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“Not a single year passes without [which]...we can tell the world: here is a new disease!”

— Rudolf Virchow, Father of Modern Pathology, 1867

“SARS-CoV-2 is the latest one, but it will not be the last pathogen that breaches the species
barrier, so there will be a ‘Disease X’ in the future. I think we all need to be much better
prepared for that.”

— Maria Van Kerkhove, WHO Emerging Diseases and Zoonoses Lead, 20212
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Preface

In early December 2019, when I submitted my Doctor of Philosophy report for Transfer of
Status a year into my degree, I began by stating, “The next internationally significant
infectious disease outbreak could be caused by a currently unrecognised pathogen.” Within a
month, tragically, this turned out to be true. The coronavirus disease 2019 (COVID-19)
pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
resulted in unparalleled consequences for health, society and economies worldwide. Public
health systems and medical facilities around the globe have been strained and, at times,
overwhelmed. The detection of the outbreak in Wuhan, China, and later in other regions
across the globe, was hampered by the initial difficulty in identifying cases of this novel
“Disease X”, particularly if they were mild or asymptomatic. In the early stages of the
pandemic, the availability of accurate and reliable diagnostic tests was significantly limited,
making it difficult to estimate the number of infections in various jurisdictions.

Since the emergence of SARS-CoV-2, the world has gained a wealth of knowledge about this
new virus, leading to the development of various tests for its detection, as well as other
rapidly deployed countermeasures. However, the statement from my Transfer of Status report
still holds true, and we may yet face another pandemic caused by a currently unrecognised
pathogen. This raises the question of whether we can be better prepared and detect future
unknown biological threats rapidly moving forward. My thesis, initially motivated by this
query, and even more so now, examines some of the issues in detecting new diseases and
explores potential novel approaches to public health surveillance. My aim has been to
contribute to our collective understanding of how we could better utilise early detection and
innovations in laboratory science to reduce the likelihood of the next novel pathogen

outbreak becoming a global pandemic.
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Abstract

Pandemics pose a significant threat to human health and global security. Novel pathogens
present substantial pandemic risks and have unique public health challenges, given the
uncharacterised nature of their causative agents and the consequent uncertainty about optimal
countermeasures. Early detection of novel pathogen outbreaks is crucial for timely public
health responses to mitigate devastating consequences. Following outbreak discovery, further
detection is essential to ascertain the prevalence and understand the features of the epidemic.
This thesis explores different aspects of detection for novel pathogen pandemics, including
through a systematic analysis of existing national surveillance infrastructure worldwide for
novel diseases. It examines the implications of current surveillance using modelling
techniques and investigates diagnostic approaches to determining community infection
prevalence in the early stages of a novel pathogen pandemic. We begin by providing an
overview of novel pathogens, pandemic risks, and available detection methods, reviewing the
literature on “Disease X and historical case studies of recently emerged pathogens. Our
analysis of 195 countries demonstrates that only a minority have evidence publicly available
of novel disease considerations in their national public health surveillance systems. For those
that mandate novel disease reporting, we model time-to-detection and outbreak size using the
detection thresholds specified by different countries and explore whether population-level
surveillance strategies could improve upon current detection. A serial cross-sectional
investigation of SARS-CoV-2 infection prevalence in a community population in the early
stage of the COVID-19 pandemic is presented, with four diagnostic approaches compared.
Finally, we summarise our findings in the context of current and future detection for novel
pathogen outbreaks and explore research directions that could guide improvements in early

warning systems, diagnostic preparedness and pandemic prevention initiatives.
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Pandemics pose a substantial threat to human health, global security and economies.’ Novel
pathogens constitute a significant portion of the pandemic risk, as evidenced by the fact that
nearly all recent outbreaks of international concern have been caused by newly emerged

infectious diseases.* Early detection of novel pathogen outbreaks with pandemic potential is



Chapter One

of paramount importance to all countries, but surveillance is impeded by numerous

“unknown unknowns” related to their emergence.’ In this Chapter, we provide an overview of
the literature on novel pathogens and the pandemic risk they confer, examine existing
detection methods, and present historical case studies of new disease emergence to consider

the potential barriers to the timely identification of outbreaks.

Section 1.1 Novel Pathogens

Novel pathogens are infectious biological agents capable of causing disease in their hosts that
have previously been unknown or unrecognised. Such pathogens constitute one aetiological
subset of emerging infectious diseases (EIDs), defined as “infections that have newly
appeared in a population or have existed but are rapidly increasing in incidence or geographic
range.”® Since 1940, pathogens have been emerging with increasing frequency due to a
variety of social, economic, environmental and ecological factors, despite improvements in
infectious disease surveillance during this time period.” Zoonotic reservoirs are the main
contributor to EIDs entering human populations, with the majority of new pathogens
originating from wildlife.® A 2022 study found that bats are a substantial contributor of
emerging viruses capable of infecting humans and that with current and projected changes in
the climate and land use, model results predict 4,584 (+52) novel viruses will cross the
mammalian species barrier by 2070.° Not all of these pathogens will pose a pandemic risk to
humans, as outbreaks require both pathogen introduction to human hosts and establishment of
the disease in the population with sustained transmission.'” While the risks of EIDs are
widely acknowledged, several challenges remain in the early detection of novel pathogen

spillover events and the timely identification of new disease outbreaks.>'*!!
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In 2007, a study examining the 1,399 pathogens capable of infecting humans known at the
time found that 87 (6.2%) of these species were new, having been discovered from 1980
onwards.'? While new infectious agents can come from various taxonomic categories,
including viruses, bacteria and fungi, this paper noted that viruses constitute a
disproportionate 58/87 (66.7%) of newly discovered pathogens, with 49/58 (84.5%) of these
being RNA viruses. This is partially due to the accelerated evolution that most viral RNA
genomes undergo because of their increased mutation rates during replication and reverse
transcription.'*'* A prototypical pathogen in this category is influenza, a single-stranded RNA
virus that undergoes rapid evolution in human and animal populations, producing new

subtypes that result in annual epidemics.'

In addition to natural emergence through evolutionary processes and zoonotic spillover
events, developments in biotechnology and synthetic biology have raised the concern that
genetically engineered pathogens may also pose an increasing novel disease threat this
century if such agents were ever accidentally or deliberately released.'®!” Laboratories are a
notable setting where humans can come into contact with infectious agents. Accidents in
these environments involving pathogen exposure are not uncommon, with 71 high-risk events
reported between 1975 - 2016." However, as the authors of that study note, there can be
significant missing data problems in laboratory accident reporting. Therefore, this figure is
likely a lower bound. The risks from novel pathogens may increase in coming decades due to
accelerating capabilities in artificial intelligence and gene editing technology such as
CRISPR-Cas systems allowing for the accidental or deliberate design of infectious agents
with enhanced pathogenicity.'”' The potential threats posed by advances in biotechnology
have led to calls for improved research governance on the manipulation and creation of novel

pathogens with pandemic potential.'*
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In addition to laboratory accident risks, deliberate biological events could pose an increasing
pandemic risk as the barriers to entry and difficulty in pathogen design decrease.” There is
already a long-standing history of state and non-state actor interest in biological weapons and
bioterrorism.”*** However, recent developments in biotechnology have raised the concern of
opportunities for more advanced novel biological weapon creation than in the past.?*** Such
pathogens, if released, could pose a global catastrophic biological risk (GCBR), defined as a
biological event leading to widespread disaster beyond the collective capability of national
governments and international institutions to control.”” Engineered pathogens may pose a
greater GCBR threat than naturally occurring pandemics, given they could potentially be

designed with higher transmissibility and virulence than their counterparts found in nature.*

Section 1.2 Pandemic Risk

Novel pathogens which transmit between hosts can result in an epidemic, defined by a rapid
rise in the number of infections in the population. Whether a pathogen emergence will result
in a minor or major epidemic can be estimated from the basic reproductive number (R,) and
the number of initial infections (Z;).*' In this context, a minor epidemic is defined as an
outbreak which rapidly dies out, while a major epidemic occurs if there is sustained growth in
the number of infections. The /, depends on the scenario, including the source and number of
people exposed. R, is an epidemiological metric that quantifies the average number of
secondary cases that each infected person will generate during the period of communicability
in which they are infectious.’” When the R, is greater than one, the epidemic is expected to
grow, while when it is less than one, it will become extinct over time. An epidemic which
spreads worldwide becomes a pandemic, although the exact geographical criteria differ, and

there is no precise definition of when an epidemic becomes a pandemic.*
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Epidemics caused by previously unrecognised pathogens present unique public health
challenges compared with outbreaks of known diseases. When a novel pathogen first
emerges, the causative agent will not have been characterised, and the symptom profile will
be undefined. This can impede diagnosis and lead to delays in outbreak detection.***> Only
after detection takes place can public health officials form a case definition, the symptom and
laboratory criteria by which a person can be assessed to determine whether or not they have
the disease.*® Countermeasures, including accurate diagnostic tests, vaccines and
therapeutics, are unlikely to be readily available when a disease first emerges.’” Furthermore,
the background population may not have any pre-existing immunity to the new disease.
However, partial cross-immunity may be present if the new disease is a variant of a
previously circulating pathogen.*® Novel diseases pose a significant pandemic risk, in part
due to these features, with most recent outbreaks of international concern caused by newly

emerged pathogens.*

Acknowledging the potential for a currently unrecognised pathogen to cause a public health
emergency of international concern, in 2018 the World Health Organisation (WHO) added
“Disease X to its priority list for further research and development efforts.* As defined by
the WHO, Disease X is not a particular disease but instead represents any unknown pathogen
that may pose a significant disease threat to humans, or a recognised biological agent which
has undergone changes to its epidemiological characteristics that increase its pandemic risk,
such as the evolution of new pathogenic traits resulting in increased transmissibility or
disease severity. There are various challenges for pathogen-specific technologies to be
deployed during Disease X outbreaks, leading to calls for pathogen-agnostic technologies to

be prioritised and their regulatory pathways accelerated.***!



Section 1.3 Detection

Chapter One

Early detection of future Disease X events is critical for implementing timely and effective

public health interventions.** Identification that an outbreak has commenced is a necessary

prerequisite for public health authorities to allocate investigation resources and conduct

targeted interventions. In addition, for the 196 signatory countries of the International Health

Regulations (2005), it is mandatory to notify the WHO of “any event of potential

international public health concern, including those of unknown causes.”® There are various

mechanisms that can be used for novel infectious disease surveillance. Broadly, these can fall

under three categories: Event-based,indicator-based and community-based surveillance, as

summarised in Table 1.1.

Table 1.1 Summai overview of different surveillance strateiies.

1.

Event Surveillance

Can use a variety of information
sources and datastreams, including
social media, local news, internet
search terms, pharmacy purchases,
wearable devices, community
rumours and other forms of
unstructured data

Not disease- or symptom-specific
Can theoretically detect disease
events more rapidly than
traditional methods

Requires timely data monitoring
and analysis

Potential for generating false
positives

2. Disease-Specific Surveillance
e Traditional surveillance relying on
mandated reporting from doctors
and laboratories
e Requires knowledge of the disease,
including specified tests or clinical
criteria
3. Syndromic Surveillance

Also relies on mandated reporting,
but monitors symptoms and
syndromes instead of defined
disease diagnoses

Can potentially detect novel
diseases that do not have definitive
test/clinical criteria

4. Community Surveillance

Reporting of community public health events by members of that community, such as
trained community health workers or volunteers
Typically incorporates event-based surveillance elements, but can include event-based or

indicator-based surveillance, or a combination of both

Particularly useful in rural, lower-resource or crisis settings
Can lead to early detection and reporting of outbreaks, as well as ongoing event monitoring

N
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Event-based surveillance (EBS) is a proactive approach to detecting emerging disease threats
by monitoring unusual events, rumours, and other sources of information.** For example, the
first signals of an outbreak could come from informal reports of illness or death, or be
detectable through analysing data from wearable devices or the use of internet search
terms.*¢ EBS has the potential to identify novel pathogen outbreaks before they are detected
through other methods. In countries with limited public health infrastructure, EBS is
particularly valuable in its ability to provide an early warning of disease events as reporting
through medical facilities may be delayed.*” However, the 2021 Global Health Security Index
(GHSI) found only 89/195 (45.6%) nations operate any form of EBS.*® Furthermore, the 2021
GHSI found only 18/195 (9.2%) countries conduct daily EBS data analysis, reducing the
timeliness of these systems. A 2022 study found that poor data quality, delayed analysis and
the low frequency of reports impair the timeliness of EBS, particularly in low- and
middle-income countries.” Even when real-time data analysis is present, there remain several
challenges and limitations that have hindered the widespread adoption and effectiveness of

EBS.*

Indicator-based surveillance (IBS) relies on reports from health professionals and
laboratories, typically through mandating notification of a specified list of diseases or
syndromes.”' This can also include obligations to report suspected cases of new or unknown
diseases. Because disease-specific IBS usually requires specified clinical and laboratory
diagnostic criteria, which novel pathogens inherently lack, syndromic surveillance is more
readily utilised for the detection of unknown disease outbreaks.** In the context of early
outbreak detection, IBS is inherently limited by the fact that this surveillance mechanism
usually requires symptomatic patients to present to a health service.*® This means that when a

new disease causes at least some asymptomatic or mild illness in a proportion of those
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infected, the first clusters of cases may not be initially identified. Underreporting of cases to
public health authorities can also undermine the timeliness and effectiveness of IBS

systems.**

Community-based surveillance (CBS) refers to the reporting of public health events by
community members, often including volunteers or community health workers. Although
CBS typically incorporates elements of EBS, it can encompass either EBS, IBS, or a
combination of both when used for infectious disease outbreak detection.”> CBS can prove
especially beneficial in rural communities lacking public health infrastructure or medical
facilities, as well as in low-resourced and crisis settings. For CBS to effectively detect
outbreaks at any early stage, it requires active participation from the community, robust

training, and timely integration of reporting into wider surveillance systems.*

Early outbreak detection, which can strongly aid in containing an epidemic and reducing its
overall size, can be significantly hindered for new diseases which do not have symptom
criteria or laboratory tests available to assist in diagnosis.*” Determining a sensitive case
definition, through which suspected cases could be assessed against criteria to determine
whether they have the disease, has been historically difficult for new infectious diseases. For
example, in 2003, the WHO case definition for Severe Acute Respiratory Syndrome (SARS)
based on symptom criteria had only a 26% (95% Confidence Interval [CI]: 17 - 36%)
sensitivity, indicating a large proportion of false negatives that risked truly infected cases

being misclassified as not having the disease.’

Widely used laboratory diagnostic tests for disease outbreaks, such as reverse-transcription

polymerase chain reaction (RT-PCR) assays, are pathogen-specific and require knowledge of
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a predetermined gene target.* This limits their utility in the early stages of a novel disease
outbreak, where the biological agent has yet to be characterised and its genome is unknown.
Other tools, such as serological assays to detect disease-specific antibodies, also require
knowledge of the pathogen and the humoral immune response it causes to determine the
diagnostic target. The development of sensitive and specific serological assays against new
emerging diseases can face several challenges, including overcoming issues with potential

cross-reactivity of antibodies and test validation.”’

Newly developed laboratory tools, however, could potentially overcome some of these
barriers. For example, metagenomic next-generation sequencing (mNGS) technologies can
sequence all the genetic material in a sample in a hypothesis-free fashion.”® This approach
can provide agnostic detection of new pathogens and remain robust in the presence of gene
mutation. mNGS was successfully used to diagnose patients presenting with unexplained
pneumonia with Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
early in 2020 in China.” Since then, mNGS tools have continued to improve and
researchers have demonstrated the ability to detect SARS-CoV-2 in samples with high
sensitivity and specificity even when reference sequences are unavailable.®' While significant
technical challenges remain to the widespread adoption of this technology, its unique ability
to detect novel pathogens without a priori knowledge of its genome demonstrates significant
promise in its utility as a pathogen-agnostic surveillance tool.®* In addition, mNGS could
reduce the time between novel pathogen discovery and genetic characterisation, given its
ability to reconstruct full-length viral genomes even when the agent was previously
unknown.® This could potentially accelerate the development and deployment of

countermeasures that require genome information, such as RT-PCR tests. There have been
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calls for incorporating mNGS into global surveillance for new outbreak detection and

reducing the time from discovery to pathogen characterisation.*”%

1.3.1 Benefits of Early Detection

To decrease pandemic risk, early detection of a novel pathogen outbreak is crucial for
implementing timely and effective public health interventions.** Rapid identification of a new
disease and recognition that an epidemic has started provides various benefits. Firstly, it
allows public health authorities to prioritise resource allocation and implement targeted
interventions in affected areas. This can include mobilising medical personnel, distributing
personal protective equipment, and implementing public health orders in local communities.
Public health officials need to respond proactively before the outbreak has grown too large
for measures such as isolation, quarantine, and contact tracing to remain effective.® Such
response activities can help to limit the spread of the pathogen and reduce the overall number
of infections. Local containment may be possible with these measures alone or may also
require social distancing, depending on the proportion of asymptomatic and pre-symptomatic
infectious cases.” If successful, by controlling the outbreak at an early stage, public health
authorities can mitigate the impact on healthcare systems and minimise the need for more

severe restrictions such as national lockdowns or travel bans.

Secondly, the discovery of the outbreak is a necessary prerequisite to understanding the
disease characteristics and transmission dynamics. Even when containment is not possible,
early detection facilitates pathogen characterisation and the rapid development and
deployment of diagnostic assays, which are critical for confirming cases and monitoring the
pathogen's spread.” Additionally, identification of the pathogen allows researchers to begin

studying its genome and characteristics and investigating potential therapeutics or vaccines.*
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Early detection accelerates the overall process of countermeasure development and

deployment, ultimately saving lives and reducing the burden on healthcare systems.

Thirdly, when an outbreak is detected early, health authorities can more quickly communicate
accurate information about the disease, its symptoms, and prevention measures to the
public.”? Risk communication can help dispel misconceptions, reduce panic, and encourage
individuals to take appropriate health precautions, such as handwashing and social distancing.
Clear and transparent communication is essential for maintaining public trust and ensuring
cooperation with public health measures. Social cohesion against the disease threat could
enable better coordination between local and national governments and international public
health organisations.” Such cooperation may lead to a more unified global response, sharing

of resources and expertise, and ultimately prevention of outbreaks becoming pandemics.

Section 1.4 History of Emergence Detection

Despite the benefits of early detection, EID epidemics can face significant discovery delays,
with a study finding the global median time from outbreak start to detection to be 20 days
(95% CI: 16-25 days) and to laboratory confirmation to be 36 days (95% CI: 32—46 days)
between 1996 - 2014. However, this study examined all EIDs, and not just ones caused by
previously unknown pathogens. Understanding discovery delays for novel disease outbreaks

1s important to determine potential solutions that could lead to earlier detection.

Over the last fifty years, there have been several examples of new disease emergence that
demonstrate some of the reasons for delay and difficulties faced in outbreak detection and

identification of novel pathogens. Six case studies of new disease emergence, and the steps
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leading to their detection, are outlined below. Figure 1.1 shows the country location and year
that each outbreak was first discovered, which can differ from the time and place of pathogen

characterisation and retrospectively identified true emergence.
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1981 - Human

immunodeficiency
2019 — Severe

2012 - Middle

virus-1 e o
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i ; drome S
o ’ o onavirus 2
coronavirus
1998 - Nipah . Y
virus o

= - = . -

Figure 1.1 World map showing six case study examples of novel disease emergence in the last 50 years, with
the country and year of outbreak discovery depicted along with the name of the pathogen. Note the location and
time of first detection can differ from where and when the disease was later found to have truly emerged and the
time and place the pathogen itself was characterised.

