the infectious period, informed by
longitudinal data on viral shedding, were available.[footnote 14] [footnote 50] [footnote
271] [footnote 272] The first viral culture results from the UK became available in

April 2020.[feotnote 265] [footnote 273] at this time, absolute numbers of data points
and persons investigated remained small.

By mid 2020, accumulating data on viral dynamics (as measured by RT-PCR)
had demonstrated a peak in viral load at the onset of symptoms, followed by a
gradual decline in viral load.©0note 2631 v/jra| culture data suggested that
cultivable virus levels were correlated with PCR values and time after symptom
onset, and that viable virus could be isolated from pre-symptomatic cases,
providing support for infectiousness of pre-symptomatic cases.eotnote 261]
[footnote 262] [footnote 274]) gngitudinal or cross-sectional sampling and culture

showed that beyond 14 days the majority of infected people shed virus at

amounts lower than could be cultured, suggesting they were no longer infectious.
[footnote 261] [footnote 275] [footnote 276]

By the end of 2020 there was a robust understanding of viral dynamics over
time. Further data emerged to suggest a strong relationship between Ct values

and ability to recover viable virus.lotnote 19] [footnote 264] ‘[footnote 277] Throyghout
2021, comparisons of viral kinetics across people infected with different variants

were undertaken, as well as across vaccinated and unvaccinated individuals.
[footnote 259] [footnote 260] [footnote 278] [footnote 279]

Later in the pandemic, human challenge studies in controlled environments with
systematic daily sampling allowed complete characterisation of the viral

dynamics of infection, though these were often limited to young, healthy
volunteers.[footnote 8]

Reflections and advice for a future CMO or
GCSA

Most of the reflections are in the body of the text above, but in addition we would
highlight the following.

Point 1

Scientific and medical advice will often need to be formulated on the basis of
limited data. 60



This was the case for SARS-CoV-2 in early 2020 with respect to several areas,
including, for example, asymptomatic transmission or spread via aerosols.

This cannot be avoided but it is critical therefore to explain in the advice the
strength of the evidence and the degree of uncertainty about the conclusions,
and to prepare the ground for the advice to change as evidence accumulates.

Point 2

Understanding the pathogen and the disease was a global effort, particularly
at the outset, and sharing data and expertise from the beginning was key.

Reports from China and Italy were critical in this respect. Personal and
professional networks of CMOs, the GCSA, public health leaders and SAGE
participants were invaluable. In some cases, rapid identification of counterparts
in other countries was difficult and establishing clear points of contact in
preparation for future emergencies would be helpful.

Point 3

Gaining a clear understanding of the pathogen and the disease required an
array of cross-disciplinary studies to be initiated quickly.

Many study types and disciplines were needed but some study designs set up
early in the pandemic delivered useful evidence across multiple areas. These
included:

« longitudinal cohort studies with relevant baseline measures and systematic
symptom review
« linked or shared surveillance data with demographic details

« clinical studies of patients with severe disease

Point 4

Building on and adapting existing research systems and networks was
usually much faster than setting up new systems, but strong leadership,
direction and coordination are required.

‘Peacetime’ processes were adapted, bringing together funders, researchers,
CMOs, the GCSA and PHE (later UKHSA) to mobilise sufficient resources and
stand up research rapidly.

61



Point 5

Viral variants, population behaviours and population immunity changed
significantly over time requiring continuation of studies.

In contrast to some infectious agents, pathogenesis and disease characteristics
of COVID-19 continually changed over the first 2 years. This needed continual
review and re-validation of tools, for example:

« revalidating assays for testing
« revalidating vaccine efficacy

» adapting models
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Introduction

Infectious disease epidemics and pandemics usually expose and exacerbate
existing disparities in society, such as those associated with deprivation,
ethnicity, sex, age and sexuality.[leotnote 1] ‘[footnote 2] ‘[footnote 3l The COVID-19
pandemic had some predictable and some less predictable disparities in
health outcomes such as the striking age gradient in risk, and the risk of
severe disease for people living with obesity.feotnote 4]

Some health impacts are distinct to certain infections — for example, the
heightened risk of HIV for men having sex with men in the 1980s, or the risk
of severe disease among young adults as well as the very young and the
elderly during the 1918 to 1919 influenza pandemic.[20No€ 51 Others appear
repeatedly across different pandemics, such as more socio-economically
deprived groups consistently experiencing greater risk of exposure to
infection and worse health outcomes. [footnote 6], [footnote 7]’ [footnote 8], [footnote
9

Some disparities observed in the COVID-19 pandemic would be expected to
arise from an airborne respiratory pathogen — such as increased spread
among people living in crowded households or individuals working in face-to-

face settings with inadequate ventilation or protective equipment and relative
sparing of rural areas.[lotnote 10]

In addition to the direct health impacts, certain interventions put in place to
control COVID-19 can themselves give rise to disparities — though the extent
of the impact of COVID-19 control measures may never be fully understood
due to lack of a clear counterfactual. For example, more deprived
communities and younger people were disproportionately impacted by public
health control measures in the short term, including closures to school and
the hospitality sector. It is however difficult to say the size of the relative
impact of not instigating these measures (and seeing potentially sustained
high levels of community transmission) on these groups.[2otnote 11|

This chapter sets out how we understood what the key disparities were, and
briefly sets out some efforts in response to this evidence — though this is by
no means exhaustive and work to reduce disparities continues.

What knowledge was needed and why it
was important

Evidence from previous pandemics indicated that it was important to
understand differences in infection risk, disease severity and outcomes
between groups. These may be linked, or separate; for example, the need to
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go to work may increase risk of acquiring disease but not severity, while living
with obesity may increase risk of severe disease once acquired, but not of
being infected.

Alongside this, it was also important to understand the differential impact
among population groups of interventions introduced to try and control
disease spread. For example, are the right communications getting to the
right people, do people needing to isolate have the social, economic and
practical support they need, and can everyone get adequate access to the
necessary testing and clinical support? It was also essential to understand
how different population groups responded to different communication
channels, styles and languages, so that interventions could be adapted
appropriately.

Disparities arising from the infection and the subsequent policy response will
not always be immediately apparent and will instead emerge as the
pandemic unfolds, and this was true for COVID-19.

How we found out the information

Our understanding of disparities related to SARS-CoV-2 exposure and
COVID-19 outcomes rapidly evolved as the epidemic progressed across the
UK. This was a result of the virus reaching increasing numbers of people and
communities, and as research programmes, routine statistics and community
engagement evolved to better capture the necessary data.

First wave

Early case reports and epidemiological studies on outbreaks provided some
important early signals about potential disparities. As early as January 2020,
reports from China indicated that COVID-19 led to worse outcomes among
older patients and men.[©20tote 12] Gyer the next 2 to 3 months, additional
data emerged, primarily from China and Italy, suggesting that people with
certain underlying health conditions and immunosuppression were at
increased risk of disease and death.ll2otnote 13] [footnote 14] Farly data from
China also suggested low skilled workers were at increased risk of
progression to severe disease.footnote 15]

As cases began to appear in the UK, the First Few Hundred (FF100)
enhanced surveillance protocol was commissioned, following World Health
Organization (WHO) protocols and in line with previous pandemic response
for MERS-CoV and H7N9 influenza.footnote 16] ‘[footnote 17] Thjg provided basic
demographic data and enhanced surveillance of clinical presentation on the
first few hundred cases of SARS-CoV-2 infection, allowing for an initial
detailed description of people affected.l20note 18] Early indications of key
populations most affected were highlighted — for example, the increased
clinical risk in people with underlying health conditions. However, it is worth

88



noting that FF100 investigations are prone to biases (for example, where the
first few hundred cases may be returning travellers with similar socio-
economic status or health status). This is also covered in Chapter 1:
understanding the pathogen.

Several surveillance systems and routine data sets were in place before the
pandemic, such as the Second Generation Surveillance System (SGSS)
laboratory monitoring and the Office for National Statistics (ONS) death
certification. These systems indicated early on that exposure and infection
risk were disproportionately high for those working in frontline care or other
in-person service occupations, such as transport and cleaning. Although the
systems were unable to provide detailed reasons for this, they were likely to
be multifactorial and possibly include some non-work risk factors in addition
to occupational ones.[12010t€ 191 gome hespoke surveillance systems were
also designed from scratch — for example, to count COVID-19 deaths in
hospitals and COVID-19 attendances and admissions to NHS hospitals.

Hospital admission data then rapidly began to produce signals on potential
disparities: by February 2020 there was evidence of increased risk of hospital
admission for older adults, men and those with certain underlying health
conditions.[leotnote 20l The regular publication of intensive care data also
supported a rapidly growing understanding of ethnic disparities in the UK: in
the first wave, statistics highlighted high rates of hospitalisations among
[:)atients of black and Asian ethnic groups compared to white ethnic groups.
footnote 21] However, ethnic disparities were often confounded by deprivation
and living in areas with high prevalence. As the pandemic went on, patterns
of risk for both infection and severe disease changed as the epicentre shifted
to areas with different ethnic makeup and as vaccines were rolled out with
differing levels of uptake across different communities.

Testing data also supported understanding of disparities: in England, COVID-
19 laboratory reporting forms included age and sex from the outset, and
ethnicity information was then added by linking laboratory surveillance data
with Hospital Episode Statistics data sets.

In order to properly monitor and report on characteristics linked to health
disparities (such as ethnicity), there was a need to rapidly link data and
enhance routine data sources with clinical and demographic information. This
was achievable following rapid issuing of a Control of Patient Information
(COPI) notice (for more details see Chapter 4: situational awareness,
analysis and assessment). This expedited rapid data sharing between
government organisations without requiring unduly long paperwork and
approval processes which previously could have taken years.

There was also a need for in-depth reviews alongside these data sets, such
as the report ‘Disparities in the risk and outcomes of COVID-19’, published in
June 2020 by Public Health England (PHE).[00inot€ 22] Thjg report was largely
undertaken on cases presenting to hospital with a clinical need where testing
was concentrated. It highlighted important disparities by age, ethnic group,
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sex and occupation, likely to reflect disparities in both infection risk and
clinical severity. It was not exhaustive and was unable at the time to adjust for
some relevant factors in all analyses, such as underlying health conditions,
which may affect some groups more than others. It highlighted however
some important areas for further investigation, prompting a series of actions
to address and mitigate this issue which were documented in reports

published by the Equality Hub and Race Disparities Unit.[lotnote 23]

Public engagement exercises were used throughout the pandemic to
understand the experiences and drivers of observed disparities in COVID-19
health outcomes. For example, an in-depth public engagement exercise with
representatives of key affected groups alongside a rapid literature review and
gualitative analysis culminated in the publication of another report
‘Understanding the Impact of COVID-19 on Black and Minority Ethnic
(BAME) Communities’, which produced a series of recommendations on how
to better understand and mitigate the impact of the pandemic on ethnic
minority groups.29ote 241 This included a clear ask for improved data
collection on ethnicity, occupation and faith in all routine clinical data and
death certification. Alongside this, weekly calls between the CMO'’s office and
directors of public health helped highlight emerging issues in their
communities.

Finally, several studies established in the early phases of the COVID-19
response provided an invaluable contribution to the understanding of COVID-
19 disparities. These included the ONS COVID-19 Infection Survey, which
provided weekly estimates of infection and immunity, and enabled detailed
analyses of disparities such as occupation, ethnicity and deprivation.lonote
25| The Vivaldi study, meanwhile, collected qualitative and quantitative data
on care homes to understand working conditions and the spread of infection
and immunity in care home populations.[footnote 261 jts findings have been
used to inform the ongoing policy response, including vaccine
recommendations. Other studies on specific groups and settings, such as for
children and adults with learning disabilities, homeless shelters and prison

populations, were helpful in exploring the impact of the pandemic on these
groups_[footnote 27

The QCovid® tool, using population health data to predict outcomes from
COVID-19 for different groups, also helped inform the response — for
example, vaccination prioritisation. Although designed originally around likely
clinical risk factors, it was one of the few tools to include socio-economic
deprivation as a component of risk alongside clinical risk as data were
refined. It was used slightly differently across the UK — this is explored in
more detail in Chapter 8: non-pharmaceutical interventions.
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Ongoing response