1.4.1 Ebola Virus Disease

Ebola virus disease first emerged in 1976 in what is now the Democratic Republic of the
Congo (DRC) and South Sudan.”® The outbreak was first reported on 21 September 1976 in
the DRC, at which stage there had been 17 cases of an “unknown disease.””” The first
identified case was an adult male who presented with fever on 26 August 1976 to an
outpatient clinic and was initially treated for suspected malaria.” He died on 8 September
1976. Clinical samples taken on 28 September 1976 were sent to three laboratories around
the world, with a novel virus isolated on 13 October 1976. A WHO team was sent to Sudan
on 29 October 1976 to investigate reports of haemorrhagic fever in two towns retrospectively

identified cases dating back to 27 June 1976.” The outbreak was declared over on 16
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December 1976, after a total of 318 cases and 280 deaths in DRC and 284 cases and 151

deaths in South Sudan.”>7"®

1.4.2 Acquired Immune Deficiency Syndrome

The first report of what would come to be called Acquired Immune Deficiency Syndrome
(AIDS) was released on 5 June 1981 by the Centers for Disease Control in the United States,
detailing five unusual cases of Pneumocystitis carinii in previously healthy men where a new
unknown form of cellular-immune dysfunction was suspected.” The onset of symptoms in
the first case was in September 1980, with the first hospitalisation in February 1981.
However, it was not until 20 May 1983 that the causative agent, Human Immunodeficiency
Virus-1 (HIV-1), would be isolated and characterised from a lymph node biopsy in France.*
Subsequent investigations have traced the first laboratory-confirmed case of HIV-1 back to a
1959 sample from the DRC.*' By 2019, there had been at least 39 million HIV/AIDS deaths

and more than 36 million persons living with HIV, with two million new cases per year.®

1.4.3 Nipah Virus Infection

Nipah virus infection is a zoonotic disease which causes fever and acute encephalitis. The
first documented Nipah virus outbreak occurred in Malaysia, with the symptom onset in the
first detected case on 29 September 1998.% The first outbreak cluster consisted of 28 people
who had been in close contact with pigs becoming ill with encephalitis and respiratory
symptoms. The cause was initially attributed to Japanese Encephalitis due to positive I[gM
samples in four of the 28 individuals, of whom 15 died.** After two further clusters of human
cases, including in neighbouring Singapore with similarly high fatality rates, a novel
pathogen was suspected and further investigations were undertaken starting 27 February

1999.% A novel paramyxovirus was discovered on 9 March 1999.*° The outbreaks in
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Malaysia and Singapore were contained by 27 May 1999 after 276 cases and 106 deaths

between the two countries in total.’’

1.4.4 Severe Acute Respiratory Syndrome

The 2002-2003 Severe Acute Respiratory Syndrome (SARS) outbreak was first detected in
two cases on 2 January 2003 in Heyuan, Guangdong, China.® The first death occurred on 23
January 2003. On 3 February 2003, a standard symptom-based case definition was issued in
Guangdong Province, China. Through retrospective case finding, the earliest identifiable case
was found to have first developed symptoms consistent with SARS on 16 November 2002
and presented to the hospital on the same day. SARS spread from China to Vietnam and
Hong Kong, with the WHO issuing a global alert on “atypical pneumonia” on 12 March
2003.% After further spread to a total of 30 countries and territories, the outbreak was finally

contained in July 2003, with 8,437 cases and 813 deaths worldwide attributed to SARS.”

1.4.5 Middle East Respiratory Syndrome

Middle East respiratory syndrome coronavirus (MERS-CoV) is a respiratory virus with a
high fatality rate typically spread through contact with camels and limited human-to-human
transmission.”’ The first known case of MERS was a Saudi Arabian man who presented to the
hospital with respiratory symptoms on 13 June 2012 and subsequently died.”” The case was
first reported by the treating physician on 18 June 2012.” The patient had returned negative
tests for various known pathogens. After clinical sample sharing with the Netherlands, the
recognition of a novel coronavirus as the cause of the patient’s illness was first published on
ProMED on 20 September 2012.>* Since then, sporadic cases with human-to-human
transmission, including an outbreak in South Korea in 2015, have resulted in a total of 2,499
confirmed cases and 858 deaths globally as of December 2019.%
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1.4.6 Coronavirus Disease 2019

The Coronavirus Disease 2019 (COVID-19) pandemic, caused by the novel SARS-CoV-2
virus, had cases first detected in Wuhan, China. The outbreak was reported on 30 December
2019 in four patients who had been admitted to the hospital with “pneumonia of unknown
aetiology” through an alert to the Wuhan Centre for Disease Control, after which the cluster
was reported to China CDC and a post uploaded to ProMED to inform the international
community.” By 3 January 2020, a novel coronavirus related to SARS-CoV-1 had been
identified.” The earliest symptom onset date was determined to be 1 December 2019 and the
earliest hospital admission 16 December 2019.% The first death attributed to SARS-CoV-2
occurred on 9 January 2020.” Unfortunately, by the time of detection, the virus had already
spread beyond the point of containment and subsequently led to the global COVID-19

pandemic.

The above case studies exemplify some of the difficulties in novel disease outbreak detection.
In many instances, there was a delay between the first case presentation to a medical facility
and reporting to public health authorities, by which time the outbreak had increased in size.
Sometimes, as was the case in SARS-CoV-1 and HIV-1, the first outbreak cases were only
retrospectively discovered. Diagnostic misidentification can also lead to delays in detecting a
novel disease outbreak, such as in the case of Ebola and Nipah virus.””* Even when detection
occurs in the first known case, as occurred with the emergence of MERS, there can be a delay

to pathogen characterisation that inhibits the timely reporting of a novel disease.”

Not all of these emergent events posed a pandemic risk given the pathogen could have low
transmissibility, with the R, of MERS-CoV ranging from 0.50 - 0.92 and Nipah virus from

0.75 - 0.88.19%1%1 Because the R, < 1 for these diseases, this means that for each infected case,

15



Chapter One

on average, less than one new case will occur. However, the authors of these studies note that
future strains of these viruses could pose a pandemic risk if they acquire the capacity for
more efficient human-to-human transmission.!°*!°! The R, values of SAR-CoV-1 and
SARS-CoV-2 when they first emerged have been estimated at 2 - 3.3 and 3.28, respectively,
but the latter had greater pandemic potential in part due to its increased propensity for mild
and asymptomatic transmission.'*!” Together, these case studies provide an imperative to
investigate time-to-detection and whether early warning systems for outbreaks can be

improved when new pathogens once again emerge.

Section 1.5 Thesis Outline

This thesis explores some of the main issues in detection for novel pathogen outbreaks that
have the potential to become pandemics. Our aim was to determine the current state of novel
pathogen surveillance globally and its implications, and explore potential future approaches

to early detection. Each chapter explores different angles on this topic, as outlined below.

In Chapter Two, a systematic analysis of 195 countries is presented that explores the
national public health infrastructure currently in place for the detection of new diseases. We
provide a global overview of the evidence of novel disease considerations in national public

health laws, notifiable disease lists, health professional guidelines and laboratory guidelines.

In Chapter Three, we build upon the findings in Chapter Two by exploring the implications
of the different detection thresholds for reporting novel disease outbreaks used by countries.
We present a SARS-CoV-2 model and determine the implications of different detection

thresholds for time-to-detection and size at outbreak discovery. We expand beyond our
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SARS-CoV-2 results by examining diseases with other transmission dynamics using a
two-way sensitivity analysis. Potential improvements in surveillance are explored to
determine the amount of population-level sampling required to improve upon current

detection timeframes for novel disease emergence.

In Chapter Four, case detection in the early stages of the COVID-19 pandemic is explored
in a community population at a time when there was great uncertainty about the total number
of infections and the extent of asymptomatic transmission. Serial cross-sectional prevalence
estimates of SARS-CoV-2 infection are presented and four diagnostic methods (RT-PCR,

mNGS, serology and the symptom-based case definition) are compared.

In Chapter Five, the key research findings of this thesis are summarised and interpreted in
the context of current and potential future detection methods for novel disease surveillance.
The importance of pathogen-agnostic surveillance capabilities is highlighted and further

research directions are proposed.
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Chapter Two

Section 2.1 Abstract

Pandemics caused by novel pathogens produce devastating global effects. Early detection is
critical, and the International Health Regulations (2005) (IHR[2005]) require countries to
report outbreaks of unknown causes. However, the global extent of novel disease surveillance
is unclear. Establishing baseline information is vital for guiding new global preparedness
initiatives like the Pandemic Treaty. This Chapter presents a study which aimed to determine
the number of countries that consider novel diseases in their national public health

infrastructure.

We examined 195 THR(2005) countries for publicly available evidence of novel disease
consideration. This was completed by systematically compiling country-specific information
from existing datasets and official government resources. The main outcome was evidence of
novel disease consideration in one or more categories: national public health laws, notifiable
disease lists, health professional guidelines, and laboratory guidelines. This result was
compared using univariate logistic regression against existing indicators, including World
Health Organisation (WHO) region, World Bank income strata, health expenditure per capita,
total outbreaks per country recorded by the WHO between 1996 — 2022, and national
experience with at least one case of the following novel pathogens: SARS-CoV-1, MERS or

Nipah virus.

Overall, only 73/195 countries (37.4%) were found to have evidence of novel disease
consideration. Compared with the WHO European region, novel disease consideration was
significantly less likely in Africa (odds ratio [OR] 0.16 [95% CI 0.061 — 0.40]; p-value
0.00014) and the Eastern Mediterranean (0.13 [0.029 — 0.45]; p-value 0.0031). Novel disease

consideration was less likely in low-income countries (0.16 [0.043 — 0.49]; vs high income;
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p-value 0.0025) and was positively associated with increased health expenditure per capita
(1.29 [1.09 — 1.56]; per $1000 USD increase; p-value 0.0057). A country’s total outbreak
number was not associated with evidence of novel disease consideration (1.03 [0.99 — 1.07];
p-value 0.11), but experience with one or more cases of SARS-CoV-1, MERS or Nipah virus

predicted consideration (3.89 [1.94 — 8.04]; p-value 0.00017).

A minority of countries have public evidence of novel disease consideration, and significant
geographical heterogeneity exists in where this is located. National experience with at least
one of three newly emerged pathogens, but not the total outbreak number, predicted novel
disease consideration. Countries can act now to improve preparedness and ensure global

initiatives like the Pandemic Treaty address novel disease surveillance.

Section 2.2 Research in Context

2.2.1 Evidence Before this Research

We searched Embase, Medline and Global Health via the Ovid online platform for studies
published between January 1, 2007 and December 31, 2022, reporting on novel disease
surveillance. The start date reflects the year the IHR(2005) entered into force. No language
restrictions were applied. The search terms used were: (("novel disease" or "new disease" or
"unknown disease" or "unexplained disease" or "disease of unknown cause" or "disease of
unknown aetiology" or "disease of unknown etiology" or "novel pathogen" or "new
pathogen" or "unknown pathogen" or "unidentified pathogen") and ("public health" or "health
security" or "disease surveillance")).mp. [mp=ti, ab, hw, tn, ot, dm, mf, dv, kf, fx, dq, cw, bt,
nm, oX, pX, rX, Ui, sy, ux, mx]. This returned 1082 results. Titles and abstracts were screened,

with 48 papers, reviews, and conference abstracts retained. Our literature search
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demonstrated that novel disease surveillance is acknowledged as a critical public health
problem, with increased interest in light of the COVID-19 pandemic. Surveillance for new
diseases has been examined at a country level, but we found no studies which assessed the
global landscape. “Disease X”, representing any currently unknown pathogen capable of
causing a serious international outbreak, has been viewed by the WHO as a priority for
improved surveillance. Addressing laboratory preparedness for novel diseases is an important
but ongoing challenge, and unbiased tools such as metagenomic next-generation sequencing

(mNGS) have been proposed to help identify new pathogens.

2.2.2 Added Value of this Research

This research, to the best of our knowledge, is the first to systematically analyse evidence of
novel disease surveillance on a global scale. We present findings on 195 IHR(2005) countries
that were examined for evidence of novel disease consideration in their national public health
laws, notifiable disease lists, health professional guidelines, and laboratory guidelines.
Predictors of novel disease consideration are assessed, and we interpret our results in light of

recent advances in mNGS and the potentially forthcoming Pandemic Treaty.

2.2.3 Implications of all the Available Evidence

Only a minority of countries have evidence publicly available that they consider novel
diseases in their national public health infrastructure. Novel disease consideration varied
significantly by WHO region and national income level. Laboratory preparedness has been
identified in the literature as a crucial issue; however, laboratory guidelines were the least
common source of novel pathogen considerations found in our research. National

governments and the Pandemic Treaty, if adopted, could help safeguard against future novel
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pathogen pandemics by addressing global disparities and explicitly including novel diseases

in public health surveillance.

Section 2.3 Introduction

Pandemics caused by novel pathogens, such as SARS-CoV-2, can result in unparalleled
consequences for health, economies and societies.'” A primary objective of infectious
disease surveillance is early outbreak detection, as this enables the timely implementation of
public health interventions that reduce transmission and prevent pandemics. In the wake of
COVID-19, a crucial question for all national public health systems is whether their

surveillance infrastructure is capable of rapidly detecting future, currently unknown diseases.

Detecting novel diseases with pandemic potential is in the interest of all countries. Reporting
to the WHO is also mandatory under the legally-binding International Health Regulations
(2005) (IHR[2005]), which require its 196 signatory Member States to notify “any event of
potential international public health concern, including those of unknown causes.”*
However, reporting requires detection, and neither the IHR(2005) nor its monitoring
framework provides guidance to countries on how to identify such outbreaks, leaving the

responsibility of developing surveillance tools to countries.**'%>1%

New diseases pose unique challenges to public health surveillance. For example, when novel
pathogens first emerge, their symptom profile is unknown and their causative agent is
uncharacterised. Commonly used diagnostic tests, such as RT-PCR, are limited to known
diseases, and laboratories are not always equipped with hypothesis-free tools such as

metagenomic next-generation sequencing (mNGS) to identify new pathogens.**%
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The previous emergence of novel viruses offers some insights into some of the challenges
faced in their detection. When Nipah virus first emerged in humans in Malaysia in 1998, it
was initially mistaken for Japanese Encephalitis despite having an unusual clinical
presentation; a novel agent was not recognised until cases appeared the following year in
Singapore and a coordinated investigation was undertaken.® When Severe Acute Respiratory
Syndrome (SARS) caused by the SARS-CoV-1 virus was first recognised in 2003, infections
were retrospectively identified from months prior.!”” The novel Middle East Respiratory
Syndrome Coronavirus (MERS) was only discovered after repeated negative tests for known
diseases in a fatal case were followed up by a physician who organised sample sharing

between Saudi Arabia and the Netherlands for aetiological characterisation.'®

All of these emerging disease outbreaks involved some level of initial delay in novel virus
discovery and required above-and-beyond actions by health professionals. As is evident from
those events, there can be multiple barriers to the timely reporting of a new disease to public
health authorities. Novel infections may mimic known diseases, and not every clinical
presentation receives a definitive diagnosis.'”"'° Clinicians may not suspect, or could be
hesitant to notify, if clear reporting guidance is unavailable or novel diseases are not included

on the nationally notifiable disease list.

Despite these barriers, there is some evidence that countries have taken steps to reduce their
risk from novel disease outbreaks and meet IHR(2005) requirements. Every year, 196
IHR(2005) countries are asked to self-report on 15 capacities comprised of 35 indicators
through the electronic State Party Self-Assessment Annual Reporting (SPAR) tool.'"!
Following 2021 revisions to the SPAR, countries are now for the first time asked annually

whether their laboratories or an international collaborator can perform “identification of
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unknown and high consequence pathogens”, with full text of the SPAR indicator available in
Appendix A. In 2021, 52/184 countries (28.3%) that completed a report stated they had
access to this laboratory capability. By 2022, this had only slightly increased to 54/186
(29.0%) of reporting IHR(2005) countries. This low number of countries with access to
laboratory testing capacity for unknown disease threats is a major concern for global public

health given the potential consequences of novel pathogen outbreaks.

The 2021 Global Health Security Index (GHSI) has also examined a range of pandemic
preparedness indicators through 171 questions.* One of these asks whether the country has a
national plan for laboratories in public health emergencies that includes novel pathogen
testing (full text of question available in Appendix A). In 2021, 0/195 (0%) met all the
criteria. Approaching the problem from another angle, event-based surveillance can use
various data sources to rapidly detect new outbreaks, including those caused by novel
pathogens."? However, the 2021 GHSI found only 89/195 (45.6%) nations operate

event-based surveillance, with just 18/195 (9.2%) conducting daily data analysis.*®

The SPAR and GHSI provide information on laboratory capabilities and event-based
surveillance through these indicators but do not fully address whether countries consider
novel diseases in their public health surveillance, for example through national law, disease
notification lists or specific guidelines. There has been some previous research outlining
novel disease detection in specific countries such as Bangladesh,* or comparing how the
disease surveillance systems of China and the Netherlands mandate notification of unknown
diseases.'”* However, no study to date has systematically analysed to what extent novel

diseases are considered globally by national public health systems.
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In this Chapter, we examine IHR(2005) countries for publicly available evidence of novel
disease consideration. Such information primarily exists in government publications, national
guidelines, and public health laws. Previous studies have highlighted the importance of the
use of this literature to answer public health questions that would otherwise remain
unexamined.'* "¢ Through systematic analysis of available material, we assessed countries
for evidence of novel disease consideration and explored factors associated with their

inclusion.

Section 2.4 Methodology

A total of 195 of 196 countries that signed the IHR(2005) were included in this research. The
Holy See (Vatican), while being an IHR(2005) State Party and sovereign legal separate entity,
was excluded because the Vatican Constitution states that matters concerning infectious
diseases are delegated to Italian law.'"” Data collection took place between July and
December 2022. All sources were re-examined in January 2023 for any new publications,
with updates made to the dataset if required. A data date cut-off of 31 December 2022 was
chosen to standardise comparison between countries. As the primary focus of this research
was to examine evidence of consideration of novel diseases at the national level, resources
published by a regional or international public health organisation, or at the subnational level,
were excluded. A summary of the definitions and search strategy is included below, with full

information available in Appendices A and B.

2.4.1 Definitions for Novel Disease Consideration

Novel disease consideration was defined as the inclusion of any written material designated

at the national level on novel diseases in one or more of the following resources: public
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health laws, notifiable disease lists, health professional guidelines, or laboratory guidelines.
Public health laws included national legislation, decrees, acts, and orders related to public
health, epidemics, infectious diseases or their national surveillance systems. Nationally
notifiable disease lists consisted of all communicable diseases under mandatory reporting
requirements. Health professional guidelines included published government documentation
detailing the national disease surveillance system or reporting guidance directed at health
professionals in direct contact with ill persons, including doctors and community health
workers. Laboratory guidelines included any government-published guidance on
requirements for laboratories to investigate and report infectious diseases under national

surveillance.

For both health professional and laboratory guidelines, evidence of the inclusion of novel
diseases was classified under four categories: “written guidance”, “form/protocol”, “written
guidance and form/protocol”, and “only mentioned.” Written guidance included a dedicated
section in the document on novel diseases. For health professional guidelines, it was recorded
whether there was a specific form available for reporting novel diseases to public health
authorities. For laboratory guidelines, information was collected on whether there was a
protocol to investigate suspected novel pathogens. For both health professional and
laboratory guidelines, if novel diseases were mentioned in a single sentence without further
instructions or details provided, this was classified as “only mentioned.” The motivation for
including this category was to be inclusive of any public evidence of novel disease
consideration, given that internal preparedness activities were beyond the scope of this study
to measure. National disease surveillance data were classified as publicly available notifiable
infectious disease reports which included more than one disease or disease group, published

at the national level.
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2.4.2 Search Strategy and Selection Criteria

To determine whether countries had evidence of novel disease consideration available in
publicly accessible resources, a search strategy was developed based on previously described
methods and guidelines adapted to analysing government sources.*®!"'"*"1¢!"8 A symmary of
the search strategy is shown in Figure 2.1, with full details in Appendices A and B. First, for
each country, potential resource locations, including relevant government websites and legal
repositories, were identified by examining existing databases and resources, such as each
World Health Organisation (WHO) Joint External Evaluation report and the 2021 GHSIL.*
Resources in four categories were then screened for evidence of novel disease consideration
for every included country: national public health laws, nationally notifiable disease lists,
health professional guidelines and laboratory guidelines. In addition, data were collected
from the national resources identified to gather a primary comparative picture of each
country’s infectious disease surveillance system, including the number of diseases under
surveillance, how frequently surveillance data are analysed, and the latest published national

disease surveillance reports, as available and accessible.
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Screening Definitions

Inclusion
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Every 2021 GHSI Country
Score Justification Summary
included in the Report
(n=195)

Every WHO Joint External
Evaluation completed and
published as of 31 Dec 2022
(n=104)

National Legal Databases
WorldLII countries (n = 123)
VERTIC countries (n = 183)
NATLEX countries (n = 192)

Regional Disease
Surveillance Networks
PPHSN countries (n = 14)
PAHO countries (n = 37)
CARPHA countries (n = 16)

Additional documents and
publications identified from
Embase, Medline and Global
Health via Ovid, Google

Relevant resource locations collated and examined for each of the 195 countries:
Official national government websites (Ministry of Health, Ministry of Justice, National
Public Health Institute, National Reference Laboratory, and equivalents); National Laws;

National Guidelines; Notification Forms; Government Publications; Data Reports

Resources varied by country: see Appendix for full list

—

Scholar, and Google Search

National Public Health Law
criteria:
1. National Law, Order,
Decree, Act or Regulation
AND
2. Public Health, Medicine,
Health, Infectious Diseases,
Epidemics, Notification, or
Disease Surveillance
AND
3. Text of law is publicly
available and accessible

National Notifiable Disease
List criteria:

1. List of infectious diseases
under surveillance
AND
2. Reporting of these
diseases required at the
national level
AND
3. Full list is publicly
available and accessible

National Health Professional
Guideline criteria:
1. Written reporting or
surveillance guidance for
doctors, community health
workers or equivalent
OR
2. Disease surveillance
reporting form
AND
3. Guideline is publicly
available and accessible

National laboratory
Guidelines criteria:
1. National written guidance
for laboratories on
surveillance diseases
OR
2. Laboratory protocol
detailing the workflow to
process a sample
AND
3. Guideline is publicly
available and accessible

National disease surveillance
data criteria:
1. Infectious disease
surveillance data
published by the country
at the national level
AND
2. Includes more than one
disease or disease group
AND
3. Data is publicly available
and accessible

|

\
.

L

l

Screening each resource for novel disease consideration:

1. The resource includes "novel disease" or "new disease" or "unknown disease" or "unexplained disease" or
"disease of unknown cause" or "disease of unknown aetiology" or "disease of unknown etiology" or "novel
pathogen" or "new pathogen" or "unknown pathogen" or "unidentified pathogen* or “events of public health
concern” or “unusual event” or “unexplained event” or “unusual death™ or “unexplained death”

AND
2. The context indicates novel disease consideration, and not just limited to novel influenza subtypes or recently
discovered new diseases such as exclusively

L 2

-

National Public Health Law
has evidence of
consideration of novel
diseases or equivalent

National Notifiable Disease
List has evidence of
consideration of novel
diseases or equivalent

National Health
Professional Guideline has
evidence of consideration

of novel diseases or
equivalent

National Laboratory
Guideline has evidence of
consideration of novel
diseases or equivalent

Published national disease
surveillance data gathered:
Recording made of
availability, the latest date
of publication, frequency of
data release

Figure 2.1 Summary of the search strategy used in the data collection process for the study, including
identification of relevant resources for the 195 included countries and screening criteria for novel disease
consideration. The resources identified varied by country and the full search strategy, including search terms and
resources, can be found in Appendices A and B. GHSI: Global Health Security Index; WHO: World Health
Organisation; WorldLII: World Legal Information Institute; VERTIC: Verification Research, Training and
Information Centre; NATLEX: Database of national legislation; PPHSN: Pacific Public Health Surveillance
Network; PAHO: an American Health Organization; CARPHA: Caribbean Public Health Agency.

2.4.3 Statistical Analysis

The main outcome investigated was “any evidence of novel disease consideration” in one or

more of the four resources (national public health law, notifiable disease list, health

professional guidelines, or laboratory guidelines) examined for each included country. This
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outcome was compared against a range of other metrics and indicators collected for this study
to determine predictors of novel disease consideration. This included the 2021 GHSIL*® the
2021 SPAR,"" and all WHO Joint External Evaluations completed and published by 31
December 2022. In addition, comparisons were made against World Bank income strata
based on 2021 reported Gross National Income, and 2019 data on health expenditure per
capita.'"*'?° The outcome was also compared against the total number of outbreaks a country
had experienced between January 1996 to March 2022, using a published global outbreak
dataset with 2059 WHO records for 194 of the included countries.'?! In addition, evidence of
novel disease consideration was examined in countries that had experienced one or more
cases of one of the following newly emerged diseases: MERS, SARS-CoV-1, or Nipah virus.
These inclusions were to test whether novel disease consideration was associated with greater
numbers of reported outbreaks or national experience with a novel pathogen, excluding

SARS-CoV-2, given its universal reach.

The Welch two-sample t-test was used to compare the value of continuous quantities such as
the 2021 GHSI score between countries with and without evidence of novel disease
consideration. A chi-squared (%) test of independence was used to compare the proportions
of countries with and without evidence of novel disease considerations across categorical
variables, with the degrees of freedom (df) and sample size (N) reported. Univariate logistic
regression was conducted to determine the relationship between individual predictor variables

and the binary outcome of whether countries had any consideration of novel diseases or not.
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This method generates the odds ratio (OR) to quantify the strength and direction of the
relationship between the predictor and the outcome, with 95% confidence intervals (Cls)
reported. A p-value < 0.05 was deemed significant.* All data were analysed in RStudio with
R Version 4.2.2.'* Ethics approval was not required, as this research consisted of

national-level public data collection and did not involve human research subjects.

Section 2.5 Results

Out of the 195 countries included, 73 (37.4%) had any evidence of novel disease
consideration in the four resource types investigated (national public health law, notifiable
disease list, health professional guidelines, and laboratory guidelines), with the global
distribution shown in Figure 2.2. Evidence of any novel disease consideration varied
significantly by WHO region, from 8/47 (17.0%) of countries in the African Region to 30/54
(55.6%) in the European Region, with y* (df = 5, N = 195) = 23.44, p-value = 0.00028. There
was a strong association between evidence of novel disease consideration and World Bank
income strata, ranging from 4/27 (14.8%) countries with low income to 30/58 (51.7%)
countries with high income, with y* (df =3, N = 192) = 14.38, p-value = 0.0024. Overall,
only 8/195 (4.1%) countries had evidence of novel disease consideration in all four resource
locations. None of these countries had both health professional and laboratory guidance that

included written guidelines, forms and protocols.

* A p-value < 0.05 is the conventional threshold for determining statistical significance in many scientific
disciplines, including public health. While this value is broadly recognised and ubiquitously used, it is
potentially too liberal given it incurs an up to 5% chance of incorrectly rejecting the null hypothesis (Type I
error) leading to false positive results. In addition, it can put too much emphasis on an artificially binary view of
significant vs. non-significant rather than interpreting results within their full context. In this Chapter, to foster
transparency and enable nuanced interpretation, all individual p-values > 0.0001 are reported throughout,
allowing the reader to judge for themselves the degree of statistical evidence against the null hypothesis.
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Novel Disease Consideration

M 4/4 Resource Types
[ 3/4 Resource Types
Types

Figure 2.2 Global map depicting evidence of novel disease inclusion in any of the four resource types (public
health law, national notifiable disease list, health professional guidelines, and laboratory guidelines) for 195
countries. Evidence of novel disease consideration in one or more of the four resources is shown in blue, while
countries with no evidence are depicted in red.

Overall, 38/195 countries (19.5%) had evidence of reporting requirements for novel diseases
included in national public health law. As shown in Table 2.1, the proportion of countries
with such legal instruments varied by World Bank income strata, from 1/27 (3.7%)
low-income countries to 17/53 (32.1%) upper-middle-income countries. There was a
significant and positive association between evidence of novel disease consideration in
national public health law and income level, with y* (df =3, N = 192) = 14.56, p-value =
0.0022. Countries with novel diseases included in national public health law also varied
significantly by WHO Region, from 1/21 (4.8%) in the Eastern Mediterranean to 22/54

(40.7%) in the European Region, with y* (df =5, N = 195) = 26.51, p-value = <0.0001.
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Table 2.1 Novel disease consideration in four national resource types (public health law, nationally notifiable
disease list, health professional guidelines, and laboratory guidelines) organised by World Bank income strata
and WHO region for included countries. WHO: World Health Organisation; AFRO: African Region; AMRO:
Region of the Americas; EMRO: Eastern Mediterranean Region; EURO: European Region; SEARO:

South-East Asian Region; WPRO: Western Pacific Region.

Novel Disease Consideration
Number of | National Nationally Health Laborator One or more
Cateso Countries | Public Health | Notifiable | Professional Gui delinez] of the four
gory Law Disease List | Guidelines resources
n n (%) n (%) n (%) n (%) n (%)
World Bank Income Strata*
High 58 15 (25.9) 9 (15.5) 20 (34.5) 12 (20.7) 30(51.7)
Upper Middle 53 17 (32.1) 14 (26.4) 15 (28.3) 9(17.0) 24 (45.3)
Lower Middle 54 5(9.3) 4(7.4) 9 (16.7) 0(0) 15(27.8)
Low 27 1(3.7) 2(7.4) 3(11.1) 0(0) 4(14.8)
WHO Region
AFRO 47 3(6.4) 4 (8.5) 6 (12.8) 1(2.1) 8(17.0)
AMRO 35 4(11.4) 9(25.7) 10 (28.6) 6(17.1) 13 (37.1)
EMRO 21 1(4.8) 1(4.8) 1(4.8) 0(0) 3(14.3)
EURO 54 22 (40.7) 12 (22.2) 15 (27.8) 9(16.7) 30 (55.6)
SEARO 11 19.1) 0(0) 5(45.5) 1(9.1) 6 (54.5)
WPRO 27 7 (25.9) 3(11.1) 10 (37.0) 4 (14.8) 13 (48.1)
Global 195 38 (19.5) 29 (14.9) 47 (24.1) 21 (10.8) 73 (37.4)

* Data based on 2021 reported Gross National Income;'" data unavailable for Venezuela, Cook Islands and Niue

Only 29/195 countries (14.9%) had evidence that they included novel diseases in their

nationally notifiable disease list. The inclusion of novel diseases on the list was associated

with the country’s income strata, with y* (df= 3, N = 192) = 9.04, p-value = 0.029, but was

not significantly associated with WHO region, with y* (df =5, N = 195) = 10.98, p-value =

0.052.

A total of 47 countries (24.1%) had evidence of health professional guidance for novel

diseases. This proportion varied significantly by WHO region, with y* (df=5, N = 195) =

13.59, p-value = 0.018, and by World Bank income strata, with y* (df=3, N =192) = 7.95,

p-value = 0.047. From the subset of 47 countries with evidence of novel disease guidance, 20
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(42.6%) had written health professional guidelines, two (4.3%) had a reporting form, ten
(21.3%) had both written guidelines and a form, and 15 (31.9%) only mentioned novel

diseases in publicly available resources.

Out of the 195 countries, only 21 (10.8%) had evidence of laboratory guidance for novel
diseases. The proportion of countries with evidence in laboratory guidance varied by income
strata, with y* (df = 3, N = 192) = 17.60, p-value = 0.00053, but was not significantly
associated with WHO region, with y* (df=5, N = 195) = 10.11, p-value = 0.072. From the
subset of 21 countries with evidence of laboratory novel disease guidance, nine (42.9%) had
written laboratory guidelines, one (4.8%) had a laboratory protocol, one (4.8%) had both
written guidelines and a protocol, and ten (47.6%) only mentioned novel diseases in

published resources.

Evidence of novel disease consideration varied by overall 2021 GHSI and SPAR scores and
specific indicators, as shown in Figure 2.3. The average 2021 GHSI score was significantly
greater for countries with evidence of novel disease consideration compared with countries
without evidence (48.6 vs 33.1, Welch two-sample t-test p-value <0.0001). A similar
significant difference was found for the average 2021 SPAR score when comparing countries
with evidence of novel disease consideration vs no evidence (73.2 vs 58.6, p-value <0.0001).
Countries with novel disease consideration outperformed countries without across all

capacity categories in both the GHSI and SPAR in 2021.
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A) 2021 GHSI Indicator Scores

Novel Disease Consideration
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Figure 2.3 Novel disease consideration in any of the four examined resource types investigated (public health
law, the national notifiable disease list, health professional guidelines, and laboratory guidelines) compared
against existing metrics: A) 2021 GHSI Score for 195 countries with data available, scored from 0 to 100; B)
2021 SPAR score for 184 countries with data available, with score range possible from 20 to 100. For both the
2021 GHSI and SPAR, higher scores indicated that more criteria had been met for the given capacity examined.
Novel disease consideration in one or more resource types in blue with no evidence of consideration in red.
GHSI: Global Health Security Index; SPAR: State Party Self-Assessment Annual Reporting; WHO: World
Health Organisation; IHR: International Health Regulations.
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Univariate logistic regression was used to identify factors statistically associated with
evidence of novel disease consideration in any of the four resource types investigated (public
health law, the national notifiable disease list, health professional guidelines, and laboratory
guidelines). The results of this are shown in Table 2.2. When compared with countries with
high income as classified by the World Bank, countries in the lower-middle and low-income
strata were significantly less likely to have novel disease consideration in one or more of the
examined resources, with an OR (95% CI; p-value) of 0.36 (0.16 — 0.78; 0.011) and 0.16
(0.043 — 0.49; 0.0025), respectively. Compared with the WHO European Region, countries in
the African and Eastern Mediterranean Regions were significantly less likely to have any
evidence of novel disease consideration, with an OR (95% CI; p-value) of 0.16 (0.061 — 0.40;

0.00014) and 0.13 (0.029 — 0.45; 0.0031), respectively.
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Table 2.2 Predictors of any evidence of novel disease consideration in at least one of four resources (public
health law, national notifiable disease list, health professional guidelines, and laboratory guidelines) compared
with no evidence using univariate logistic regression. WHO: World Health Organisation; AFRO: African
Region; AMRO: Region of the Americas; EMRO: Eastern Mediterranean Region; EURO: European Region;
SEARO: South-East Asian Region; WPRO: Western Pacific Region; USD: United States Dollar; SARS-CoV-1:
Severe acute respiratory syndrome coronavirus 1; MERS: Middle East Respiratory Syndrome; GHSI: Global
Health Security Index; SPAR: State Party Self-Assessment Annual Reporting; OR: Odds Ratio; CI: Confidence
Interval.

Novel Disease Consideration
Predictor n/N (%) OR (95% CI) p-value

World Bank Income Strata*

High 30/58 (51.7) Referent -

Upper Middle 24/53 (45.3) 0.77 (0.36 — 1.63) 0.50

Lower Middle 15/54 (27.8) 0.36 (0.16 — 0.78) 0.011

Low 4/27 (14.8) 0.16 (0.043 — 0.49) 0.0025
WHO Region

EURO 30/54 (55.6) Referent -

AFRO 8/47 (17.0) 0.16 (0.061 — 0.40) 0.00014

AMRO 13/35G37.1) | 0.470.19-1.12) 0.092

EMRO 3/21 (14.3) 0.13 (0.029 — 0.45) 0.0031

SEARO 6/11 (54.5) 0.96 (0.26 — 3.70) 0.95

WPRO 13/27 (48.1) 0.74 (0.29 — 1.88) 0.53
Health expenditure, $1000 USD per capita’ 71/186 (38.2) 1.29 (1.09 — 1.56) 0.0057
National Disease Surveillance Data Available*

Yes 64/122 (52.5) | 7.85(3.74 - 18.18) <0.0001

No 9/73 (12.3) Referent -
Completed and Published WHO Joint External Evaluation

Yes 37/104 (35.6) 0.84 (0.47-1.51) 0.57

No 36/91 (39.6) Referent -
WHO Joint External Evaluation Score 37/104 (35.6) 1.07 (1.04 —1.11) <0.0001
Total Recorded Outbreaks® 73/194 (37.6) 1.03 (0.99 — 1.07) 0.11
One or more cases of SARS-CoV-1, MERS, or Nipah Virus

Yes 27/43 (62.8) 3.89 (1.94 -8.04) 0.00017

No 46/152 (30.3) Referent -
2021 GHSI Score 73/195 (37.4) 1.11 (1.08 — 1.15) <0.0001
2021 SPAR Score' 70/184 (38.0) 1.05 (1.03 — 1.08) <0.0001

* Data from the World Bank based on 2021 reported Gross National Income;'"” unavailable for Venezuela, Cook

Islands and Niue

" Data from the World Bank based on the latest national health expenditure estimates from 2019;'* unavailable
for Albania, Cook Islands, Libya, Liechtenstein, Niue, North Korea, Somalia, Syria and Yemen

* Publicly published national infectious disease surveillance data available as of 31 December 2022

$ Data from a dataset covering the period January 1996 — March 2022;'?! unavailable for Turkmenistan
'Data based on country SPAR self-reports submitted as of 31 December 2022;!"" unavailable for Andorra,
Barbados, Brunei, Grenada, Israel, Marshall Islands, Nauru, Niue, Papua New Guinea, Trinidad and Tobago,

and Turkey
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For every $1000 USD per capita increase in health expenditure, the odds (95% CI) of novel
disease consideration increased by 1.29 (1.09 — 1.56), with a p-value of 0.0057. Having
completed and published a WHO Joint External Evaluation was not associated with evidence
of novel disease consideration, with an OR (95% CI; p-value) 0.84 (0.47 — 1.51; 0.57), but
each point increase in the score (conditional on having completed and published a Joint
External Evaluation) had an increased OR (95% CI; p-value) of 1.07 (1.04 — 1.11; <0.0001).
This may be explained in part because of significant regional variation in WHO Joint
External Evaluation completion, from 2/35 (5.7%) countries in the Region of the Americas
having completed and published an Evaluation to 45/47 (95.7%) in the African Region, with

ay* (df=5,N = 195) = 84.37, p-value <0.0001.

A country experiencing more recorded outbreaks between 1996 — 2022 was not associated
with a higher chance of novel disease consideration, with an OR (95% CI; p-value) of 1.03
(0.99 — 1.07; 0.11). However, national experience with at least one case of SARS-CoV-1,
MERS or Nipah Virus did predict novel disease consideration, with an OR (95% CI; p-value)
0f 3.89 (1.94 — 8.04; 0.00017). Countries with national disease surveillance data publicly
available were significantly more likely to have evidence of novel disease consideration, with
an OR (95% CI; p-value) of 7.85 (3.74 — 18.18; <0.0001). Similarly, countries which scored
higher on the 2021 GHSI and SPAR were more likely to have evidence of novel disease
consideration, with each point increase in total score associated with an OR (95% CI;

p-value) of 1.11 (1.08 — 1.15; <0.0001) and 1.05 (1.03 — 1.08; <0.0001), respectively.
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Section 2.6 Discussion

Fewer than two-fifths of countries globally have publicly available evidence of novel disease
consideration in their national health professional and laboratory guidelines, public health
laws or notifiable disease lists. Only 8/195 (4.1%) countries had evidence in all four resource
locations, and none of these included instructions, forms and protocols for both health
professionals and laboratories. Health professional guidelines were the most common source

for novel disease inclusion, but still only present in 47/195 (24.1%) countries.

Laboratory guidelines were the least common source, with only 21/195 countries (10.8%) at
least mentioning testing for novel pathogens. Previous work has highlighted the difficulties
laboratory staff face when a new disease emerges and there is an absence of relevant
protocols for pathogen identification and reporting.'*'** This challenge, coupled with the
comparative rarity of accessible laboratory guidelines that our work has demonstrated,
underscores the crucial need for the creation and dissemination of guidance for the laboratory
detection of novel pathogens. Furthermore, expanding access to unbiased tools like mNGS

could support the identification of new pathogens through agnostic sequencing.®*%*

Developing mNGS surveillance guidelines may be a part of the solution. It has been argued
that there is a strong case for mNGS expansion for early outbreak detection in all nations,
even in low- and middle-income countries, given the benefits and opportunity afforded by the
infrastructure developed for SARS-CoV-2 genomic surveillance.'” The development of
protocols for novel pathogen surveillance is particularly important in low and lower-middle

income countries, as we found that evidence of novel disease consideration was significantly
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less likely in those regions. This is concerning, given these countries are disproportionately at

the highest risk of zoonotic spillover as the world’s climate continues to change this century.’