The regular and transparent publication of disparities data was helpful in
maintaining a public and professional focus on disparities as they emerged
and changed. Although some disparities data, such as hospital admissions
by age and sex, were published from the outset of the pandemic, there was a
need to expand and update both data collection and data publication. By the
second wave the PHE weekly COVID-19 surveillance report had been
expanded to include a wider range of disparities data, and other analyses
and research also expanded to examine disparities. The publication of the
PHE COVID-19 Health Disparities Monitoring for England (CHIME) tool from
May 2021 onwards ensured regular reporting of COVID-19 disparities for a
number of determinants and outcomes and is publicly available for use by a
range of stakeholders.[©200t€ 281 |n common with most other surveillance
systems during the pandemic, CHIME did not have access to data on
underlying conditions so this limited the extent to which it could adjust for
comorbidities in assessing disparities. Alongside these regular publications,
the Scientific Advisory Group for Emergencies (SAGE) regularly reviewed
evidence and data on disparities and published its minutes to support public
discussion and response to these issues.[lootnote 29]

The surveillance landscape was regularly assessed and mapped to identify
gaps in disparities data. As a general principle, healthcare and disease
surveillance systems need to be designed at the outset with reporting forms
that included information on key protected characteristics.200t 301 This js to
ensure that disparities linked to any of these characteristics could be
assessed at the earliest stages of the pandemic. There was also an ongoing
need to secure public trust in data gathering and usage, ensuring usage of
data was transparently communicated.

Important factors in the COVID-19
pandemic

Infection risk

Certain occupational groups such as factory workers, healthcare workers,
emergency service workers, social care workers and high contact
professions, such as taxi drivers or security professionals, were shown to
carry a heightened risk of exposure to infection. Living in urban and more
deprived areas was an additional risk. In major cities, infection rates were
initially higher than in rural settings, and more people reported participation in
essential daily activities such as using public transport and attending work or
education.[foonote 31] Although to some extent this trend has persisted
throughout the pandemic, urban areas benefitted from a great deal of
national attention and consequent mitigation measures. Rural areas, which
had largely been spared in earlier waves, came to experience high incidence
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in later waves due to lower immunity levels after most national public health
control measures had lifted.

Crowded and multi-generational housing is a further risk factor commonly
linked to infectious disease spread.[feoinote 321 oyercrowded housing is linked
to socio-economic status and in the UK is more common in Bangladeshi,
Pakistani and black African groups compared to white British.[lotnote 331
Importantly too, shared accommodation settings such as those for people
experiencing homelessness and rough sleeping presented a significant risk
of transmission for an already highly vulnerable population experiencing
multiple existing socio-economic pressures and health needs.[l20note 34l The
‘Everyone In’ initiative, launched in March 2020, aimed to provide safe
accommodation for people experiencing homelessness and rough sleeping

and was widely credited with saving lives during the pandemic.[footnote 35]

Severe disease and mortality

Since the start of the pandemic, age has been the strongest risk factor for
COVID-19 hospital admission and mortality,feotnote 361 with older adults at
high risk and children and young people at very low risk of severe outcomes.
[footnote 371 portality rates from COVID-19 in the most deprived areas of the
country were more than double that found in the least deprived areas, with
differences remaining after adjustment for age, sex, region and ethnicity. As a
single group, ethnic minorities experienced higher all-cause death rates and
death rates from COVID-19 compared to those of white British ethnicity, with
relative differences varying throughout the pandemic and across different
ethnic groups.[fooinote 381 |n the working-age population, COVID-19 death
rates were consistently and markedly higher for men than women throughout
the pandemic.[footnote 39]

Another group at particularly high risk for severe disease and premature
mortality were those with a disability. In the first wave, 6 out of 10 deaths in
England were among people who reported having a disability.[footnote 40]
Research based on the learning disability register found a persistent, marked
increased risk in COVID-19 hospitalisation and mortality for people with a
learning disability — though it is important to note that there are major
limitations with the learning disability register as a robust assessment tool,
with wider coding for learning disability, and that not all analyses adjusted for

underlying health conditions.[footnote 41]

Co-morbidities such as diabetes, severe asthma and obesity were identified
as risk factors for poor outcomes, and were more prevalent in more deprived
and in some ethnic minority groups. Linked primary care records of over 17
million adults with over 10,000 deaths between February and December
2020 found that while comorbidity did explain some of the different death
rates by ethnicity, people from black and South Asian ethnic groups were
both more likely to test positive and more likely to die from COVID-19 during
the first wave compared with people from white ethnic groups after
adjustment for deprivation, age, sex and comorbidity.[[00tn0te 42] Ana|ysis of
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the second wave found that while differences in testing positive and higher
death rates among South Asian ethnic groups remained, they were far less
stark for black ethnic groups.

Disentangling the principal drivers was often complex because of the
overlapping nature of many of the risk factors. For example, some South
Asian populations might have higher probability of being in contact
professions such as taxi driving or care work, higher rates of diabetes, more
multigenerational households and being in an area of enduring transmission
such as in the north-west of England. Some populations may use care and
testing differently or face barriers in their access. Working out which was a
risk factor and which was a confounding factor was inevitably complex and
some residual confounding was likely.

Impact of public health measures

High case rates during the pandemic led to pressures on health and care
services which in turn impacted different population groups in need of health
and care support. Measures put in place to mitigate transmission, too,
impacted interactions with health and care services for many — for example,
visiting restrictions. This is covered in more detail in Chapter 10:
improvements in care. Non-COVID-19 clinical harms were worse for some
groups. For example, there was a greater reduction in routine elective
admissions for care home residents compared to the general population, and

routine referrals to hospital care fell 90% for children and young people in the
first wave [footnote 431’ [footnote 44]