In this study, the odds of novel disease consideration increased with health expenditure per
capita and was significantly more likely in countries which publicly publish notifiable disease
surveillance data. These results indicate that, as might be expected, countries with more
public health investment are more likely to have considered novel diseases. This is consistent
with the finding that surveillance for new diseases is associated with higher total 2021 SPAR

and GHSI scores and each individual capacity of these metrics.

Interestingly, novel disease consideration was not associated with the total number of
reported outbreaks that a country has experienced. However, countries with at least one case
of SARS-CoV-1, MERS or Nipah virus are significantly more likely to have evidence of
novel disease consideration. This could be in part explained by the geographical disparity in
outbreak risk.'?® It is also possible that the experience of having to respond to a novel disease
threat, but not to known pathogen outbreaks, encourages the inclusion of novel diseases in

national surveillance infrastructure.

Public health law is an important component of this infrastructure and is required for
pandemic policy implementation, but research has demonstrated it is underutilised for novel
disease preparedness.'?’ In our research, we found only a minority of countries with novel
disease considerations included in their national public health laws (38/195, 19.5%), and even
fewer with them on their notifiable disease list (29/195, 14.9%). Underreporting of notifiable
conditions is already known to be a pervasive challenge in public health.>* However, if

surveillance for novel diseases is not mandated in law or included on the notifiable disease
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list, we are effectively choosing to rely on ad hoc actions of health professionals in the initial
stages of a novel pathogen outbreak. The lack of guidance and notification tools for frontline
workers has been found to impede reporting to public health authorities.'* This should be a
concern to all nations, as delaying the timely recognition of the next “Disease X could

hinder control efforts and make a global pandemic more likely.

Globally, there is a need for novel pathogen detection standards. Countries may have
developed approaches they do not disclose publicly, but to facilitate the formation of a gold
standard approach and accurately evaluate global preparedness, best practices should be
shared. In the aftermath of the COVID-19 pandemic, a Pandemic Treaty that complements
the IHR(2005) could help deliver this, preparing nations for future disease outbreaks.'*® It has
been argued that such a legally-binding Treaty, tabled for adoption in May 2024 by WHO
Member States, needs to address building surveillance capacity and genomic sequencing
capabilities as key components.'? As demonstrated by the research findings presented in this
Chapter, there is currently insufficient consideration given to novel diseases in existing public
health surveillance infrastructure. Surveillance for “Disease X and universalising laboratory
access to pathogen-agnostic tools like mNGS are important for the Pandemic Treaty if it is to
safeguard against future, currently unknown threats. Existing resources mean that nothing has
to be reinvented; the current strategies of global neighbours can be adapted to national

contexts and implemented.

2.6.1 Limitations and Future Directions

Like any research of this nature, this study has limitations. The resources examined were
restricted to those that are publicly available and accessible and do not necessarily reflect

internal preparedness for novel disease threats within national public health systems.
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Countries may have changed practice in light of COVID-19, but not yet updated public
information sources due to the strain on public health workforces. We encourage transparent
and accessible sharing of current practices so that nations can draw on the insights of each
other’s public health professionals. Our research was designed to detect associations, and
determining any causal links between our predictors and novel disease consideration could be
the aim of future work. Furthermore, other forms of surveillance system comparison were
outside the scope of this Chapter, but our comprehensive resource collection available for use
(see Appendix B for full details) could be used to compare public health laws, national

notifiable diseases and surveillance data reporting practices between countries.

2.6.2 Conclusion

The COVID-19 pandemic has highlighted the need to prepare for threats from novel
pathogens. However, our research has shown that only a minority of countries have evidence
of any consideration of new diseases in their public health infrastructure. Pathogens do not
respect international borders and robust strategies for rapid novel outbreak detection in all
countries are essential to safeguard global public health. The Pandemic Treaty negotiations
are a promising development, but public health policymakers worldwide should not wait to
strengthen their national surveillance systems. Preparedness for future unknown disease

threats can and should be undertaken now.

2.6.3 Data Availability

All data used in this Chapter are available for download through the Open Science
Framework platform, along with all code used to generate the results, tables and figures. #
The dataset description and resources are included in Appendices A and B. Additional results

are available in Appendix C.
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Section 3.1 Abstract

When novel pathogens first emerge, they can spread undetected in the initial stages of the
outbreak. Discovery delays can result in large outbreak sizes upon detection, hindering the
public health response. As we demonstrated in Chapter Two, current surveillance for new
pathogen outbreaks differs worldwide, with most countries having no publicly available
evidence of novel disease consideration in their national public health infrastructure. In
countries with established requirements, discovery relies primarily upon symptomatic cases
presenting to a health service. The national detection thresholds used by countries (Appendix
B) varied between one and five hospital cases and up to two deaths before notification is
mandated. It is currently unknown what impact these different detection thresholds between
countries could have on the potential time-to-discovery or total outbreak size after a novel
pathogen emerges. Looking beyond current systems used to detect novel disease outbreaks,
there have been calls to incorporate pathogen-agnostic technology such as metagenomic
next-generation sequencing (mNGS) into population-level surveillance for early warning
systems. However, the amount of testing required to detect a novel disease outbreak using

such strategies remains unclear.
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In this Chapter, we employ a stochastic model based on SARS-CoV-2 transmission dynamics
and simulate 100,000 outbreaks in a population of 100,000 persons commencing with a
single exposed individual. We determine, for all large outbreaks resulting in at least one
hospitalised case, the day and total outbreak size by which 50% of the outbreaks will be
detected, considering the different criteria used by countries. We extend our results through a
sensitivity analysis, re-running the model with variations of the parameters to see how the
results generalise beyond SARS-CoV-2 transmission dynamics. To investigate new
surveillance strategies for early detection, we determine what level of testing coverage
through daily random sampling would be required to detect the outbreak prior to the first

hospitalisation, or within the first seven, 14 or 28 days of the outbreak commencing.

Our findings reveal that for all SARS-CoV-2 outbreaks that do not go extinct in the early
stages, 50% will be detected through the first hospital presentation by 46 days. By this time,
the outbreak has already caused 155 total infections. We demonstrate that for variations in the
model parameters, such as a disease with a long latent period, even greater time delays to
detection are possible. To detect 50% of SARS-CoV-2 outbreaks before the first hospital
presentation, the minimum surveillance level required is 0.069% (Interquartile Range: 0.028 -

0.139%) of the total population per day.

Our research highlights the importance of early detection given the potential delays and size
at outbreak discovery with existing approaches. The results we present can assist public
health authorities in assessing the feasibility of population-level testing and designing

surveillance systems that potentially outperform current detection for novel pathogens.
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Section 3.2 Introduction

Nearly all outbreaks of international significance in recent years have been due to emerging
pathogens.* However, when an infectious agent first emerges, it can initially remain
unrecognised by public health authorities as it silently spreads through the host population.
This is because discovering a new disease generally relies on symptomatic individuals
presenting themselves to a health service, which in turn depends on various factors, including
the likelihood and rate of developing symptoms severe enough to require medical attention.
Traditionally, infectious disease surveillance systems rely upon symptomatic medical
presentations with health professionals identifying and reporting cases to public health
authorities.”> However, in various scenarios, such as when a new disease causes
asymptomatic or mild illness in a proportion of those infected, the first clusters of cases are
not identified if individuals do not seek medical attention. Further delays may be possible
given the widespread lack of reporting guidelines for new diseases in most countries as
demonstrated in Chapter Two. Without early detection, a new outbreak may grow
significantly in size before it comes to the attention of public health authorities.* The longer
a pathogen transmits unrecognised, the further the epidemic could spread, increasing the risk

that containment becomes impossible and a pandemic may result.

There have been various modelling studies demonstrating that early detection is important for
outbreak control and significantly reduces the cost of the public health response."**'** There
has also been significant work on developing outbreak detection algorithms from syndrome
case data, although these methods also generally rely on symptomatic individuals presenting
to health services.'**'*¢ This provides an imperative to investigate whether detection through

healthcare presentations is timely or whether surveillance through other monitoring strategies
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could improve time-to-detection. Despite the public health importance of early outbreak
discovery, it has been noted that few modelling studies have examined how to sample a
population to achieve detection in the first place.'*” There are some notable exceptions to this,
including previous work on epidemic discovery in animals showing that consistent random
population sampling can allow for detection at low prevalence levels.'*® Further research has
demonstrated methods to determine the incidence and prevalence at first discovery using
random sampling, and that frequent testing at regular intervals is important for the early
detection of an outbreak."*”'* However, these strategies have previously only been applied to
specific known diseases, and it is unknown how sampling strategies for early detection

change given novel pathogens with differing transmission dynamics.

3.2.1 SARS-CoV-2 Detection

The novel coronavirus SARS-CoV-2, responsible for the COVID-19 pandemic, exemplifies
the pressing need for early detection of new infectious pathogens. The outbreak was first
discovered when four hospitalised cases of pneumonia of unknown aetiology were reported
to public health authorities on 30 December 2019 in Wuhan, Hubei Province, China.*® It is
now known that this date did not represent the beginning of the outbreak, with the first
known symptom onset occurring on 1 December 2019 and the first hospital admission on 16
December 2019.” How long the outbreak had been spreading and its true size at the time of
detection has not been established with certainty, although there has been active research in
this area. For example, modelling estimates from two studies suggest the index case in

Wuhan occurred sometime between early October to mid-November 2019140141

Various estimates of the true size of the COVID-19 outbreak in the early phase have also

been reported in the literature. One early modelling estimate by Imperial College London
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considered the international travel volume from Wuhan and the number of confirmed cases
outside of China and modelled that there had been 1,723 symptomatic cases (95% confidence
interval [CI]: 427-4,471) of SARS-CoV-2 infections in Wuhan with symptom onset by 12
January 2020.'** At the time, as the report states, there were 41 known cases and two deaths
in Wuhan, China and three international cases. This implies that in Wuhan, only 2.4% (0.92 -
9.6%) of symptomatic infections may have been known to public health authorities by this
date. The total number of infections, including asymptomatic, would have been even greater,
making the proportion of identified cases even smaller. Another study estimated that there
had been 469 unreported cases (95% CI: 403-540) from 1 to 15 January 2020 alone.'* A
further publication used a metapopulation model to generate an estimate with 95% Crl
suggested that 75,815 individuals (95% Crl: 37,304-130,330) had been infected in Wuhan by

25 January 2020.'*

These early phase estimates for SARS-CoV-2 infection are much larger than the known
confirmed cases at the time.'* It is unknown if we had detected the outbreak at a much
smaller size if impact reduction or even containment may have been achievable, such as was
the case for SARS-CoV-1."* If so, the COVID-19 pandemic has demonstrated the immense
social, economic, and public health consequences of delayed pathogen detection. One major
factor that differentiates SARS-CoV-1 and SARS-CoV-2 is that the latter has more potential
for asymptomatic transmission, which is known to make an infectious disease outbreak less
controllable."” However, early detection through population-level monitoring could
potentially assist in identifying asymptomatic transmission chains and lead to containment if
response actions begin while the outbreak is still small. This provides an imperative to
explore the development of surveillance systems capable of detecting novel pathogens at an

early stage of the outbreak to prevent a similar in the future.
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3.2.2 Current Detection for Novel Pathogens

The average time-to-detection for novel pathogen outbreaks is not known with certainty. In
research examining detection delays for the wider category of all emerging infectious
diseases (EIDs), between 1996 - 2014 the global median time from outbreak start to detection
was found to be 20 days (95% CI: 16-25 days) and to laboratory confirmation to be 36 days
(95% CI: 3246 days).”™ This study defined the outbreak's start as the first symptom onset or
hospitalisation date, depending on the available data. This implies that the actual outbreak
start date is likely even earlier if defined by the initial case exposure, representing the time
point when the first infection begins. The delay experienced in detecting outbreaks caused by
novel pathogen EIDs is potentially even longer and warrants investigation given the public

health risks posed by this EID subset.

In Chapter Two, we explored the current surveillance infrastructure for novel diseases in 195
countries and determined that only a minority (73/195, 37.4%) have any public evidence of
systems in place for detecting such outbreaks. For those that do, most countries rely on
passive indicator-based surveillance (IBS), where public health authorities are alerted to
symptomatic cases presenting to a health service.'* Detection thresholds range from
reporting the first case of a suspected new disease in a hospital up to five simultaneous cases,
with some countries also having one or two deaths as a trigger for reporting suspected novel
diseases to public health authorities. The different novel disease detection threshold criteria
for reporting found in Chapter Two are provided in Table 3.1, including examples of

countries where these thresholds apply.
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Table 3.1. Different detection threshold criteria for novel disease reporting in national public health surveillance
systems with an explanation of the requirement and example countries provided. In this context, a “case” refers
to a symptomatic infected person presenting to a health service.

Threshold | Explanation Example Countries Reference
1 case Reporting required for any disease of unknown aetiology Argentina, Russia 149.150
2 cases Cluster of 2 or more cases in an unknown disease outbreak | Liberia, Senegal 131152
3 cases 3 or more cases or more of a disease of unknown aetiology | Oman 153
4 cases Stage of SARS-CoV-2 outbreak discovery China* %
5 cases Unknown disease with 5 or more patients hospitalised Latvia 154
1 dead Death due to an unknown transmissible pathogen Chile, India 135,156
2 dead Cluster of 2 or more deaths due to an unknown disease Bhutan 157

* This threshold is included as a “real-world” scenario of the number of confirmed cases when a novel pathogen
outbreak was detected. Four cases of pneumonia of unknown aetiology were reported at the beginning of the
SARS-CoV-2 outbreak.” However, China has a requirement for notification of a single case of an unknown
disease,'*® and also specifies reporting requirements for any one case of pneumonia of unknown aetiology.'*

These thresholds do not necessarily mean that a new disease will be detected once the criteria
are met; indeed, as discussed in Chapter One, there has often been a significant delay to novel
disease detection in historical pathogen emergence scenarios.* "% Even in the idealised
scenario where detection and reporting occur immediately upon the criteria being met, it is
currently unknown what the impacts are of these different detection thresholds on time and
the total case number at discovery. Given the heterogeneity of approaches, it is crucial to
understand the potential delay and size of a novel disease outbreak by the point it is detected

and known to public health authorities.

As discussed in Chapters One and Two, novel pathogen outbreaks can also be detected
through other modalities. In particular, event-based surveillance (EBS) is a proactive
approach to detecting emerging disease threats by monitoring unusual events, rumours, and
other sources of information.* For example, the first signals of an outbreak could come from

informal reports of cases or deaths, or be detectable through analysing internet search
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terms.**¢ EBS can complement passive IBS systems and has the potential to identify novel
pathogen outbreaks before they are detected through conventional methods. However, only a
minority of nations operate any form of EBS, and even fewer conduct data analysis daily.*® In
addition, most forms of EBS rely on symptomatic cases to generate the signal, inherently
limiting when the outbreak can be detected if there is a sizeable proportion of asymptomatic

infections.

To illustrate the effects of the current systems of detection for novel pathogens, Figure 3.1
presents a fictional scenario in which a novel pathogen with a basic reproductive number (RR)
of 3 initiates from a point source outbreak with a single person initially exposed and infected.
In this scenario, the novel pathogen could be natural, accidental or deliberate in origin. As
illustrated, the majority of infected individuals develop mild symptoms, with one-third
remaining asymptomatic but still capable of transmission. Severely symptomatic cases
constitute one-in-nine infected persons, and it is possible that some of these may engage in
health behaviours such as buying over-the-counter medication or using an online search
engine to investigate their symptoms, which could potentially be detected using EBS. For
simplicity, all infected individuals are presumed to be equally infectious regardless of the
presence of symptoms or disease severity. In this fictional scenario, only one-third of severely
symptomatic individuals present to health services, and it is from these cases that the
outbreak can be detected through traditional IBS in countries with reporting requirements for

novel diseases.
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Figure 3.1 Fictional illustration of a point source outbreak of a novel pathogen with a R, of 3 commencing from
an unknown cause that could be natural, accidental or deliberate in origin. Black outlined figures represent
infectious cases with mild symptoms, while grey figures represent asymptomatic infectious cases. Orange
figures develop more severe symptoms, enough that they may engage in health behaviours that could trigger
event-based surveillance in aggregation. Blue figures develop severe enough symptoms that they present to a
health service, where they could undergo clinical evaluation and testing which leads to pathogen identification
and notification to public health authorities.

As can be seen through this illustration, the actual size of a novel pathogen outbreak could be
much larger (40 total cumulative infections) than the number of cases known to public health
authorities (one case). In addition, there could have been multiple generations of the epidemic
before the outbreak was detected. The exact time delay and size at detection will be
determined by a variety of factors, including the extent of asymptomatic and
pre-symptomatic transmission, probability and rate of healthcare presentation, and disease
notification practices. Stochastic effects will also have a strong predominance in this early
stage, including whether the initial infections were in a vulnerable population more likely to
develop symptoms and seek medical treatment. Given the potential shortcomings of reliance
on healthcare presentation for outbreak detection, overcoming the limitations of current
detection mechanisms and reducing the delay to outbreak discovery necessitates exploring a

new approach to novel disease surveillance.

3.2.3 Future Detection

Recent innovations in novel pathogen detection could allow for more timely discovery of

new outbreaks.*** In particular, metagenomic next-generation sequencing (mNGS) could
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soon play a crucial role in the early detection of novel pathogens.®*¢” This approach involves
sequencing the genetic material from environmental or clinical samples, which enables the
identification of a wide range of pathogens, including viruses and bacteria. By analysing the
entire genetic content of a sample without an a priori hypothesis of the causative agent,
mNGS has the potential to detect both known and novel pathogens, providing a powerful tool
for identifying emerging diseases in an outbreak. This has led to calls for incorporating

mNGS into global early warning systems to prevent novel pathogen pandemics.5>-¢7-1¢0-161

In the context of surveillance for novel diseases, mNGS can be applied to various sample
types, such as from wastewater, potential animal reservoirs and human clinical specimens.
For instance, wastewater surveillance can provide an early warning system for community
outbreaks, as the presence of a pathogen in wastewater often precedes the identification of
clinical cases.'® Even when a pathogen genetic sequence is new, detection of exponential
growth of a previously unrecognised genome over subsequent sampling time points could be
a reasonable assumption during an outbreak in the early stages at the time of discovery."*” By
integrating mNGS into a comprehensive surveillance strategy, public health authorities can
enhance their capacity for early detection of novel pathogens, thus improving outbreak

response and reducing the likelihood of larger-scale epidemics and pandemics.

3.2.4 Potential Surveillance Strategies

Recent advances in metagenomics have paved the way for pathogen-agnostic approaches to
infectious disease surveillance. This unbiased detection method could allow for more
comprehensive and active surveillance, significantly improving the chances of early
identification and containment of novel pathogens. However, because mNGS technology is

new, there has not been extensive research completed on sampling strategies for novel disease
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detection in the wider population. Previous population-based surveillance studies for known
diseases, highlighted below, can provide some insights into how this new approach could be

incorporated and if the required testing level would be feasible.

Some outbreak detection approaches used for animal populations include random or targeted
sampling in high-risk populations can offer insights.'®*'% Random sampling involves testing
a subset of individuals from the population without bias, ensuring that each individual has an
equal chance of being selected. This provides a representative snapshot of the population. In
targeted sampling, specific subpopulations or locations are prioritised based on risk factors,
which has the benefit of increasing the likelihood of detecting infections. However, it would
be hard to predict the risk factors for a currently unknown disease, and targeted sampling,
therefore, risks excluding infected members of the population. One study comparing early
detection surveillance in animal populations found that population coverage, sampling

frequency and test sensitivity were the most important factors for an early warning system.'®

The potential benefits of population-based surveillance are highlighted in Figure 3.2. This
illustration depicts the infection pyramid for a novel disease outbreak emergence. As shown,
in many scenarios, infections in the population can be potentially missed at each step in the
pyramid. Current surveillance for outbreak detection relies upon clinicians suspecting a novel
disease, conducting tests and reporting to public health authorities. The detection threshold
for notification varies between jurisdictions, as outlined in Table 3.1. With a well-functioning
health system, sensitive tests and a strong public health workforce, ideally few infections will
be missed after clinical suspicion takes place. However, with current surveillance, it is
possible that several infections remain undiscovered before healthcare presentations occur.