Many people saw a deterioration in mental health during the pandemic; the
impact was particularly felt in some groups, such as women who reported
worse mental health during the pandemic than men.[feotnote 45] pisparities in
mental health outcomes in unemployed people and those experiencing
financial insecurity widened during the pandemic.[l22tote 461 The public health
response to the pandemic had wider impacts on the economy, wellbeing and
education. Children and young people missed significant amounts of face-to-
face education with impacts including lost learning, poor mental health and a

reduction in the number of safeguarding referrals.ll2onote 471

Widespread closures in sectors such as hospitality, leisure and tourism had
significant economic impacts for individuals employed in these sectors, a
greater proportion of whom were women. People in ethnic minorities were
also more likely to work in insecure and casual forms of employment which
were impacted by pandemic control measures. While the Coronavirus Job
Retention Scheme (‘furlough’) provided some protection against
unemployment, individuals on furlough experienced a 20% reduction in
wages and this was more common for people on low-income wages and part-
time workers.[f0oinote 481 Ry ra| and coastal areas were disproportionately
impacted by some of the public health measures used to control spread, with
these areas experiencing:
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+ an increased impact on hospital waiting times
+ areliance on the tourism and hospitality sector

« high levels of digital exclusion and an ageing population [l2otnote 491

Areas of enduring transmission, such as Leicester and the north-west of
England, were also disproportionately impacted by both continual
transmission and long-running measures to bring this down — for example, in
disruption to education.

The reasons for these disparities are complex and involve a range of social,
economic, behavioural and biological risks.[l22note 501 pisparities were the
result of a complex interaction between existing disparities, the progression
of the epidemic across the country (for example, which areas saw early
seeding of infection), and the measures taken to control disease spread. For
some communities, a relative lack of trust in government or the health service
resulted in mistrust of national communications, which was compounded by
disparities exposed by the pandemic. At times responses and
communications were not appropriately tailored to different communities. This
was sometimes exacerbated by interventions directly aimed at certain higher
risk groups, leading to actual or potential stigmatisation by implying certain
groups were more vulnerable to COVID-19 or more likely to transmit the
virus. Tailoring messages for the highest risk groups without increasing
stigma can be a very difficult balance to navigate in epidemics and
pandemics, and was particularly important in the earlier stages (for example,
for the Chinese community). It was seen previously — for example, in HIV and
more recently in Monkeypox.

What was done in response

This sets out some elements of the response but is by no means exhaustive.
Efforts to minimise disparities sat across a number of organisations and
individuals and continue to evolve today.

Following publication of the PHE report on COVID-19 disparities in risks and
outcomes, the Cabinet Office Race Disparity Unit was tasked to lead cross-
government work to address the report findings, with the activities undertaken
summarised in a series of reports.feotnote 51

Actions to address disparities initially focused on reducing the risk of
infection, for example, the government published guidance on how to make
workplaces more secure for individuals unable to work from home, including
specific practical guidance for occupations at higher risk of exposure such as
taxi drivers. Guidance and infographics for the public were translated into the
most commonly spoken languages, and communications campaigns worked
closely with the third sector to ensure local dissemination into communities.

94



Throughout the pandemic, different testing programmes were implemented to
address certain disparities. This included mass asymptomatic testing
programmes in care homes, the NHS and across the education sector as well
as targeted community testing in areas of high or enduring transmission.
Targeted community testing programmes were delivered through local
authorities to benefit from in-depth knowledge of local community needs,
trusted voices and detailed local data.[°otnote 52]

Other efforts to tackle COVID-19 disparities were focused on building vaccine
confidence and promoting vaccine uptake among those groups that were
more hesitant about vaccination. This required detailed discussions to unpick
where the issues were. Delivery of the mass vaccination programme and
targeted work with specific communities has been a result of a partnership
approach between national and local government, health agencies, and the
voluntary and community sector. One key component of this response was
the Community Champions scheme launched in January 2021 which enabled
councils and voluntary organisations to develop local networks of trusted

local champions to provide advice about COVID-19 and the vaccine
programme_[footnote 53

Discussion

Disparities in COVID-19 arose because of differences in infection risk, risk of
severe disease or mortality, non-COVID-19 clinical harms and the wider
impacts of public health measures to control the pandemic. The pattern of
disparities highlighted the need to consider, as much as possible, disparities
according to the following determinants:

1. Protected characteristics: as defined by the Equality Act (2010):

+ age

« disability

» gender reassignment

+ marriage and civil partnership
+ pregnancy and maternity

+ race, religion or belief

+ sex and sexual orientation
2. Socio-economic circumstances such as:

» deprivation
» occupation (particularly key workers)

+ geographical region
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3. Inclusion health groups: those who have been socially excluded typically
experience multiple overlapping risk factors for poor health (such as poverty,
violence and complex trauma), experience stigma and discrimination, and are
not consistently accounted for in routine data sets. In the UK, the concept of
inclusion health has typically encompassed people experiencing
homelessness, Gypsy, Roma and Traveller communities, vulnerable migrants

and sex workers, among others, [footnote 541

It was essential to gather data and information about the existence and
drivers of disparities in this pandemic — both quantitative and qualitative —
and this required multiple different methodologies. Key informant interviews
and focus group discussions, and more generally early engagement with
communities, were vital to effectively tailoring interventions and anticipating
future challenges in implementing any large-scale intervention. It was a
resource-intensive method but has held great value. Access to major data
sets (for example, via ‘OpenSafely’) has also enabled continuous surveillance
and research on clinical and health outcomes from COVID-19, though there
were occasional issues with sharing, linkage and timeliness of data (this is
covered in more detail in Chapter 4: situational awareness, analysis and
assessment). In the future, this could be better supported by joint working
with and between local government, the health service (in particular data and
digital teams), central government and academia.

A routine approach to evaluation and research on the direct and indirect
benefits and harms of the public health response on local population groups
and communities was also important from the start of the pandemic. This
could help identify disparities more rapidly and facilitate the rapid adaptation
of interventions to better meet the needs of specific population groups and
minimise harms.

The data and information needed to understand disparities was often
sensitive and was being asked of communities with relatively low trust in
government organisations and understandable concerns about privacy and
the use of their data. It has therefore been important, as it will continue to be
beyond this pandemic, to engage closely with communities and to work with
trusted organisations to understand disparities and avoid extractive methods
of research in favour of close engagement and coproduction. This is likely to
be true of any future pandemic or epidemic.