Active surveillance through monitoring could potentially detect infections in the population
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before cases are discovered by hospital admissions and clinical suspicion. It could also
potentially detect diseases before an EBS signal is recognised, as most EBS symptoms rely

upon symptomatic cases as well, although through a different detection mechanism.

Infected Persons in Population

Clinical Suspicion
@

Testing

i% | &

Confirmation

Current
Detection

Figure 3.2 Diagram of an inverted infection pyramid, with the total number of infected persons for a novel
disease at the top and each step before the disease is reported to public health authorities at the bottom. At each
step, there is the potential to miss infections, represented in orange (darker orange background depicts more
potentially missed infections, with lighter orange depicting fewer). Current detection happens at the bottom,
after a detection threshold determined by the number of cases or deaths in a particular country necessary to
trigger novel disease clinical suspicion and reporting. Detection through surveillance, represented with the blue
arrow and italics, could potentially detect the outbreak amongst infections that may have been otherwise missed.

Implementing pathogen-agnostic surveillance programs that incorporate random sampling
within the population could potentially facilitate faster detection of emerging diseases. By
removing the need for prior knowledge of a specific pathogen, this approach could reduce the
time lag between the emergence of a novel disease and its identification, enabling more
timely public health interventions. However, it is currently unknown what level of

surveillance coverage, or number of tests in the population, would be required to detect a
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novel disease prior to current surveillance, and therefore if it is feasible. It is also unknown

how testing coverage levels need to change with different disease transmission dynamics.

3.2.5 Research Questions

In this Chapter, we present a stochastic model based on the transmission dynamics of
SARS-CoV-2 to investigate the early phase of a novel pathogen outbreak. By exploring the
different outbreak detection thresholds used by countries, we aim to understand the average
time-to-detection, the size of the outbreak at discovery, and the potential for active population
surveillance through random sampling to result in earlier detection. We use a sensitivity
analysis to determine how applicable the results could be to diseases other than SARS-CoV-2
with different transmission dynamics. Overall, this Chapter aims to address the following

research questions:

1. For different novel disease outbreak detection thresholds used by countries, what is
the time-to-detection for a SARS-CoV-2 outbreak?

2. What is the expected total epidemic size at the time of detection?

3. What level of surveillance coverage would be required to detect the outbreak before
the first case presents to a hospital, or within seven, 14 or 28 days?

4. How do our results differ for diseases with different transmission dynamics?
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Section 3.3 Methodology

3.3.1 Model Overview

In this study, we employed a stochastic SEPIR-AHD model to simulate the transmission
dynamics of a novel pathogen in a population. The SEPIR-AHD model is a compartmental
model that classifies the entire population into eight classes: susceptible (S), exposed (E),
pre-symptomatic infectious (P), infectious symptomatic (1), removed (R), asymptomatic
infectious (A), hospitalised infectious (H), and dead (D). Each of these compartments was
chosen for inclusion because of heterogeneity in the disease stages in which the outbreak can
be detected in current or future surveillance. Four of these compartments (P, I, A and H)
contain individuals who are infectious. The R class represents when an individual ceases to
be infectious; this can be synonymous with recovery, as defined by the cessation of
symptoms. However, because SARS-CoV-2 can result in asymptomatic infections, or have
persistence of symptoms beyond the period of transmissibility, this model considers the R

compartment from the perspective of cessation of infectivity.'*'%’

The schematic for the model is shown below in Figure 3.3, with the events at each step and
their effects shown in Table 3.2. Current early detection surveillance, as outlined in Table 3.1,
can potentially identify infections from the H and D compartments. Future surveillance
strategies could potentially detect infectious individuals in the P, A and I compartments.
Exposed individuals, while infected, are typically not able to be identified as cases through
either mechanism because they are not showing symptoms, nor do they have a high enough
pathogen load for tests to return a positive result. Therefore, those in the exposed class are

assumed to have undetectable infections.
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Figure 3.3 Schematic of the compartmental model with rates and flow direction depicted. S: Susceptible; E:
Exposed; P: Pre-symptomatic infectious; I: Infectious symptomatic; R: Removed; A: Asymptomatic infectious;
H: Hospitalised infectious; D: Dead. In blue are the compartments where current surveillance can potentially
detect infections at the beginning of a novel pathogen outbreak. In orange are the additional compartments
where future population-based surveillance may be used to detect infections.

Table 3.2 Outline of all the events in the stochastic SEPIR-AHD model, their effect, rate and probability of an
event in each time step. S: Susceptible; E: Exposed; P: Pre-symptomatic infectious; I: Infectious symptomatic;
R: Removed; A: Asymptomatic infectious; H: Hospitalised infectious; D: Dead.

Event Effect Rate Probability in [t, t + 6t]
Transmission S—-S-LE—SE+1 AS A SSt
Presymptomatic Infectiousness Onset | E—-E-1,P —-P+1 VaE YaFE (St
Symptomatic Infectiousness Onset P-P-1,I-1+1 oP oP 8t
Asymptomatic Infectiousness Onset E-E-LA—-A+1| (1 - VY)aE A -v)aE St
Hospitalisation I-I-1,H—->H+1 wpl wpl 8:

Death H—-H-1,D—->D+1 uxkH HKHSt
Symptomatic Removed I-I-1,R—>R+1 1-wpl 1-wpl 8:
Asymptomatic Removed A—-A-1,R->R+1 YA YA 8t
Hospitalised Removed H—-H-L,R—>R+1 | (1 - wkH 1-wkH 5t
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The force of infection (A) for the model, representing the rate at which susceptibles contract
the disease, is given in Equation 3.1. Frequency-dependent transmission, where the contact
rate between infectious and susceptible persons does not depend on population density, was

assumed in the model.

B,P +BI+B,A+B,H (3.1)
N

The model was implemented using continuous-time Markov chains (CTMC) through the
Gillespie algorithm, which is a Monte Carlo simulation method.'®® The Gillespie algorithm
ensures that the model accurately represents the random nature of individual-level processes
by simulating which discrete event (Table 3.2) occurs based on probabilities proportional to
its rate. CTMCs allow transition events to occur at any stage through continuous time steps,
with the rate exponentially distributed. To simulate the stochastic SEPIR-AHD model using
the Gillespie algorithm, we utilised the SimInf package.'® We conducted 100,000 simulations
in a population of 100,000 individuals over 600 days, with each simulation starting with one
exposed person. We repeated the results with different population sizes, from 10,000 persons
up to 8,266,000 persons (the 2019 population of Wuhan, China).'” However, because of the
use of frequency-dependent transmission, our results were widely robust to changes in

population size, and thus results for the original population choice were presented.

In addition to the stochastic SEPIR-AHD model, we also deployed a deterministic model
with the same compartmental structure for comparison. The deterministic model used
ordinary differential equations (ODESs) to describe the transitions between compartments,
allowing us to analyse the behaviour of the system without considering the random
fluctuations inherent in individual-level processes. The ODEs for the deterministic model are

depicted as a set below in Equations 3.2.
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3.3.2 Next-Generation Matrix and Parameters

To estimate the transmission coefficient or effective contact rate () for our models, we
employed the next-generation matrix method. First, the expression for R, was derived in
Matlab with the Symbolic Math Toolbox using the method initially described by Diekmann et
al and later summarised.*>!”" This method deploys the following steps:

1. Find all n infected model compartments (In our model there are five: Exposed,
Pre-symptomatic, Infectious symptomatic, Asymptomatic, Hospitalised)

2. For all entirely new infections entering each n compartment, construct a n x 1 matrix

(F), excluding infection transfers from other compartments

For all infection transfers to each n compartment, construct a n x 1 matrix (V*)

For all infection losses leaving each n compartment, construct a n x 1 matrix (V")

Construct a n x 1 matrix (V) where V=V -V~

Generate two n x n Jacobian matrices f and v that are with respect to the » infectious

state variables the partial derivatives of F and V

7. Evaluate the Jacobian matrices at the disease-free equilibrium (dfe), with R, being the
greatest eigenvalue of vy

S kW

Using this method, the derived expression for R, is as below in Equation 3.3.
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By BV B OTD B (3.3)
o o] Y K

Ro=
Many factors can affect the pre-symptomatic transmission rate (BP), the symptomatic
infectious transmission rate (BI), the asymptomatic transmission rate (BA) and the hospitalised
transmission rate (BH) in reality. For example, hospitalised cases may have higher pathogen

loads making them more contagious, but be less ambulatory and thus in contact with fewer
susceptible persons. Asymptomatic cases may have the most number of contacts, but each
contact may be less likely to transmit due to a lower pathogen load. Presymptomatic cases
sometimes can be more or less infectious than symptomatic cases depending on a variety of
disease factors. For simplicity, it was decided to include the overall effective contact rate ()

as equivalent for cases in the four infectious classes, as below.

For SARS-CoV-2, the mean R, was estimated to be 3.28 in 2020.'” After rearranging

Equation 3.3, the equation was solved for B using the uniroot function. This gave a B of 0.24.

The length of the infectious period in SARS-CoV-2 is known to depend on symptom
development and severity, requiring account for in model parameterisation.'”” Because our
model is based on transmission dynamics, relevant factors included whether an individual is
infectious and the duration of infectivity in each of the compartments. The average duration
of time an individual spends in the symptomatic infectious (I) and hospitalised (H) classes
can be determined using the law of total expectation. As shown in Equation 3.4, the average
expected time an individual spends in the symptomatic infectious (I) class (p™') depends on

the mean time to hospitalisation once symptomatic infectious (), the mean time to recovery
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in the non-hospitalised symptomatic infectious (), and the probability of hospitalisation

given symptoms (o).

P = o + i1 - w) (3.4)

For SARS-CoV-2, y and & have been estimated in the literature to be 5.74 days and 13.4 days,
respectively.'”>'”® The overall hospitalisation probability has been reported as 1.92%,
including all symptomatic and asymptomatic SARS-CoV-2 infections.'” Asymptomatic
cases, when excluding pre-symptomatic individuals who later proceed to have symptoms,
have been estimated in a systematic review and meta-analysis to represent 35.1% of all
SARS-CoV-2 infections.'® This implies that the overall probability of developing symptoms
(v) is 64.9%. Given only symptomatic cases are hospitalised for their infection, this implies
the probability of being hospitalised given symptoms () to be 2.96%. Using these values in
Equation 3.4 gives a p”' of 13.2 days. The inverse of p! is the rate at which individuals, on

average, leave the symptomatic infectious class, with p = 0.076.

Similarly, the expected average time an individual spends in the hospitalised (H) class (k)
can be calculated using Equation 3.5, using the average time period of infectivity in hospital
in those that survive (0), the average time period of infectivity in hospital non-survivors (1)),

and the probability of death given hospitalisation (p).
-1
K =nu+06(-p (3.5)

For SARS-CoV-2, the average length of infectiousness, as determined through serial analysis
of detected viral shedding, has been reported in both surviving and non-surviving hospital
patients from the point of their symptom onset, but not from the date of hospitalisation.'” For

the purposes of our model, 0 can be inferred by subtracting y from the average length of
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infectiousness from symptom onset to cessation of infectiousness in hospital survivors (20.0

days), giving 14.3 days.'” Similarly, 1 can be derived by subtracting y from the reported

average length of infectiousness from symptom onset to cessation in hospital non-survivors

(18.5 days), giving 12.8 days.'” This value estimate for 1 is close to a February 2020 study

reporting the time between hospital admission and death to be 13.0 days (95% CI: 8.7 - 20.9),

suggesting infectivity can be assumed to persist until the time of death in SARS-CoV-2

infection non-survivors.'” The value for p in a systematic review and meta-analysis has been

estimated as 0.17.'77 Using these values in Equation 3.5 gives a k™! value of 14.0 days. The

inverse of k' represents the average rate at which individuals leave the hospitalised class,

with k = 0.071. Table 3.3 describes all the SARS-CoV-2 parameters used in the model.

Parameters were chosen for early COVID-19 transmission dynamics to model wild-type

SARS-CoV-2 using estimates from the literature.

Table 3.3 Disease parameters for the SARS-CoV-2 model with the definition, value and references for each.

Parameter | Definition Value Reference
B Transmission coefficient; effective contact rate 0.24 Derived*
a Rate of progression to infectiousness; (mean latent period)! | (3.3 days)' =0.30 178
% Probability of developing symptoms 0.65 166
1-y Probability of remaining asymptomatic 0.35 166
c Symptom development; (mean incubation - latent period)™ (2.6 days)! = 0.38 179
® Probability of hospitalisation given symptoms 0.019 174
l-® Probability of no hospitalisation given symptoms 0.98 17
p Mean rate of leaving symptomatic infectious class (13.2 days)' = 0.076 | Derived'
u Probability of non-survival given hospitalisation 0.17 177
l-p Probability of survival given hospitalisation 0.83 177
K Mean rate of leaving hospitalised class (14.0 days)' = 0.071 | Derived*
Y Mean asymptomatic infectious period™! (9.5 days)' =0.11 180

* Derived using the next-generation matrix method with an R, of 3.28 using Equation 3.3
" Derived using Equation 3.4
* Derived using Equation 3.5
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3.3.3 Assumptions and Definitions

In all modelling studies, certain assumptions need to be made regarding the disease dynamics
and model structure. In this Chapter, we assumed all outbreaks commenced with a single
exposed individual and that transmission in the population was frequency-dependent. Given
the relatively fast transmission dynamics of SARS-CoV-2 infections, demographic effects
such as births, immigration and natural deaths were excluded from the model. For detection
thresholds involving hospitalised cases and deaths, we assumed detection occurred on the day
of the criteria being met. For example, this could include when the first case entered the
hospitalised compartment. This is idealised, as real-world detections of the outbreak will
likely include delays due to diagnostic testing and reporting to public health authorities.”* To
address this, our detection threshold included a “real-world” scenario relevant to the
COVID-19 pandemic, where detection takes place at > four cases in hospital as listed in
Table 3.1. Surveillance for infectious diseases can also occur in non-hospital healthcare
settings and EBS, but because of the variability in testing availability and reporting rates, our
model only considered hospitalised cases and IBS. Deaths could also potentially occur in the
community in various outbreak scenarios, but for simplicity this mechanism to outbreak

detection was excluded from our model.

Outbreak extinction was defined as occurring when there were no persons remaining in the
infected compartments, with the full population in the susceptible, removed or dead classes.
“Small outbreaks” were defined as all outbreaks that went extinct prior to any hospitalised
case. Outbreaks with one or more hospitalised cases were designated as “large outbreaks” for
the analysis. “Total outbreak size” was defined as the cumulative number of cases in the

exposed, pre-symptomatic, infectious symptomatic, hospitalised, dead, recovered and
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asymptomatic compartments. This was equivalent at any point in time to the population size

minus the number of susceptibles.

3.3.4 External Comparison

To externally evaluate the performance of our SEPIR-AHD model, we compared its outputs
with the estimates from a January 2020 study conducted by Imperial College London.'** The
authors estimated that there had been 1,723 symptomatic cases (95% CI: 427-4,471) of
SARS-CoV-2 infections in Wuhan with symptom onset by 12 January 2020. This estimation
was derived from a different approach than used in our study, which considered the
international travel volume from Wuhan and the number of confirmed cases outside of China.
The Imperial study explicitly excluded asymptomatic cases from their analysis, so we

excluded the counts of these types of infections from this portion of the results.

At the time of the Imperial study, there were 41 confirmed hospitalised cases, two deaths, and
three international cases. Thirteen days earlier, on 30 December 2019, there had been four
hospitalised cases in Wuhan and zero deaths.”® To compare the performance of our model
with the Imperial estimate, we considered three metrics: the day of the outbreak, the number
of symptomatic cases, and the number of reported deaths. We utilised the 2019 population of
Wuhan, China of 8,266,000 persons for this portion of the study.'” To determine the total
number of symptomatic cases, we first divided the removed (R) compartment into three
portions: Ry for hospitalised removed, R, for asymptomatic removed, and R, for infectious
symptomatic removed, so each could be separately tracked. “Symptomatic cases” were
defined as the total number of infected individuals who had shown symptoms, including
those in the infectious symptomatic (I), hospitalised (H), dead (D), hospitalised removed (Ry)

and infectious symptomatic removed (R;) compartments by a given day. After running
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100,000 simulations, we reported the median and interquartile ranges (IQRs) for outbreak
day, number of hospitalised cases, number of deaths, total outbreak size and number of

symptomatic cases.

3.3.5 Sensitivity Analysis

Our model, as constructed, returns results specific to SARS-CoV-2 transmission dynamics.
To account for the variability in different disease parameters and the potential impact of these
variations on our model outcomes, we performed a two-way sensitivity analysis. This
involved generating different values for model parameters and comparing across a range of
R, values. For all rates included in the model, 1,000 simulations were run from 1 - 40 days
with a time step of 1 day. For all probabilities, comparisons were made between 2.5 - 100%
with a step of 2.5% for each parameter. These were compared against R, values from 1.1 - 10
with a step of 0.1 for each, with Equation 3.3 solved for B for each R, value. The R, < 1 were
not included because of the altered disease dynamics at these values and the aim of assessing
results in propagating epidemics.'®' By simulating outbreaks with different parameter
combinations, we were able to evaluate the days-to-detection and the size of the outbreak at
the time of discovery for a variety of disease scenarios, including those with characteristics
different from SARS-CoV-2. This analysis allowed us to assess the robustness of our model
and better understand the factors that influence the early detection of novel pathogen

outbreaks.

3.3.6 Public Health Interventions

To assess the impact of public health interventions, we adapted the deterministic
SEPIR-AHD model to simulate different scenarios that involved isolating cases. The

deterministic model was considered appropriate for this stage of the outbreak, as the number
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of infected individuals was large enough for a deterministic approximation. We first
initialised the deterministic model using the median values for each compartment obtained
from the stochastic simulation outputs on the day that 50% of all large outbreaks would have

been detected using > one case in the hospital as the detection threshold.

We simulated three public health intervention scenarios: no intervention, isolate all
hospitalised cases, and isolate all hospitalised and symptomatic cases. The latter represents
the scenario in which public health advice is given to the population for all persons with
symptoms to isolate at home. For simplicity, isolation was assumed to be 100% effective and
reduced the compartment’s respective value of  to zero. For each scenario, we calculated the
final epidemic size, peak epidemic size, time to peak, peak healthcare caseload, total deaths,
and the reproductive number. We also determined the extent to which effective contacts in the
presymptomatic and asymptomatic populations needed to be reduced in order for the
effective reproductive number (R,) to fall below one. This is because when the R.< 1, the

disease incidence will decrease and the outbreak will continue to extinction over time.'®?

3.3.7 Surveillance Strategies

To assess the effectiveness of different surveillance coverage strategies, we used the
hypergeometric distribution to determine the likelihood of outbreak detection on a given day
for each simulation. The sampling frequency of one day was chosen because of previous
research highlighting that short regular intervals between sampling are more important for
outbreak detection than larger sample sizes for fast-moving epidemics.'*” For our study, we
used the hypergeometric distribution to determine the number of people that need to be
sampled each day at random from the population to detect the outbreak on or before the first

hospital presentation and day seven and fourteen of the outbreak.
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In contrast to the binomial distribution, the hypergeometric distribution models the discrete
probability of an event from a finite population without replacement, meaning that each
randomly sampled person is not able to be tested more than once per day. For large
population sizes (N) with small levels of surveillance testing (s), such that s «< N, the
hypergeometric distribution approximates the binomial.'® However, because we aimed to test
a range of testing coverage where this assumption may not hold, the hypergeometric

distribution was deemed appropriate for our research.

To investigate surveillance coverage levels, we used the dhyper function to compute the
discrete probability mass function of the hypergeometric distribution, allowing us to estimate
the probability of the outbreak remaining undetected (P,, cuse derecied ) through not a single case
detected. We then used the complement rule (/ - P,, cuse dereciea ) t0 determine the probability of
detection of at least one case, given the number of tests used per day, the population size, and
the number of days that had elapsed. The number of tests divided by the population size gave
us the surveillance coverage levels needed to detect the outbreak on that day or sooner at a

certain level of probability.

For computational efficiency, we employed a binary search algorithm instead of a serial
search to determine the number of tests needed. The binary search algorithm is an efficient
search method that can operate on a sorted array of elements. Also referred to as the
divide-and-conquer algorithm, this strategy iteratively divides the search interval in half,
comparing the target value with the middle element at each step.'® For our research, the
target value was the first (minimum) day at which 50% of the outbreaks will have been

detected for a given surveillance coverage level. When the target value matches the middle
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element, the search is successful. If the target value is less or greater than the middle element,
the search interval is updated to the lower or upper half, respectively, discarding the irrelevant
portion. This process continues until the target value is found. The binary search algorithm is
highly efficient, as it reduces the search interval by half with each iteration, resulting in a
logarithmic time complexity of O(log n), where n is the number of elements in the array.
This makes binary search significantly faster than linear search, which has a linear time
complexity of O(n). Using this approach, we could efficiently estimate the coverage level

needed in a 100,000 person population at the granular level of one test per person per day.

The day of detection and size at outbreak discovery were reported for different coverage
levels, ranging from 0.001% of the population (representing one person tested per day at
random in a population of 100,000) up to 100% coverage. Small outbreaks, which went
extinct prior to any hospital presentation, were excluded from this portion of the analysis. For
simplicity, testing was assumed to have 100% sensitivity and specificity and take place at
random in the population without replacement, ignoring the complexities introduced by false
positive and false negative results. The minimum surveillance coverage level needed to detect
25, 50, 75 and 90% of outbreaks before the first case presentation to hospital were
determined across a range of disease parameters. This represents what would be required to
surpass the most optimal form of current surveillance detection. Because some public health
systems may desire a time target instead of beating the current system of detection, these
results were repeated with a 7, 14 and 28-day goal of detecting the outbreak since the first

case exposure event.

As this study did not involve human research subjects, ethics approval was not required.
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Section 3.4 Results

3.4.1 Model Output

We ran 100,000 simulations of the stochastic model in a population of 100,000 persons over a
time period of 600 days in RStudio with R Version 4.2.2.'* For each compartment, the
median trajectory outputs and IQRs for the first 300 days are shown in Figure 3.4. Out of
100,000 simulations commencing with a single exposed infected person, 26.19% of
trajectories end without a single hospital presentation. We refer to these simulations as "small
outbreaks" as they have a median size of one infected person (IQR: 1 - 1) and a maximum of
17 total infections. In small outbreaks, epidemic extinction occurs at a median time of 8 days
(IQR: 5 - 13 days). In Figure 3.4, we include the deterministic model output for comparison
using the same parameter values and initial starting conditions. As can be seen, the
deterministic model follows a similar trajectory to the median stochastic output, but with the
growth phase shifted left to earlier time points before converging at later time points. This is
due to the predominance of the inherent randomness within the stochastic model at the early
stages leading to output differences, in particular, where some stochastic outbreaks become
extinct in this early stage. The central limit theorem takes effect after the outbreak reaches a
greater size given the large number of simulations. When small outbreaks are excluded, the

median values of the stochastic model align with the outputs of the deterministic model.
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Figure 3.4 Stochastic model output of the number of individuals in each compartment over the first 300 days
after running 100,000 simulations, with median (dotted line) and IQR (shaded area) for each compartment after
seeding with a single exposed person in a population of size 100,000. The deterministic model outputs (solid
lines) are also depicted for comparison with the same parameter values and initial starting conditions. On the
right, displayed is a zoomed plot of the Hospitalised (H) and Dead (D) compartments, which are the two
compartments where infected cases can be detected in the early stages with current surveillance. S: Susceptible
in green; E: Exposed in purple; P: Pre-symptomatic in orange; I: Infectious symptomatic in yellow; R: Removed
in brown; A: Asymptomatic in pink; H: Hospitalised in red; D: Dead in blue; IQR: Interquartile Range.
For “large outbreaks” that persist until at least one hospitalisation, the median final epidemic
size is 95,662 total infected individuals (IQR: 95,601 - 95,722), with a maximum of 96,015 in
the 100,000-person population. Large outbreaks have a median epidemic duration of 301
days (IQR: 287 - 317) and a maximum of 477 days. The median peak size of large outbreaks
is 35,191 infected persons (IQR: 35,029 - 35,350), occurring on day 113 (IQR: 107 - 121)
since the initial infection. In 99.81% of the large outbreak simulations resulting in at least one
hospitalisation, the epidemic continues on to at least two hospitalised cases. From these,
100% of the simulations continue to grow and meet the other detection thresholds outlined in
Table 3.1, resulting in five or more hospitalisations and at least two deaths. This implies that

once the outbreak reaches a single hospitalisation, in almost all simulations the epidemic

continues to increase in size and eventually reach and surpass the other detection thresholds.
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3.4.2 Outbreak Detection

We calculated the time between outbreak commencement and discovery for each of the
detection thresholds specified in Table 3.1. Figure 3.5 depicts the cumulative probability of
outbreak detection across all 100,000 simulations. As can be seen, the detection thresholds
used by various countries result in different delays to discovery. However, these asymptote
near the same outbreak detection probability, reflecting that 26.19% of outbreaks go extinct
before at least one hospitalisation takes place, as was highlighted previously. This implies
that around a quarter of small outbreaks may emerge and go extinct before detection occurs

with current surveillance relying on hospital-based detection.
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Figure 3.5. Cumulative probability of outbreak detection over time since the outbreak commenced. The seven
different detection thresholds are depicted with colours as shown. Cases are the number of individuals in the
hospitalised (H) class, while the dead are the number of individuals in the dead (D) class. The black dotted lines
represent when 50% of outbreaks will be detected and the maximum probability (73.81%) of detection across all
100,000 simulations.

Figure 3.6 displays the cumulative probability of detecting the epidemic for all large

outbreaks across the seven different detection thresholds. This plot is similar to Figure 3.5,
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but after excluding small outbreaks that go extinct before at least one hospitalisation, there is
a slight shift to the left to early discovery time points. As the number of cases or deaths
required to trigger detection increases, so does the delay between outbreak commencement
and detection. Interestingly, when the detection threshold is > one death, the cumulative
probability of detecting the outbreak on a given day initially exceeds that of some case-based
detection thresholds, with the exception of > one case in the hospital. This is because in a
proportion of outbreak scenarios, a death can occur in one of the early hospitalised cases

before, for example, four or five presentations.
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Figure 3.6. Cumulative probability of epidemic discovery over time comparing seven detection thresholds.
Plotted are all large outbreaks where the threshold of at least one hospitalisation is met, which total 73,808
simulations. Cases are the number of individuals in the hospitalised (H) class, while the dead are the number of
individuals in the dead (D) class. The black dotted lines depict when 50% and 90% of outbreaks will have been
detected for a given detection threshold.

The cumulative probability of outbreak discovery for a given epidemic size is shown in
Figure 3.7 for each of the seven detection thresholds. On the left, the total outbreak size is

unscaled, while on the right, the x-axis has been log,, transformed. As can be seen, after
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transformation, the size at detection follows a similar trajectory to the time-to-detection as
seen in Figure 3.6. This is a reflection of the exponential growth in epidemic size over time.
There is stochastic noise visible at lower total outbreak sizes. Because this plot considers total

outbreak size, it was not necessary to exclude small outbreaks from the analysis.
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Figure 3.7. Cumulative probability of epidemic discovery over total outbreak size comparing seven detection
thresholds for all 100,000 simulations. Cases are the number of individuals in the hospitalised (H) class, while
the dead are the number of individuals in the dead (D) class. A) Unscaled original plot. B) Log,, transformed
x-axis (total outbreak size). The black dotted lines depict at what outbreak size 50% and 90% of epidemics will

have been discovered for a given detection threshold.
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The summaries of time to outbreak detection and size at discovery for the different thresholds
are shown in Table 3.4. As can be seen, 50% of outbreaks which result in one or more
hospitalised cases will be detected by day 46. For the same detection threshold, 90% of
outbreaks are detected by day 64. For each additional case added to the detection threshold,
the time-to-detection increases, however, this becomes narrower with each step. For the
threshold of > one dead, 50% of outbreaks will be detected after > five cases have presented
to a hospital (70 vs 67 days) but the wider IQR for > one dead indicates that 25% of
outbreaks will be detected on day 60 for both when the threshold is > one dead or > five cases

in hospital. As seen in Figure 3.6, at outbreak detection probabilities lower than 25%, the >

73



Chapter Three

one dead detection threshold is more likely to result in discovery on a given day than > five
cases in hospital. This reflects the dynamics of the model, where in some trajectories an early

hospitalised case dies before several presentations to a hospital have had a chance to occur.

Table 3.4. Time to outbreak detection since and size at discovery, for seven different detection thresholds. Cases
are the number of individuals in the hospitalised (H) class, while the dead are the number of individuals in the
dead (D) class. The median (IQR) represents when 50% (25-75%) of outbreaks have been discovered, with the
values for when 90% of outbreaks have been detected also provided. IQR: Interquartile Range.

Time to Outbreak Detection (Days) Outbreak Size at Detection (Total Infected)

Detection Threshold

Median (IQR) 90% Median (IQR) 90%
>1 case 46 (36 —55) 64 155 (57 -321) 540
>2 cases 56 (48 — 64) 73 509 (294 — 806) 1,150
>3 cases 61 (54 -69) 78 879 (571 - 1,276) 1,716
>4 cases 64 (58 —72) 81 1,253 (874 — 1,734) 2,236
>5 cases 67 (60 —75) 83 1,635 (1,187 - 2,179) 2,757
>1 dead 70 (60 — 80) 89 1,844 (474 — 4,103) 7,032
>2 dead 78 (71 - 87) 96 5,509 (3,235 - 8,661) 12,173

The size at outbreak detection increases significantly across the different detection thresholds.
As can be seen in Table 3.4, 50% of outbreaks will be detected at > one case in a hospital
when the epidemic size is 155 total infected. For the same threshold, 90% of outbreaks will
have been detected by the point that 540 total have been infected. If the detection threshold is
> one dead, 50% of outbreaks will be detected when the outbreak size is 1,844 individuals,

with 90% detected when the outbreak has reached a cumulative 7,032 individuals infected.

3.4.3 External Comparison

To compare our model with the Imperial College London 12 January 2020 estimate of 1,723
cumulative symptomatic cases (95% CI: 427-4,471), three metrics were used: the day of the

outbreak, the total number of symptomatic cases since outbreak commencement, and the
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number of reported deaths. In our model, 50% of outbreaks were detected with > four
hospitalised cases by day 64 of the outbreak as seen in Table 3.4. This implies a median
outbreak commencement date of the index case on 27 October 2019 (IQR: 23 October - 6
November 2019). This aligns with two modelling studies estimating the index case for
SARS-CoV-2 having occurred between mid-October to mid-November 2019.'**'*! Using the
median commencement date in our model, 12 January 2020 would be day 77 of the outbreak.
At this stage, there were 41 hospitalised cases and two deaths that had been reported by

Wauhan authorities.'*

All three metrics are compared as shown in Table 3.5. The population used was 8,266,000
persons, the 2019 population of Wuhan, China.'”® As can be seen, by all three scenario
metrics examined, the median number of symptomatic cases that the model predicts falls
within the 95%CI range of the Imperial estimate (427-4,471 symptomatic cases by 12
January 2020).'** All outcome measures in our model are in agreement with what was known
at the time about hospitalised cases and deaths, with the one exception that our model
estimates that by the time there are two deaths, there have been only 22 (IQR: 11-38)
hospitalised cases total, which is lower than the 41 hospitalised cases reported in Wuhan at
the time. However, 41 hospitalised cases are still within our full model bounds, which has a
range of 2 - 224 hospitalised cases over 100,000 simulations by the time there have been two

deaths.
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Table 3.5. External comparison of SARS-CoV-2 stochastic model outputs with an estimate by Imperial using
three metrics: outbreak day, cumulative number of hospitalised cases and number of deaths known as of 12
January 2020. The cumulative number of symptomatic cases predicted by our model are in bold, to compare
with the main estimate used in the Imperial study (427-4,471 symptomatic cases by 12 January 2020).!> IQR:
Interquartile Range.

Day of Hospitalised . Cumulative
Metri Outbreak Cases Total DS Lol Oibree <z Symptomatic Cases
etric
Median (IQR) | Median (IQR) | Median (IQR) Median (IQR) Median (IQR)
Day 77 - 23 (10 - 43) 1(0-3) 5,007 (2,283 - 6,841) | 1,865 (852 - 3,527)
41 Cases* | 83 (77-90) - 3(2-4) 9,450 (8,471 - 10,497) | 3,522 (3,157 - 3,911)
2 Deaths 78 (71 - 87) 22 (11 - 38) - 5,779 (3,312 -9,297) | 2,153 (1,233 - 3,466)

* Cumulative number of hospitalised cases, representing the total number of cases known to public health
authorities at the time

These results imply that during the early stage of the emergence of a SARS-CoV-2 type of
outbreak, the number of total cases likely greatly exceeds the number known in hospitals.
This includes both symptomatic and total numbers of outbreak cases. In addition, the

outbreak has likely been going on for a longer period of time than initially recognised.

3.4.4 Sensitivity Analysis

A sensitivity analysis was conducted to see how the main results of the time-to-outbreak
detection and size at discovery varied based on different disease parameters. First, the
parameters were varied to determine the time-to-detection of greater than one hospitalised
case, as shown in Figure 3.8. As can be seen, for each parameter, higher values of R,
decrease the time-to-detection. This is because, with other factors held constant, increasing
the R, will accelerate the epidemic and decrease the time to first hospital presentation. For a
given Ry, the longer the latent or asymptomatic infectious period of a disease, the time to
outbreak detection increases. This is also true for greater lengths of time for symptom
development or time spent in the symptomatic infectious class. Diseases with a low

probability of symptoms and hospitalisation have larger delays in detection time. The length
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of time in the hospitalised class and the probability of death do not impact time-to-detection

for a given R, value when detection is determined by the first hospitalised case.

10

Figure 3.8. Two-way sensitivity analysis heatmaps depicting the number of days to detection through the first
case presentation to hospital for eight parameters against different values of R,. The stochastic model was run
for 1,000 simulations for each parameter and R, value with other components held constant. Each pixel reflects
a given set of parameter values and the colours represent the median time from outbreak commencement to
detection through the first hospital presentation for all large outbreaks, with blue representing a shorter detection
time and red representing a longer detection time. The asterisks (*) depict the parameter values for the base
SARS-CoV-2 model. Italics represent the maximum and minimum detection day. A: The length of the latent
period (a!) in days vs R,; B: The probability of developing symptoms (y) vs Re; C: Length of time for
symptom development (¢™') in days vs Ry; D: Length of time in symptomatic infectious class (p') in days vs Ry;
E: The probability of hospitalisation given symptoms (®) vs Ry; F: The asymptomatic infectious period (y') in
days vs Ry; G: The probability of death given hospitalisation (p) vs Ry; H: The length of time in the
hospitalisation class (k') in days vs R,.
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The outbreak size at the time of detection is depicted in Figure 3.9 after conducting a log;,
transformation of the results. For all eight parameters examined, increasing the R, increases
the total epidemic size at the point of detection. When combined with the results seen in
Figure 3.8, some interesting trends emerge. Given the exponential growth in epidemic size in
the early stages, high R, outbreaks will lead to earlier detection through accelerating the time
to first hospital presentation; however, the outbreak size at discovery will be significantly
larger. A pathogen with a longer latent or symptom development period increases the
time-to-detection, but the outbreak size at the stage of discovery does not significantly
increase. Diseases with a lower probability of symptoms or hospitalisation can grow to large
sizes before detection will take place when the threshold requires hospital presentation. The
length of time in the hospitalised class and the probability of death do not affect the outbreak

size at discovery for a given R, value.
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Figure 3.9. Two-way sensitivity analysis heatmaps depicting the log,, transformed size at detection for eight
varied parameters against different values of R,. The stochastic model was run for 1,000 simulations for each
parameter and R, value with other components held constant. Each pixel reflects a given set of parameter values
and the colours represent the median total outbreak size at detection through the first hospital presentation for all
large outbreaks, with blue representing a smaller size and red representing a larger size. The asterisks (*) depict
the parameter values for the base SARS-CoV-2 model. Italics represent the maximum and minimum size at
detection. A: The length of the latent period (o') in days vs Ry; B: The probability of developing symptoms ()
vs Ry; C: Length of time for symptom development (¢") in days vs Ry; D: Length of time in symptomatic
infectious class (p™') in days vs Ry; E: The probability of hospitalisation given symptoms (®) vs R; F: The
asymptomatic infectious period (y™') in days vs R,; G: The probability of death given hospitalisation (1) vs Ry;
H: The length of time in the hospitalisation class (k') in days vs R,,.
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3.4.5 Applying Public Health Interventions

Next, an investigation was undertaken to determine whether isolation of all hospitalised cases
(H) or both hospitalised and infectious symptomatic cases (H + I) could control a
SARS-CoV-2 outbreak, defined as a R, < 1. Isolating all hospitalised cases with 100%

effectiveness will render BH = 0 and produce a R, as shown in Equation 3.6. Additionally,

isolating all symptomatic cases, such as through public health messaging advising all persons

with symptoms to self-isolate, will mean that 3 = 0 as well, giving the R, expression as

shown in Equation 3.7. The median day where 50% of all large outbreaks have had at least
one hospitalised case was extracted from the stochastic model which was Day 46 since the
first index infection. We then initiated the deterministic model with the median values in each

SEPIR-AHD compartment derived from the stochastic model from this date onwards.

R o= B, W + B, W B B, W-1) (3.6)
¢ o p Y
_ By B, W-D) 3.7)
R, = — = "

As can be seen in Table 3.6, isolation of only the hospitalised cases has a minimal to no effect
on the final epidemic size, peak epidemic size or time to peak, the peak hospital caseload,
total deaths or R, when compared with no intervention. This is likely due to the small number
of hospitalised cases compared to the total number of infectious individuals. Isolating all
symptomatic cases, which includes all persons in the I and H compartments, reduces the final
epidemic size from 95.7% of the population to 30.5% of the population and significantly
reduces the peak size from 36.3% to 2.3%. The time to the peak more than doubles from 114

days to 276 days, and the peak hospital caseload decreases from a maximum of 0.44% of the
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population to 0.036% of the population. The total deaths incurred decreased from 0.31% of
the population to 0.10% of the population. Although the R, reduces from 3.28 to 1.19, it does
not fall below the critical value of 1.0, indicating the outbreak will not go extinct with these
public health strategies alone, even under the idealised assumption of perfect isolation of all

symptomatic and hospitalised cases.

Table 3.6 Deterministic model outputs comparing three public health intervention scenarios.

Public Health Final Peak Time to Peak Total Reproductive
Intervention Epidemic Epidemic Peak Hospital Deaths* Number"
Scenario Size* Size* Caseload*
% % Days % % Ryor R,
1. No intervention 95.7 35.2 113 0.44 0.31 3.28

2. Isolate all

hospitalised cases 953 34.9 114 0.44 0.31 3.22

3. Isolate all
hospitalised and 30.5 2.3 276 0.036 0.10 1.19

symptomatic cases

* As a proportion of the total population 100,000 persons

T Basic reproductive number (R,) for no intervention and effective reproductive number (R,) for all other
scenarios with isolation-based public health interventions. For Scenario 2, the R, equation is shown in
Equation 3.6 while for scenario 3 the R, equation is shown in Equation 3.7.

If we assume that BP = = B we can determine the amount by which we need to reduce

effective contact rate in the presymptomatic and asymptomatic populations in order for the
reproductive number to fall R, <1 in the scenario in which all symptomatic cases are
isolated. First, Equation 3.7 can be rearranged, and then solved for B as shown in

Equation 3.8.

R B0 -5
befr) -
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Using the SARS-CoV-2 parameter values presented in Table 3.3, this implies that 3 needs to
be reduced from 0.24 to less than 0.20 for the outbreak to die off even when perfectly
isolating all symptomatic and hospitalised cases. Such a decrease in the effective contact rate
would need to be achieved through additional public health intervention strategies that target
asymptomatic and pre-symptomatic cases, such as contact tracing with quarantine, social

distancing mandates, or population-level lockdowns.