It was also important to empower and adequately resource local areas to
adapt and respond to the specific needs of their communities, designing and
implementing approaches with the communities most impacted. The long-
term impacts of these disparities are yet to be fully felt, and an inclusive
pandemic recovery programme will be key to ensuring that the same
populations disproportionately impacted during the pandemic will not suffer

ongoing dis Ipar|t|es throughout the subsequent socio-economic recovery.
[footnote 55] [footnote 56]
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Our response to future pandemics will be strengthened by understanding
these long-term effects and by improving our understanding of the key drivers
of health and inequalities, and of the different needs of different communities.
This will enable local and national policymakers to improve community
resilience between pandemics to better mitigate harms in the future.

The findings of this pandemic have led to a renewed effort to address
pervasive inequalities in health in some areas — for example, in the work of
the NHS in recovery including equity audits of waiting lists and the Duty to
Reduce Inequalities on the emerging integrated care boards in England. The
pandemic has reinforced the message seen in many previous pandemics that
those already marginalised, socio-economically disadvantaged and suffering
poorer health outcomes are likely to be at increased risk during a pandemic.
Routine data sets (particularly for health and care), surveillance systems,
research and planning exercises therefore need to involve these groups while
keeping flexible to evolving evidence on the specific risk factors for any new
pathogen in the future.

Reflections and advice for a future CMO
or GCSA

Point 1

This pandemic, in common with many others, reflected and in many
cases exacerbated existing inequalities.

Understanding how the combination of existing inequalities and pathogen-
specific vulnerabilities affect individuals across the population was essential
to inform the policy and public health responses.

Point 2

Research on where the disparities were, what their causes were and how
best to reduce them needed to begin from the outset of the pandemic.

Some signals only come when the epidemic reaches a particular stage or hits
a particular area. Some disparities also changed with the changing epidemic
(for example, as waves hit different areas of the country).
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Point 3

A wide range of qualitative and quantitative research methods were
needed to understand disparities.

These included:

+ population-level surveillance

+ research directly with affected groups

+ surveys and in-depth reviews alongside routine data sets

Properly completed demographic and other fields in a range of data sets, and

linkage of data, were particularly important in understanding disparities — and
this can be strengthened in ‘peacetime’.

Point 4

Continual dialogue with local communities was important in
understanding risks and vulnerabilities, and to co-design effective
responses at a hyper-local level that may not be picked up in larger,
national data sets or research.
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Research and scientific advice are cross-cutting themes that are relevant to
much of this report, and so we set out a summary here of the structures and
practices that have been important in this pandemic for both research and
scientific advice, alongside our reflections.

Introduction

In all pandemics and major epidemics the initial response depends on sparse
information, and in the case of a new pandemic such as COVID-19 there will
often be no proven medical countermeasures. The key purpose of research
Is:

to understand the disease itself

*

*

to improve information for policy and clinical decision-making

*

to optimise existing clinical treatment

*

to provide the tools to move from social to medical countermeasures

The central role of research in supporting the response is sometimes
underestimated by non-medical planners and policymakers. Since the mid-
nineteenth century science has always been, and will almost always be, the
exit strategy from pandemics and epidemics. Throughout the COVID-19
pandemic research has been important in informing the response.

CMOs and GCSAs had a central role in making the case to prioritise science
from the earliest stages, supporting the direction and co-ordination of
research as well as interpreting its outputs to policymakers and the public.
This is likely to be true in future pandemics and large epidemics. Science and
technical meetings in January 2020 considered research funding needs and
coordination between funding agencies and across different disciplines
including the social sciences. In the initial coronavirus action plan laid out in
early March 2020 the government priorities were ‘contain, delay, research,
mitigate’. Many policymakers were surprised that research was given this
priority at that stage, but it was in our view essential from the start to
undertake the research to lay the groundwork for any realistic exit from the
pandemic.

The ultimate success of scientific endeavours throughout this pandemic has
however relied on the collective efforts of thousands of researchers, clinical
professionals and the public in undertaking research. We have been struck
by the selflessness of the public in taking part in trials and observational
studies in great numbers; over a million took part in the UK alone. Their
efforts enabled us collectively to test and then deploy life-saving interventions
throughout this pandemic at an unprecedented speed. The extraordinary
efforts of scientists, and of clinicians who undertook clinical research while
treating a major influx of severely ill patients was remarkable.
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Unsurprisingly, in many aspects of the pandemic the response was best in
those areas where the UK already had strengths pre-pandemic. Pre-
pandemic research preparation was also important in enabling rapid initiation
of various studies and was stronger in some areas than others.

At the outset of the pandemic the UK had:

+ a strong and established clinical, public health and biomedical research
sector

+ broadly based but reasonably centralised processes to fund and manage
publicly funded research

+ arelatively large and highly skilled research-focused workforce and
research infrastructure

» expertise across a range of relevant disciplines — particularly in clinical
sciences

A strong industrial research and development base was also present in some
areas, with a skilled and experienced workforce. Public sector research
establishments such as the Office for National Statistics (ONS), the Health
and Safety Executive and Public Health England (PHE, latterly the UK Health
Security Agency (UKHSA)) were also important in enabling rapid
commissioning and execution of research. It was also important to have a
rigorous and experienced regulator for therapeutics and vaccines in the
Medicines and Healthcare products Regulatory Agency (MHRA), and for
research ethics in the Health Research Authority (HRA). The UK also had in
the NHS and devolved equivalents a workforce with a long tradition of basing
clinical decisions on trial data, and undertaking trials and observational
studies.

On the other hand, there were areas where the UK was not as strong as
other countries, and these are equally important to reflect upon. The UK’s
diagnostics industry, for example, was not as large as some other high-
income countries that were able to more rapidly step up large-scale testing
operations.

In any emergency there are 4 key considerations for scientific research:
1. What are the most important questions to answer at a given point in time —
and what will be the future ones research needs to start for now?

2. How can these be answered most effectively and efficiently with the tools
available and involving the right people? This often required a degree of
pragmatism.

3. How can the outputs of research be shared, interpreted and translated into
scientific advice at speed to support practical decision-making, but without
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losing rigour?
4. What are the practical applications of science that will be needed and how
will this be achieved?

Under normal circumstances assessing the relative priority of different
disease areas and mobilising funds takes much of the time before research
can be conducted. The clear international priority of combatting COVID-19
made this much faster. Similarly, many processes which normally are time
consuming, including data sharing and scientific and ethical review, were
made extremely rapid — often taking days rather than months. Regulators
including the HRA and the MHRA turned things around at remarkable
speeds, without losing rigour. This was however at the expense of a lot of
otherwise excellent non-COVID-19 research which was deprioritised or
stopped altogether and has proved slow to restart.

There is always some degree of tension between speed and strength of
scientific methodology, but this is much more acute during a medical
emergency. Methodologically weak research is potentially dangerous
because it gives a false sense of certainty and can mislead. At several points
in this pandemic there was pressure to agree widespread deployment of
treatments before trials or other research had been undertaken and analysed
based on weak (or absent) evidence. Helping to make the case for proper
studies and then waiting for evidence was a key role of senior medical and
scientific leaders in the system. NHS staff were extremely disciplined in
randomising new treatments to trials rather than just giving them based on
theory and this paid dividends in rapid results with convincing answers,
whether positive (such as dexamethasone, various vaccines) or negative
(such as chloroquine, HIV drugs, ivermectin). For example, even at the peak
of the first wave some hospitals recruited 60% of eligible patients into the
Randomised Evaluation of COVid-19 thERapY (RECOVERY) trial.[l0otnote 11

This chapter does not go into the details of the hundreds of studies
undertaken, or even the major ones, some of which are covered in
subsequent chapters. It simply aims to identify some common themes that
may prove useful in subsequent pandemics and epidemics.

How the most important questions
changed over time

The relative importance of different kinds of research for policy and practice
changed as the pandemic evolved. In part this was due to the urgency of the
decisions being taken, but largely because different study designs were
inevitably going to report along different timelines. They all needed to be
running from as soon as possible after COVID-19 was clearly likely to be a
global threat. Many of the major studies were approved and launched within
a few weeks of the first cases of COVID-19 being reported outside China,
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although it was accepted that some of them, especially clinical trials, would
take many months to years to provide definitive results. The sections below
set out some broad areas of enquiry, some of which are covered in more
detail in other chapters of this report.

Understanding the virus and the disease
(For more detail on this see Chapter 1: understanding the pathogen.)

In the first 3 months as COVID-19 moved from being a localised disease in
China to a pandemic, basic epidemiological and clinical data were urgently
needed to inform public health and clinical advice. Key variables included:

+ mortality by age and other characteristics
+ the basic reproduction number (RO) and doubling time

» probable routes of transmission and their relative importance

Much of this was initially from Chinese scientists and clinicians, and then
replicated in other countries, especially Italy with a more similar age structure
and health service to the UK. Having the genotype publicly available early on
due to the work of the Chinese and other scientists was essential to the
development of polymerase chain reaction (PCR) tests and the initial work on
possible vaccine candidates, including in the UK. The global sharing of
genotype information has been a critical part of the response to COVID-19
throughout the pandemic to date. We consider these are likely to be common
to the majority of future epidemics. The rapid establishment of COVID-19
Genomics UK consortium (COG-UK) supported viral genotyping at scale
which enabled an understanding of viral spread and evolution.

Modelling data were important in helping to refine the key epidemiological
variables and helped inform advice on early policy and public health
decisions. In the initial phase of the response, modelling research played a
critical role. Modelling is covered in Chapter 5 in more detail.

Studies on virology and immunology were important to inform an
understanding of the clinical picture and potential interventions. Early
establishment of sample collections was important.

Understanding the impact of the pandemic and of
different interventions

Observational clinical studies were also needed both to inform early policy

and clinical practice. The First Few Hundred (FF100) study was specifically
designed to answer clinical questions early and something similar needs to
be undertaken for any pandemic or epidemic. These have the advantage of
producing early data when there are none, and the disadvantage that early
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cases tend to be atypical. Recognising this, several important clinical and
cohort studies were conceived or launched in these early months. These
included:

+ the International Severe Acute Respiratory and emerging Infection
Consortium’s (ISARIC) COVID-19 Clinical Information Network (CO-CIN)
study of patients from across the UK with severe disease

+ the SARS-CoV-2 Immunity and Reinfection Evaluation (SIREN) study of
healthcare workers

+ the Easter study in care homes

+ the Vivaldi study

ONS data and data on disparities in outcome including by ethnicity and
geography from PHE (subsequently UKHSA) became very accurate (for
more details see Chapter 2: disparities). Observational data from combined
studies were increasingly granular and influential as the first wave
progressed and going into the second wave, meaning that the
epidemiological and clinical understanding of the disease was substantially
better in late 2020 than in March 2020. This also allowed for more accurate
modelling. The combined effect was that the scientific advice to inform policy
could be much more certain from the start of the second wave onwards.
Routine data flows and interoperability improved and became an important
resource for research.

Observational data helped change the scientific consensus on several key
variables over this time. Important examples for public health measures
included:

+ the relative contribution of asymptomatic transmission
« the relative contribution of aerosols compared to droplets

« the risks for people from different ethnicities, for children and for those
living with obesity

Examples for clinical practice included the clinical course of severe disease,
the role of thrombosis and anticoagulation, and mechanical ventilation.

COVID-19 led to significant experimentation with different ways of deploying
mass testing of different forms to try to improve clinical outcomes, reduce
transmission and provide practical isolation advice. Some of this was
conducted with formal scientific methodology. Mass testing was most central
to thinking during the second wave, after reliable rapid tests usable by the
public had been developed but before a vaccine had been deployed at scale.
The development of tests and their deployment are covered in Chapter 6:
testing.
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Building knowledge of medical countermeasures

In the case of a variant of a known pathogen such as influenza, the normal
early research would be to determine whether existing medical
countermeasures to that pathogen (drugs, vaccines) work or can be adapted.
In the case of COVID-19 there were no coronavirus-specific human medical
countermeasures. An assessment from first principles was undertaken, which
informed early drug trial candidates (most of which did not work). A decision
was therefore taken to trial existing drugs with some theoretical reason they
might work, largely undertaken in the public sector, while accelerating
development of coronavirus-specific treatments in the pharmaceutical
industry with some public sector support. The trials of existing drugs were
expected to take months, and development of new drugs years. The first
readouts from clinical trials of existing drugs occurred before the second
wave peaked, with the most important ones being those which altered the
immune reaction to COVID-19 (steroids and other rheumatology drugs)
rather than antivirals. Drugs specifically for COVID-19 inevitably took longer.
The development and testing of therapeutics and vaccines is covered in more
detail in Chapter 9: pharmaceutical interventions.