3.4.6 Surveillance Coverage Strategies

Different surveillance strategies were compared to determine the coverage level required to
detect the outbreak at different time points and total sizes. Figure 3.10 depicts six surveillance
coverage levels against the detection threshold of > one case in hospital. If surveillance
coverage is 0.1% of the population, the median (IQR) time-to-detection is 43 (35 - 49) days,
while at 1% this decreases to 23 (16 - 29) days. In order to detect 50% of SARS-CoV-2
outbreaks at a time point at or before the first case presents to a hospital, the minimum
surveillance level required is 0.069% (IQR: 0.028 - 0.139%). This means in a population of
100,000 that 69 people (IQR: 28 - 139) need to be tested per day at random in order to detect
the outbreak before the median time point at which detection occurs with one or more people
in hospital. To detect 90% of outbreaks before the first presentation, this increases to 235

people per day in a population of 100,000.

82



Chapter Three

<
(o]
r

— 100%

— 10%

— A

- 01%
0.01%
0.001%

o
..E1° 1.004
2 90%
m _— | | _— _— | | HE— | _— D |
[
=
S
=075
L
=
F
g
3 _ _ 50%
©
a Detection Threshold
8 = >1 case
2 Surveillance Coverage
=
%)
p—
oy
x
=
(4}
o]
o
—
(a B

i

=1

S
!

0 50 100 150
Days Since Outbreak Commenced

Figure 3.10 Probability of SARS-CoV-2 outbreak detection vs epidemic day for all large outbreaks comparing
the detection threshold of > one case in hospital to six different surveillance coverage levels on a log,,scale
from 0.001% to 100%. The black dotted lines represent when 50% and 90% of outbreaks will have been

detected on a given day.

In contrast with the above results, to detect 50% of outbreaks by the time there are four
hospitalised cases, as was the case at the time of first detection of SARS-CoV-2 in December
2019, 0.01% (IQR: 0.004 - 0.02%) of the population need to be tested per day. In a
population of 100,000 people, this equates to 10 people tested per day. To detect 90% of
outbreaks before the time there are four hospitalised cases, 0.034% need to be tested per day,

or 34 out of a 100,000 person population.

In Figure 3.11, the probability of outbreak detection for a given total outbreak size is
compared for all large outbreaks. As can be seen, when the total outbreak size is log,
transformed, the plot follows a trajectory similar to what was seen in Figure 3.10. At smaller
outbreak sizes, there is greater stochastic noise. At 0.1% surveillance coverage, the median

total size when 50% of the outbreaks will have been detected was 124 (IQR: 52 - 238)
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cumulative infections. In contrast, with 1% surveillance coverage, 50% of outbreaks will be

detected by 14 (6 - 27) total infections.
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Figure 3.11 Probability of outbreak detection over the median total outbreak size for all large outbreaks
comparing the detection threshold of > one case in hospital to six different surveillance coverage levels on a
log,scale from 0.001% to 100%. The black dotted lines represent when 50% and 90% of outbreaks will have
been detected at a given total outbreak size. A) Original unscaled plot. B) Log,, transformed x-axis total
outbreak size.

In Figure 3.12, the median day of outbreak detection is shown for different levels of
surveillance coverage. For comparison, the median day of outbreak detection using
traditional hospital-based surveillance is included with the detection threshold set to > one
case in the hospital, or day 46. As can be seen, the surveillance coverage level required to
detect the outbreak follows an exponential decay trajectory. When plotted against outbreak
detection size, as shown in Figure 3.13, outbreak detection follows a power law distribution

and is approximated to be linear on a log-log plot.
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Figure 3.12 Day of outbreak detection vs surveillance coverage level. The solid blue line represents the median

value with the IQR in shaded blue. The black dotted line represents the median detection day using the detection
threshold of > one case in hospital (day 46). A) Non-transformed data. B) Log,, transformed x-axis surveillance

coverage.
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Figure 3.13 Outbreak size at detection vs surveillance coverage level. The solid line represents the median value
with the IQR in shaded blue. The black dotted line represents the median detection size using the detection
threshold of > one case in hospital (155 total infections). A) Non-transformed data. B) Log,, transformed x-axis
surveillance coverage. C) Log-log transformation of both surveillance coverage and outbreak size.

To generalise the results beyond the transmission dynamics of SARS-CoV-2 infections,
heatmaps of variable parameters against R, are depicted in Figure 3.14. Each pixel represents
the surveillance coverage levels needed to detect the outbreak on or before the first case
presents to the hospital, for random testing conducted daily in the population without
replacement. Generally, the higher the R, the lower the coverage level required to detect the
disease. Changes in the latent period had a mild impact on the surveillance level needed. In

contrast, changes in symptom and hospitalisation probability had a significant impact, with
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higher values requiring larger numbers of tests each day. Changes to the length of time in the
hospitalisation class and probability of death did not significantly change the coverage level

required for a given R, value.
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Figure 3.14 Two-way sensitivity analysis heatmaps depicting the log,, transformed minimum coverage level
required to detect the outbreak before the first case presentation to hospital for eight varied parameters against
different values of R,. The stochastic model was run for 1,000 simulations for each parameter and R, value with
other components held constant. Each pixel reflects a given set of parameter values and the colours represent the
minimum surveillance coverage level needed to detect the outbreak, with blue representing a smaller coverage
level needed and red indicating a larger coverage requirement. The asterisks (*) depict the parameter values for
the base SARS-CoV-2 model. Italics represent the maximum and minimum coverage level. A: The length of the
latent period (a') in days vs Ry; B: The probability of developing symptoms (y) vs R,; C: Length of time for
symptom development (¢™') in days vs Ry; D: Length of time in symptomatic infectious class (p') in days vs Ry;
E: The probability of hospitalisation given symptoms (®) vs Ry; F: The asymptomatic infectious period (y') in
days vs Ry; G: The probability of death given hospitalisation (p) vs Ry; H: The length of time in the
hospitalisation class (k') in days vs R,
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Finally, the surveillance coverage levels needed to detect the outbreak at 28 days or earlier
were derived for different parameter values. This was completed because a specific target
time may be desired by a public health system instead of surpassing the time-to-detection
through surveillance which relies on hospital presentations. The results are shown in

Figure 3.15. As can be seen, diseases with longer latent periods need greater surveillance
coverage, with requirements up to 8.81% of the population for a latent period of 40 days.
Increasing the symptom and hospital probability had a small but notable effect on increasing
the coverage levels required. This is because, in the model, this increases the proportion of
individuals who proceed into the symptomatic and hospitalised classes and thus results in a
larger force of infection as defined in Equation 3.1 for a given value of 3, derived from a

given value of R,,.

When Figure 3.15 1s compared with Figure 3.14, some interesting findings emerge. When the
target for detecting the outbreak is based on discovery before the first case presentation to
hospital, the R, value has a greater effect than the length of the latent period or asymptomatic
infectious period; however, when the target is 28 days, the opposite is true. To discover the
outbreak before the first case in hospital, the symptom and hospitalisation probabilities alter
the surveillance coverage levels needed more than the R, value, but when the target is 28
days, the R, value has a greater impact. For both types of surveillance targets, increasing the
length of time in the hospitalisation class and probability of death did not significantly change

the coverage level required for a given R, value.
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Figure 3.15. Two-way sensitivity analysis heatmaps depicting the log,, transformed minimum coverage level
required to detect the outbreak within the first 28 days for eight varied parameters against different values of R,.
The stochastic model was run for 1,000 simulations for each parameter and R, value with other components
held constant. Each pixel reflects a given set of parameter values and the colours represent the minimum
surveillance coverage level needed to detect the outbreak, with blue representing a smaller coverage level
needed and red indicating a larger coverage requirement. The asterisks (*) depict the parameter values for the
base SARS-CoV-2 model. Italics represent the maximum and minimum coverage level. A: The length of the
latent period (a') in days vs Ry; B: The probability of developing symptoms (y) vs R,; C: Length of time for
symptom development (¢™') in days vs Ry; D: Length of time in symptomatic infectious class (p') in days vs Ry;
E: The probability of hospitalisation given symptoms (®) vs Ry; F: The asymptomatic infectious period (y') in
days vs Ry; G: The probability of death given hospitalisation (i) vs Ry; H: The length of time in the
hospitalisation class (k') in days vs R,.

For SARS-CoV-2, to detect 50% of outbreaks at 28 days or earlier, at least 0.51% (IQR: 0.21

- 1.04%) of the population need to be tested at random each day. This equates to 511 or more
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people being randomly tested daily in a population of 100,000. In order to detect 90% of
outbreaks by 28 days or earlier, 1,752 people need to be randomly tested every day, or 1.75%
of the population. If we decrease the time target to 14 days, 50% of outbreaks will be
detected if we conduct surveillance testing on at least 3.13% (IQR: 1.30 - 6.28%) of the
population per day. We can detect 90% of outbreaks by day 14 if 10.49% of the population is
tested at random every day. If the time target is 7 days, 50% of outbreaks will be detected by
this time point if 11.66% (IQR: 4.90 - 22.81%) of the population is tested per day, with 90%

detected if 36.71% of the population is tested per day.

Section 3.5 Discussion

Our study investigated novel pathogen outbreak detection and surveillance using a range of
modelling techniques. We employed a stochastic SEPIR-AHD model, initially parameterised
to SARS-CoV-2 transmission dynamics, and explored the probability of outbreak discovery
for different thresholds utilised by countries around the world. Our results focused on two
key public health metrics: the time-to-detection and total outbreak size at discovery. After
externally comparing our model to an early estimate in the literature and investigating the
effect of potential public health interventions, we explored how our results change across a
range of disease parameters. Finally, we analysed random testing in the population to
determine the surveillance coverage levels needed to detect a novel pathogen outbreak before

the first case presentation to hospital, and within seven, 14 or 28 days of the first exposure.

Our results show that while almost all SARS-CoV-2 outbreaks which grow large enough to
have at least one hospitalised case go on to have five or more hospitalised cases and two or
more deaths, countries with larger detection thresholds will have an increased delay to

detection and greater outbreak size at discovery. This provides an imperative for countries to
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aim for detection at the first case presentation to hospital rather than other thresholds, given
that for outbreaks of novel pathogens like SARS-CoV-2, by the time this criterion is met, it is
unlikely the outbreak will go extinct without public health interventions. Mitigation strategies

will also be more likely to succeed if the outbreak is detected at an earlier stage.**

In our SARS-CoV-2 model, 50% of large outbreaks will have one or more hospitalised cases
by day 46, at which stage 155 individuals will have been infected with the virus. If outbreak
detection does not take place until there are > four cases in hospital, as was the case with
COVID-19, our model shows that 50% of outbreaks are detected by day 64, at which stage
the outbreak has already infected 1,253 individuals. If this detection threshold is used, this
implies SARS-CoV-2 style outbreaks will likely have a larger than two-month delay between
outbreak commencement and discovery, and a greater than 300-fold increase in the number of

total infections compared with the known cases at time of detection.

Our findings underscore that in most novel pathogen outbreak scenarios similar to the first
emergence of SARS-CoV-2, the actual outbreak size is notably larger than the number of
known cases if the only infections visible to public health authorities are symptomatic
hospitalised cases and deaths. In addition, our model results suggest that relying solely on
symptomatic presentation to healthcare facilities for detection can considerably delay the
identification of novel pathogen outbreaks. Our model outputs align with an early estimate of
the total number of symptomatic cases by Imperial College London which employed a

different strategy to estimate the outbreak size, reinforcing the confidence in our results.'*

Through conducting a sensitivity analysis where model parameters were varied, we

demonstrated that diseases with a high R, will result in earlier detection. This makes sense
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because, for a given set of parameter values, increasing R, will increase the number of people
infected at each generation and accelerate the epidemic, decreasing the time to the first
presentation at healthcare facilities and therefore detection. However, we demonstrate that
this is also accompanied by an increase in epidemic size at the point of discovery, meaning
that despite being discovered earlier, high R, outbreaks will be less containable even with
immediate response actions undertaken. Diseases with a longer latent, symptomatic and
asymptomatic infectious period and will have a greater time-to-detection but will not
necessarily be greater in size at outbreak discovery for a given value of R,. Infections with
lower symptom or hospitalisation presentation probability will have both a delayed detection
and larger outbreak size at discovery because detection using current surveillance relies upon

healthcare presentation, which in turn relies on the values of these two parameters.

Our results showed that for outbreaks with SARS-CoV-2 transmission dynamics, even with
perfect isolation of hospitalised cases or all symptomatic cases, the R, will not fall below the
critical value of one. Isolating symptomatic individuals, however, can reduce the final
epidemic size and peak hospital caseload, potentially preventing health system overwhelm
and allowing time for other interventions to be implemented. This finding has significance for
public health planning, implying that additional intervention strategies will need to be
deployed to curtail epidemic growth. This is because the outbreak can continue to propagate
through asymptomatic and pre-symptomatic transmission alone. Indeed, for the COVID-19
pandemic, population-level lockdowns were imposed in multiple countries to control

transmission for this reason.'®

These results highlight the need for additional surveillance strategies to detect novel pathogen

outbreaks. If the outbreak is discovered early at a smaller size, local population restrictions
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could be sufficient to contain the outbreak.'*®'*” Our analysis of surveillance coverage
provides valuable insights into the levels of random testing required for early outbreak
detection which could allow for timely public health interventions. To detect 50% of
SARS-CoV-2 outbreaks before the first case presents to a hospital, 0.069% of the population
needs to be tested daily. When generalising the results for various disease parameters, we find
that diseases with higher R, values require lower surveillance coverage levels for early
detection before the first case presentation to hospital. Greater levels of testing would be

required for diseases with a high symptom or hospitalisation probability.

If public health authorities aim to detect a novel pathogen outbreak within a certain time
limit, such as within 28 days of the first case exposure, the level of surveillance coverage
would be significantly greater. To detect 50% of SARS-CoV-2 outbreaks within 28 days, at
least 0.51% of the population need to be tested at random each day. The coverage level
required would be significantly higher for diseases with a longer latent period. This may not
be feasible if conducted through individual testing in the population. However, there have
been recent advances in wastewater detection of outbreaks.'**'® Surveillance over a large
portion of the population may be achievable through this form of sampling, as samples are
essentially pooled from a given population in wastewater. However, more research needs to
be done to determine if pathogen-agnostic sequencing could be sensitive enough to classify
genomic reads from this form of testing.'”® At very low prevalence levels, as would be the
case in the early stages of a novel disease outbreak, it is unclear whether metagenomic
sequencing would be able to detect a new pathogen signal through the background noise
inherent to this type of sample. Modifying the model to account for test sensitivity and

detection through wastewater could offer valuable insights.
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While some novel diseases may be detectable through population-level surveillance, those
with a long latent period may prove the most challenging given high levels of coverage
required to detect within a given timeframe. However, while detection may be delayed, our
results show that the outbreak size at discovery would not necessarily increase with
prolonged latent periods, given a specific R, value. This means that by the time it is
eventually detected, diseases with this characteristic may still be discovered in time for public
health interventions to have a positive effect on reducing morbidity and mortality. However,
delays to detection also allow for spread to new geographical locations, and thus can
complicate the public health response. This information can help public health authorities
design surveillance strategies that consider differing characteristics of emerging pathogens. In
addition, our results demonstrated significant differences in the parameter effects on the
coverage levels required if the surveillance target is based on detection of the outbreak before
the first case presentation to hospital or within a specified time target. For example, the
length of the latent period had a greater impact than the R, value on coverage levels when the
target was 28 days, while the opposite was true if the target was to discover the outbreak
before the first hospital presentation. These differences are important to consider when

choosing between different public health targets for surveillance system design.

3.5.1 Strengths and Limitations

This study benefited from the ability to model a novel pathogen outbreak based on a
real-world event of a new disease emergence with SARS-CoV-2 parameters published in the
literature. We showed that our results are robust upon external comparison with research
using a different methodological approach, increasing confidence in our model design. Our
work investigated novel approaches to public health surveillance, providing a useful starting

point to examine potential applications of population-level testing using pathogen-agnostic
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detection for future outbreaks. Our model results provide a preliminary set of population
coverage targets that would need to be achieved under idealised conditions, and these could

be investigated through a future cost-benefit analysis to assess feasibility.

There are some limitations to this study. First, the model assumes that the outbreak begins
with a single exposed individual and does not consider scenarios such as simultaneous
multiple exposures, which could lead to different results through an accelerated early stage of
the outbreak. Second, the model does not consider the potential impact of different effective
contact rates for the four infected classes. Thirdly, the model does not account for test
sensitivity and the cost of implementing background population surveillance, factors highly
important for the design of a new detection system for novel diseases. Lastly, our model was
designed based on SARS-CoV-2, and while our two-way sensitivity analyses offer insights
into how variations in the parameters change the outputs of the model, the results obtained
are not fully applicable to some diseases without a change in model structure or varying

greater than two parameter values simultaneously.

The current model operates under the assumption hospitalisation or death from a new disease
1s not missed and detected without delay. In reality, some presentations of a new disease may
be missed (e.g., classified as viral pneumonia without definitive diagnosis) and the ones that
are not will likely have a reporting delay, such as through waiting on laboratory processing of
results. We partially address this by including the detection threshold of four or more
hospitalised cases in our model, to represent the scenario faced during the discovery of the
first SARS-CoV-2 cases. Our model does not account for various factors that could influence

the detection of a new disease, such as unusual or unique symptoms, mimicry with other

94



Chapter Three

diseases, and discovery through EBS systems. These factors could significantly impact the

sensitivity and timeliness of novel disease detection.

3.5.2 Future Research Directions

Previous work has highlighted the importance of three factors for early detection: population
coverage, sampling frequency and test sensitivity.'® Our work has focused on population
coverage, while previous research has been completed on the importance of sampling
frequency."”’ Future work could focus on incorporating test sensitivity into our detection
model, accounting for the potential of false negatives during surveillance. This will require
further empirical research into the sensitivity of mNGS-based detection for novel pathogens.
Determining detection specificity would also be useful to estimate how often a new
surveillance system may need to respond to false positive outbreak signals, which could

impact resource requirements and implementation cost.

We varied our model parameters against a range of R, values, but given a large number of
degrees of freedom when it comes to transmission dynamics between diseases, future
research could investigate the importance of other parameter comparisons, such as between
the latent period length and hospitalisation probability. Re-parameterisation of the model for
other known infectious diseases could also lead to further insights, although this may require
different model structures (such as removal of the pre-symptomatic compartment) depending

on the pathogen transmission dynamics in question.

We could also expand our model into a more comprehensive network system. This would
allow us to assess the potential outbreak size by the time a case has spread between

jurisdictions with different novel disease detection thresholds. By simulating the spread of
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emerging infectious diseases within and across countries, the network model could help to
identify whether detection is most likely to occur in locations beyond the point of origin. This
could also lead to insights into whether early warning systems with novel disease detection
capabilities should be prioritised for certain hotspot regions. Future work could identify
major network nodes — such as urban centres, international transport hubs, or regions with
dense inter-jurisdictional movement — that may act as pivotal points of disease spread.
Strengthening novel pathogen detection capabilities at these nodes could serve as a robust
and strategic defence against the international proliferation of infections if combined with a
rapid public health response. Furthermore, understanding these critical nodes would allow
policymakers and health authorities to prioritise the allocation of limited resources, ensuring
that early detection and intervention mechanisms are optimally placed. This could lead to
insights into whether early warning systems with novel disease detection capabilities should

be prioritised for certain hotspot regions.

To improve the accuracy of our model, future research could consider more realistic scenarios
for the initial hospitalisation and detection of new diseases. For example, incorporating the
likelithood of missed cases and the time delay between presentation to the health service and
definitive diagnosis could provide a more accurate representation of real-world situations. By
simulating these scenarios, we could identify other potential bottlenecks in the detection
process and develop strategies to address them, ultimately improving the overall effectiveness

of novel disease detection systems.