Studies to develop a vaccine for COVID-19 started within weeks of the
genotype being published. It was supported by clinical trial data within 9
months and available from midway through the second wave in the UK. The
one general point it is worth making here is that the extraordinary speed of
development and effectiveness of viral vector and RNA vaccines was a
surprise to almost all scientists. On the positive side this demonstrates how
fast a vaccine could be developed for the next pandemic, if it is achievable.
There is a danger this falsely reassures some policymakers that a vaccine
can be produced at this speed for the next pandemic. The last major
pandemic was HIV where there is still no effective vaccine, despite decades
of serious investment and scientific effort.

Mechanisms to get research studies
prioritised and underway

From the start of the pandemic there were several concurrent risks which are
likely to remain a theme in future pandemics including:

+ the risk that research would not be undertaken because of the urgent need
to act. This can lead to research being perceived as a luxury or getting in
the way of action, in turn leading to an endless cycle of unevidenced
intervention and the science for an exit not being undertaken. This risk is
exacerbated where clinical research staff have to be reassigned to provide
clinical care
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+ multiple studies launching together competing for resources so that none
of them had sufficient statistical power to get a definitive answer in a
realistic timeframe. This was seen in many countries around the world

» research would only be undertaken in the teaching hospitals, slowing its
completion and raising equity and generalisability concerns

+ novel interventions (such as new drugs) would be prioritised over the more
easily scalable testing of existing interventions (such as steroids)

+ the risk of not translating research findings into practical deliverable
products — there is a tendency to underestimate the needs of development
and deployment science leading to delays in the pull through and
implementation

At all stages, but particularly in the earliest months, there were hundreds of
potential questions to answer about the pathogen, the disease, their impacts
and possible effective interventions — and these therefore required careful but
rapid prioritisation. Doing so involved multidisciplinary panels and committees
drawing on a range of scientific expertise — for example, in the ‘Urgent Public
Health’ (UPH) badging panel which was activated in January 2020 to
determine the most important COVID-19 research for priority funding and
resource. This is covered more fully in Chapter 9: pharmaceutical
interventions. The National Institute for Health and Care Research (NIHR),
the Medical Research Council (MRC) and NHS England in particular used
this mechanism in England to prioritise their resources, and this was
supported by the CMOs and national clinical directors. These panels directed
resources to a limited set of studies considered of national importance, at the
expense of others. National panels could take account of international panel
views of priorities such as those convened by the World Health Organization
(WHO). Later, the 7 strands of the National Core Studies programme brought
together senior experts to identify research projects, integrated teams and
infrastructure needed to answer essential policy and operational questions
ranging from transmission risk in specific setting or groups through to
immunity and long COVID. This coordination, cross disciplinary working and
focus on implementation was important. With a limited ability to test
treatments, the COVID-19 Therapeutic Advisory Panel collated expert views
on which drugs to bring into major trials to get answers on the most
promising.

Not every observer will agree with every decision taken by these prioritisation
panels, especially knowing with hindsight which studies and interventions
worked. The alternative, which was potentially multiple uncompleted,
underpowered or slow-to-report studies, would however almost certainly have
been worse, and the relative contribution of UK science to the global stock of
knowledge about COVID-19 in the first 2 years supports the overall
approach. Large studies on the few most important practical questions
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enabled us to get results fast, though this approach does not work for all
potential research interventions and so a range of approaches will be
needed. The UK approach was successful for phase 3 and 4 trials but less
effective for phase 1 and 2.

In addition to sifting proposals from researchers, interdisciplinary expert
groups helped to review current evidence and flag gaps in the evidence base
to highlight further questions that might have been missed. They were
supported by a number of evidence review teams. Throughout the pandemic,
ongoing collaboration between scientific experts (including the Scientific
Advisory Group for Emergencies (SAGE)) and policy and operational teams,
helped determine which questions were most needed to inform the response
as well as what science could reasonably deliver to answer them in a given
timeframe.

Close working between government experts and academics was important in
targeting resource to high priority research in both directions. There were
routine updates — for example, between the National Immunisation Schedule
Evaluation Consortium (NISEC) and UKHSA, the Joint Committee on
Vaccination and Immunisation (JCVI), the Deputy CMO (DCMO) and the
Vaccine Task Force to keep NISEC's clinical research relevant to the UK
Immunisation Programme. The New and Emerging Respiratory Virus Threats
Advisory Group (NERVTAG) also worked closely with the UK’s major platform
trial for repurposed therapeutics, RECOVERY. It was also helpful to
communicate regularly across all 4 nations of the UK, and joint UK GCSA
and CMO forums supported this.

Conducting research swiftly and
efficiently

Early coordination, rapid funding mechanisms from UK Research and
Innovation (UKRI), MRC, NIHR and the joint CMO and GCSA fund enabled a
fast start.

For clinical research, once broad prioritisation had happened, swift ethical
review and regulatory review by HRA and MHRA was key.

A UK CMO letter to clinicians (1 April 2020) supported the UPH badging
process for clinical studies by asking the NHS to prioritise recruitment to UPH

trials, and to desist from prescribing off-licence drugs outside of trials.[l2otnote

2l UK CMOs also supported recruitment for priority trials in the NHS by writing
to doctors to encourage enrolment and by mobilising the NIHR and

equivalent workforce in devolved nations in April and May 2020.[feotnote 2]

[footnote 31 Central direction helped clarify research priorities, and academics
worked at speed and with innovative approaches to complex issues to make
the prioritised questions researchable.
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Sleeping protocols and contracts designed pre-pandemic for emergencies
helped stand up research rapidly — for example, CO-CIN, which built on the
inFLUenza Clinical Information Network (FLU-CIN) established during the
2009 to 2010 H1N1 influenza pandemic. From the outset of the pandemic,
there was a need for management protocols, data collection protocols and
ethics approvals to collect samples and data rapidly, as well as plans and a
repository to enable data sharing and linkage. Further examples are given in
Chapters 9: pharmaceutical interventions, and Chapter 10: improvements in
care.

Wider practical coordination across government, the private sector, the NHS
and academia was also needed — for example, to ensure sufficient tests were
made available to support vaccine trials and key observational studies at a
time when testing capacity was under pressure. These relationships and
processes helped keep researchers apprised of policy and operational
challenges so that their work adapted as necessary throughout the
pandemic, and kept government clear on what research could realistically
deliver, when, and where the blocks to doing this might lie.

It was, as is usual in emergencies, most efficient to adapt existing
infrastructure and processes where possible to rapidly commission and
undertake research once priorities were set. This included using the NIHR’s
clinical research staff to support trials, engaging Health Protection Research
Units (HPRUS) or using existing research consortia such as NISEC. Setting
up new systems invariably takes longer.

There was a need to use multiple approaches to funding or commissioning
new research in order to move things along swiftly. Broadly, these
approaches in the UK were:

» open calls for research through funders. This included rapid calls for
research that were set up in the first months of the pandemic, longer term
research calls, and targeted calls for research on particular topics such as
an NIHR and UKRI call in early summer 2020 for research to explain and
mitigate the disproportionate death rate from COVID-19 among people
from black, Asian and minority ethnic (BAME) backgrounds, including
BAME health and social care workers

«+ direct funding for urgent research, which drew on existing funding release
mechanisms — such as the Fighting Fund which distributed NIHR funding
for research following joint agreement from both CMO (England) and
GCSA. Work funded through this route included the Oxford vaccine, CO-
CIN and COG-UK

» support for commercial studies — for example, by mobilising clinical
research networks to support Novavax vaccine trials
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A wide range of disciplines have been important in supporting the pandemic
research response including biological, medical and pharmaceutical
sciences, social sciences (including behavioural science), data sciences,
epidemiology, immunology and engineering among others.

It should be acknowledged that not every intervention was easy to test.
Established methods for testing drugs, vaccines and diagnostics, augmented
by platform trials, allowed rapid progress. The established science of
advanced manufacturing then enabled production of vaccines and
therapeutics at speed. Testing social interventions or indeed the effects of
face coverings was much harder.

Sharing, interpreting and translating
research outputs into scientific advice at
speed

During this pandemic there was a global shift in research practices, with open
access and pre-prints widely available from early on and experts able to
review evidence as soon as it was available. In March 2020, chief science
advisers from 12 countries wrote an open letter to journals outlining their
support for open access practices, building on experience of previous

epidemics on sharing data.[feotnote 4] [footnote Sl There js no doubt these
practices were beneficial to pandemic response and should be supported in a
future pandemic. The rapid review processes did, however, present some
difficulties in some cases in interpreting the evidence, especially when
rigorous peer review processes were bypassed and there was a pressing
need for expert review of research evidence. Review is important not only to
translate research outputs for decision-makers, but also to examine their
methods and implications in depth.

The public and general media engaged with research to a degree not seen
before, debating its outputs and methods in public forums and often with
unprecedented levels of discussion between the media and scientific experts.
Organisations such as the Science Media Centre also helped explore diverse
expert views and summarise latest evidence at speed.

SAGE had a central role in interpreting the latest research evidence and its
relevance to UK policy, determining confidence in research outputs,
summarising where consensus views were clearest, and highlighting further
questions that needed research focus. The breadth of disciplines present at
various SAGE meetings where new research was considered is notable; a list
of participants is publicly available.[©29tnote 6] Alongside existing sub-groups of
SAGE such as the Scientific Pandemic Influenza Group on Modelling
Operations (SPI-M-0), further groups were set up to provide regular

specialist advice on key topics such as:
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+ children and young people

 care settings

+ environmental modelling

Scotland and Wales also set up national groups of experts to consider the
latest evidence for their local contexts, the COVID-19 Advisory Board and the
Technical Advisory Cell respectively. After a short delay SAGE minutes and
papers were made publicly available from early in the pandemic and provide

summaries of emerging evidence with confidence statements alongside to
aid decision-makers and the public in interpreting research outputs.feotnote 71

Clinical research was generally assessed by clinical panels, existing expert
groups and individual clinicians reviewing evidence relevant to their clinical
practice, though the speed and volume of review needed could make this
challenging. Research for vaccine scaling, high-tech manufacturing and
production required industrial as well as academic scientists.

Reflections and advice for a future CMO
or GCSA

Point 1

Research will always be one of the most important parts of any response.

It is fundamental to turning a response to any new pandemic or major
epidemic from a very broad-based societal response to a much more focused
(and therefore less potentially harmful) medical one, as well as improving
clinical management.

Point 2

The main reason that a research response was possible at scale was
pre-existing strengths.

These strengths included:

the excellence and broad base of UK academic and industrial science

*

*

the strong culture of evidence-based medicine in the NHS

*

co-ordinated funding

*

above all a remarkable spirit of volunteering by the public
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Point 3

Pre-planning before the pandemic where possible, and adapting existing
structures rather than building new ones, allowed a much faster response
than would have been possible otherwise.

It was also important to prioritise key areas for an accelerated response.
[footnote 8

Point 4

Rapid prioritisation and review was essential, along with a commitment to
test clinical interventions rather than just deploy them.

CMOs and GCSA had to take a visible role in this along with the collective
clinical and scientific leadership of the UK, as the temptation just to deploy
untested clinical interventions in the face of a rising wave or to launch
multiple underpowered studies was very strong.

Point 5

Several methods and processes came to the fore in this pandemic
including:

+ platform trials

* preprints and open access

* very rapid review

They were essential for the emergency phase, but short-cutting peer review
comes with some disadvantages. Which of them should be retained for non-
emergency times needs debating. Disadvantages included a potential loss of
rigour in peer review and potential for early or minimally evidenced findings to
be misinterpreted in the public arena.

Point 6

Multidisciplinary research increased in importance and strong cross-
disciplinary teams emerged.
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This was a feature of several aspects of the response and is likely to be
important for any future pandemic. Fu