3.5.3 Conclusion

This Chapter highlights the importance of early detection for novel pathogen outbreaks,

demonstrating the potential delays and size at the point of discovery. By understanding some
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of the dynamics of outbreak detection and the impact of different disease parameters on
surveillance coverage levels, public health authorities can build on our model to further
understand the costs and benefits of population-level surveillance. With the potential impact
of novel diseases on public health and global economies, developing and optimising effective
detection strategies is of great importance. Recognising that early detection is vital for
limiting the spread and impact of emerging infectious diseases, we emphasise the importance
of assessing the feasibility and continuous refinement of early warning systems. Our research
offers a preliminary exploration of the role of novel disease surveillance in the early
identification of emerging infectious diseases. However, it will be crucial in future work to
incorporate additional factors such as test sensitivity and implementation cost to improve

understanding and address the complexities of novel disease detection.

3.5.4 Data Availability

The model used in this Chapter is available for download through the Open Science

Framework platform, along with all code used to generate the results, tables and figures.
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Section 4.1 Abstract

In an outbreak of a novel infectious disease, determining the community prevalence is crucial
to guide the public health response and monitor the impact of population-level interventions.
This Chapter presents a study conducted to determine the infection prevalence of the novel
pathogen Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) during the early

stages of the pandemic in the United Kingdom (UK) in the adult Oxfordshire population.

Using a cross-sectional observational study design, 2,908 participants were sampled over five
time points between 20 April - 17 June 2020 during the first national UK lockdown.
Participants were sent kits to self-collect swabs for reverse-transcription polymerase chain
reaction (RT-PCR), and metagenomic next-generation sequencing (mNGS) tests on the same
day as completing lateral flow serology tests and a questionnaire which captured data on
Coronavirus Disease 2019 (COVID-19) symptoms, risk factors and health behaviours. Three
alternative detection methods (mNGS, serology and the symptom-based case definition) were

compared against RT-PCR as the gold standard.
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This study found the community prevalence of SARS-CoV-2 infection with a 95% binomial
confidence interval to be 0.57% (0.16 - 1.45%) on 20 April, 0.38% (0.046 - 1.37%) on 4
May, 0.0% (0.0 - 0.064%) on 18 May, 0.0% (0.0 - 0.85%) on 2 June, and 0.0% (0.0 - 0.81%)
on 17 June 2020. These results provided early evidence of community prevalence of
SARS-CoV-2 infection in the UK and were consistent with Office for National Statistics
(ONS) COVID-19 Infection Survey model estimates. The symptom-based case definition and
serology tests were significantly associated with RT-PCR positivity (p-values: 0.011 and
0.0052, respectively) and had high diagnostic odds ratios. This study was underpowered to
detect an association between mNGS results and SARS-CoV-2 infection-induced changes in
the oropharyngeal microbiomes of participants. Compliance with health behaviours,
including social distancing, social isolation, hand washing and keeping a two-metre distance

from others, had a decreasing trend over the study period.

Overall, this research showed that the community prevalence of SARS-CoV-2 infection was
very low and decreasing in April - June 2020 in Oxfordshire, UK and the majority of RT-PCR

positive cases were asymptomatic at the time of testing.

Section 4.2 Introduction

In the early stages of a novel pathogen outbreak, the true prevalence of infection in the
population will often be unknown. Case finding is an essential component of epidemic
investigations and necessary for situational awareness and strategic decision-making in the
public health response.*® Traditionally, case detection relies upon reporting by medical
practitioners and laboratories and will primarily be limited to symptomatic individuals who
present to a healthcare facility, undergo assessment, and meet pre-established diagnostic

criteria. This surveillance strategy can identify illness in the most clinically important settings
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but limits understanding of the disease burden in the wider population. Patients admitted to
healthcare facilities may have differences in disease severity and risk factors compared to the
background community. Relying on their data alone can incur sampling bias and result in a

skewed prevalence estimate that undercounts mild cases.'”!

In a novel pathogen outbreak with unreliable case numbers, researchers may use death reports
instead to reduce bias.'”> However, mortality data introduces a time lag and can also vary in
completeness. Another strategy to reduce sampling bias is contact tracing, which involves
identifying all individuals who have been in close proximity to infected persons. Contact
tracing can assist with case detection and provide direct estimates of mild and asymptomatic
infections.'"” However, contact tracing has limitations in several outbreak scenarios,
especially if some chains of transmission are undetected.'”® In addition, during the
exponential growth phase of an outbreak, public health resources can quickly become

overwhelmed, rendering contact tracing ineffective.'*

A population-based study incurs less bias and may be better than traditional surveillance
methods to estimate the community prevalence of a new disease accurately.'” This is
particularly important when there is a significant portion of asymptomatic infections. If
conducted longitudinally using a representative sample, transmission and risk factors can be
monitored in the target population over time. Obtaining prevalence estimates can help health
systems predict patient load requirements and ascertain risk factors associated with the
disease. For new pathogens that induce a long-term humoral immunity response, community
surveillance can assist in modelling background population resistance to the disease and the
likelihood of epidemic resurgence. Knowing how prevalence changes over time is also

necessary to assess the effectiveness of any population-level public health interventions.
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4.2.1 COVID-19 in the United Kingdom

The first known case of COVID-19 in the UK was imported on 23 January 2020 from Hubei
Province, China.'”® During the first few months, testing capacity for SARS-CoV-2 was
severely limited, leading to the National Health Service (NHS) prioritising tests for
hospitalised patients admitted to intensive care units with symptoms of COVID-19."’
Triaging limited testing resources was a significant public health policy to ensure critically ill
patients received confirmed diagnoses. However, this meant that the extent of community
transmission of SARS-CoV-2 was unknown in the early stages of the pandemic. One report
from 28 March 2020 estimated the mean percentage of the UK population infected to date to
be 2.7% with a 95% confidence interval of 1.2 - 5.4%.'*® This estimate is for the cumulative
incidence since the outbreak began; the population prevalence in March 2020 was unknown
because of the absence of community testing. The situation was rapidly changing, with a
doubling time estimate on 23 March 2020 of 2.8 days with a 95% credible interval (Crl) of
2.6 — 3.0 days."” At this time, the first national UK lockdown was announced, with

stay-at-home orders legally coming into force a few days later.*”

4.2.2 Detection Approaches

Various detection methods for SARS-CoV-2 infection were used to define cases in the early
stages of the COVID-19 pandemic. One of the first public health tasks in a novel pathogen
outbreak is establishing a case definition, the criteria by which a person can be assessed to
determine whether or not they have the disease.*® Case definitions can incorporate symptoms,
exposure history and test results and need to be sensitive enough to detect true instances of
disease while minimising false positives. Early case definitions for SARS-CoV-2 infection

established by the World Health Organisation (WHO) included symptoms of fever and cough
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requiring hospital admission and a recent travel history to Wuhan, Hubei Province, China.*"!
The case definition for COVID-19 changed during the pandemic, incorporating newly
developed laboratory tests and dropping exposure and symptom criteria as the outbreak

expanded.

The operational gold standard for detecting SARS-CoV-2 infection soon became
reverse-transcription polymerase chain reaction (RT-PCR) tests.?** This laboratory technique
converts SARS-CoV-2 viral RNA into cDNA by reverse transcription and amplifies
pre-specified DNA targets using the polymerase chain reaction. At the start of the COVID-19
pandemic, different RT-PCR assays were used with varying sensitivity and specificity.*”> The
usefulness of RT-PCR to diagnose SARS-CoV-2 infection was investigated almost
exclusively in hospitalised and symptomatic patients. With the limited availability of RT-PCR
tests in the first months of the pandemic, a symptom-based case definition was also used to

detect SARS-CoV-2 infected cases in the UK during the first several months.'?’2%

In March 2020, lateral flow immunoassay devices (serology tests) were commercially
developed for COVID-19. These tests could detect the presence of immunoglobulins (Ig) M
and G neutralising antibodies against SARS-CoV-2. In one study, 76% of SARS-CoV-2
infected cases have IgM appear within 4-10 days of symptom onset and 100% within 11-15
days, with 87% persisting until 31-41 days.*” IgG antibodies appear later and persist longer,
with 65% of people having detectable levels within 4-10 days of symptom onset, up to 100%
by 16-20 days and onwards. Several serology tests were developed in the early stages of the

outbreak with highly variable performance.?*
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Before the COVID-19 pandemic, metagenomic next-generation sequencing (mNGS)
technology had been proposed as a potential tool for detecting novel pathogens®” This
technique can also detect rare and co-infections not present on standard diagnostic panels.
Unlike RT-PCR, which is limited to detecting known pathogens and requires a predetermined
gene target, mNGS tools can sequence all the genetic material in a clinical sample. The
mNGS approach can provide agnostic detection of new pathogens and remain robust in the
presence of target gene mutation.’® Techniques such as sequence-independent single-primer
amplification (SISPA) randomly amplify small amounts of nucleic acids and improve mNGS
sensitivity, although this tool is still not as sensitive as RT-PCR.?”” Nonetheless, mNGS was
successfully used in multiple studies to diagnose patients presenting with unexplained
pneumonia with SARS-CoV-2 infection early in 2020 in China.>* Since then, mNGS tools
have continued to improve with new methods such as BugSplit demonstrating the ability to
detect SARS-CoV-2 in samples with high sensitivity and specificity even when reference

sequences are unavailable.’

These four detection methods for SARS-CoV-2 infection (RT-PCR, the symptom-based case
definition, serology tests and mNGS) are shown in Figure 4.1 and contrasted against the
typical COVID-19 disease course. Each method offers a different detection window
depending on when testing is conducted. For example, SARS-CoV-2 RNA can rise to
detectable levels 2 - 3 days before symptom onset and peaks prior to the rise of antibodies.?*®
This pre-symptomatic increase in viral load correlates with high infectiousness.*” Serology
positivity of IgG, and to a lesser extent [gM, can persist at detectable levels after cessation of
symptoms and the clearance of the SARS-CoV-2 virus. Later deployed SARS-CoV-2
detection methods, such as rapid antigen lateral flow tests, are omitted as they only entered

widespread use in the UK in December 2020.2"°
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Figure 4.1 An illustrative diagram showing the main COVID-19 disease course milestones over time in a
symptomatic case who recovers. Contrasted in colour are the infectious period (red), the symptomatic period
(orange), the relative SARS-CoV-2 viral load (yellow) and the detection windows for RT-PCR (green), the
symptom-based case definition (blue), mNGS (lavender) and serology with IgG (light purple) and IgM (dark
purple) antibodies included. COVID-19: Coronavirus disease 2019; RT-PCR: reverse-transcription polymerase
chain reaction; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2; mNGS: metagenomic
next-generation sequencing; IgG: Immunoglobulin G; IgM: Immunoglobulin M.

Three of the four detection methods can be used in SARS-CoV-2 infection cases that remain
completely asymptomatic throughout their disease course, the exception being the
symptom-based case definition. In one study, asymptomatic infections were found to occur in
25% (95%CI: 16 — 38%) of cases after excluding pre-symptomatic tests.?'' However,
estimates of asymptomatic infection vary significantly, from 4-80% of total SARS-CoV-2
infections.?'*2" In the early stages of a new pathogen outbreak, it is important to establish an
asymptomatic case count, as these individuals may contribute to transmission in community
settings. Asymptomatic COVID-19 cases are known to be infectious, although at lower levels

than symptomatic cases.*'®

105



Chapter Four

4.2.3 Microbiome Assessment

In addition to the possible detection of SARS-CoV-2 infection, mNGS tools also allow for the
assessment of the background microbiome. Locations like the oropharynx host a community
of different species, including pathogenic and non-pathogenic bacteria and viruses. The
diversity of such communities can be estimated in various ways.?'” This paper highlighted
three measures of species diversity: alpha (a) diversity being the similarity of species within a
particular area; beta (B) diversity describing the change in community composition between
different areas; and gamma (y) diversity referring to the total species in the entire region. The
oral microbiome has been shown to undergo detectable alpha and beta diversity alterations
during SARS-CoV-2 infection.?'® The microbiome of the nasopharynx also undergoes
significant beta diversity changes in the presence of SARS-CoV-2 and has detectable
alterations based on disease severity.?"” However, this paper found no significant alpha
diversity differences between hospital and community SARS-CoV-2 infected individuals nor
their non-infected counterparts. Recent studies have called for further understanding of the
oral microbial community changes in the presence of SARS-CoV-2 and investigation of

potential microbiome-based diagnostic development.?2*#!

4.2.4 Health Behaviours

Behaviours which affect the chance of a person transmitting or becoming infected with a
pathogen can change the prevalence of a disease like COVID-19. In the early stages of the
pandemic, it was unclear which actions would most reduce the size of the outbreak. In early
2020 in the UK, public health advice shifted several times as the situation evolved and health
behaviours were targeted at both the individual and population levels. Messaging to the

public included instructions on hand hygiene, keeping a two-metre distance away from
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others, socially isolating at home while unwell with COVID-19 symptoms, and later included
mandatory social distancing and stay-at-home orders.”” Community use of face masks was
not initially recommended in UK public health advice.””* When lockdown commenced in
March 2020, there was an imperative to monitor compliance rates and establish predictors of
adherence.”” 2% At the time, the potential effectiveness of lockdown was unknown, and it

was unclear how compliance with various health behaviours would change over time.

4.2.5 Research Questions

Given the rapidly evolving situation in the UK, there was an imperative in March 2020 to
answer various research questions about the COVID-19 pandemic. Given the unknowns
regarding SARS-CoV-2 in the community at the time of study design, this research was
conducted to answer the following:
1. What was the community prevalence of SARS-CoV-2 infection in April - June 2020
in a representative Oxfordshire, UK population?
2. How do alternative SARS-CoV-2 detection methods (serology, mNGS and the
symptom-based case definition) compare with RT-PCR as the gold standard?
3. How does the oropharyngeal microbiome differ in those with evidence of
SARS-CoV-2 infection as detected via different methods?

4. How do health behaviours change over the early stages of a pandemic?

Section 4.3 Methodology

This research was conducted as a serial cross-sectional observational study in the adult
community population of Oxfordshire, UK. Sampling occurred over five time points

(Rounds) at approximately fortnightly intervals between 20 April and 17 June 2020. Taking

107



Chapter Four

place during the first national lockdown of the COVID-19 pandemic, the study design had to
accommodate unprecedented disruptions to supply chains, courier availability, building and

laboratory access and restrictions on human movement.

4.3.1 Sample Size Calculation

In March 2020, when this study was designed, the prevalence of SARS-CoV-2 infection in
the UK community was unknown. A sample size calculation for prevalence was conducted
using previously described methods.??* With the first national lockdown not yet announced,
the predicted lower bound for prevalence for 20 April 2020 onwards was assumed to be at
least 0.04 (4%), given increasing case numbers in the UK with a doubling time of 3.8 days on
16 March 2020, and rapid progression in comparable European countries.”?”**® Because of the
high uncertainty at the time of study design, a simple exponential model was constructed to
estimate the future prevalence (Appendix D). With the first case on 23 January 2020 in the
UK and a doubling time of 3.8 days, this predicted 11.39% prevalence by 20 April 2020.
However, it was presumed that public health interventions would have some, albeit unknown,
impact on reducing transmission before that level was reached, and study funding was
secured in March 2020 assuming a more conservative 4% or higher prevalence level at the
time of testing. The ONS COVID-19 Infection Survey later found community prevalence
levels in England as high as 7.6% (95% CI 7.4 -7.8%) in March - April 2022, indicating this

assumption at the time was not unreasonable.””

The sample size equation is shown in Equation 4.1, with n the sample size, Z the test statistic,

P the estimated prevalence in the population, and d the precision required.
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n = Znglz—P2 4.1)
d

The sample size required for a 95% level of confidence (Z = 1.96) was calculated for a P of
0.04. The precision d was set to % = 0.02 as recommended for when P is estimated to be

<0.10.%?° This gives a minimum sample size required of 369 participants per Round.

Calculations were also conducted to determine the sample size required to evaluate different
diagnostic test approaches using previously described methods.”” RT-PCR tests were
considered the gold standard and compared with three alternative diagnostic approaches:
serology, mNGS and the symptom-based case definition. The sample size calculations for the
sensitivity and specificity of these tests as compared against the gold standard are shown in
Equation 4.2. Here, n is the sample size; S, 1s the sensitivity; S, 1s the specificity; Z is the test
statistic; P is the estimated prevalence; and W is the clinically acceptable width of the CI for

the sensitivity and specificity estimates.

Z*sn(1—sn)
nSn - pW2
2
Z Sp(1-Sp)
n = ————
Sp 1-P)yW’
= 4.2
n max {nSn,nSp} (4.2)

From Equation 4.2, for a given sample size, a sensitivity or specificity of 50% yields the
maximum width of the CI. Because the sensitivity and specificity of the alternative diagnostic
tests were unknown for SARS-CoV-2 infection in community populations, the conservative

choice of 50% for both sensitivity and specificity was used as recommended.”’ For a P of
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0.04 (4%) and W of 0.1 (10%) with 95% level of confidence (Z = 1.96), the minimum sample
size required was 2401 participants total. Sampling this number would provide at least 96

true positive samples in expectation. Given community prevalence uncertainties at the start of
the pandemic, the decision was made to sample up to 3000 participants to compare diagnostic
approaches with a minimum of 400 participants per Round to determine community

prevalence.

4.3.2 Participant Recruitment and Selection

From 1 April 2020, study participants were recruited through email circulation, radio
announcements and dedicated Twitter and Facebook social media accounts. Prospective
volunteers could visit a study-specific website hosted by the University of Oxford which
provided research information, eligibility criteria and a link to a secure participant
recruitment form through the Jisc online survey platform. The eligibility criteria for
recruitment specified the need to be 18 years of age or older, a current UK resident, not
currently admitted to a health facility and not having tested positive for COVID-19. For
volunteers who confirmed they met these requirements, their age (in years), sex, and contact

details were collected. A total of 10,711 applications were submitted.

Due to pandemic-related restrictions on human movement and courier coverage areas, the
study was limited in April 2020 to residents of the Oxfordshire region. A total of 4,748
applicants were excluded for being residents outside Oxfordshire. A further 472 volunteers
were excluded during data cleaning because of incorrect contact details, and 239 duplicate
submissions were removed. Participant consent could be withdrawn at any stage prior to
de-identification, which took place after the laboratory received samples; 79 volunteers

withdrew from participation.
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From the remaining 5,173 eligible recruits, 2,908 were selected to be sent test kits through
stratified random sampling using the following method. Recruits were randomly assigned
seven-digit unique participant identification numbers (IDs) and binned into sex and age
groups 18-29, 30-44, 45-64 and 65+ years. A separate unique household linkage identifier
was generated for volunteers from the same household address. Recruits were compared with
2011 census data, as shown in Table 4.1.2*! Based on the number of recruits in each stratum
and courier accessibility constraints, the town of Oxford was sampled during the first four

Rounds and the rest of Oxfordshire in the final fifth Round.

Table 4.1 Demographics of the Oxfordshire adult population showing age group and sex from the 2011 census

with separate divisions for Oxford, the rest of Oxfordshire, and all total.

231

N Males Females Total
Age Group n (%) n (%) N (%)

Oxford

18 - 29 years 23,840 (19.3) 24,112 (19.5) 47,952 (38.8)

30 - 44 years 16,155 (13.1) 15,185 (12.3) 31,340 (25.4)

45 - 64 years 13,769 (11.1) 13,824 (11.2) 27,593 (22.3)

65+ years 7,224 (5.8) 9,416 (7.6) 16,640 (13.5)
Subtotal 60,988 (49.4) 62,537 (50.6) 123,525 (100.0)
Rest of Oxfordshire (Cherwell, South Oxfordshire, Vale of White Horse and West Oxfordshire)

18 - 29 years 34,298 (8.7) 31,110 (7.9) 65,408 (16.7)

30 - 44 years 50,882 (13.0) 53,058 (13.5) 103,940 (26.5)

45 - 64 years 67,159 (17.1) 68,703 (17.5) 135,862 (34.6)

65+ years 39,412 (10.0) 47,690 (12.2) 87,102 (22.2)
Subtotal 191,751 (48.9) 200,561 (51.1) 392,312 (100.0)
Oxfordshire

18 - 29 years 58,138 (11.3) 55,222 (10.7) 113,360 (22.0)

30 - 44 years 67,037 (13.0) 68,243 (13.2) 135,280 (26.2)

45 - 64 years 80,928 (15.7) 82,527 (16.0) 163,455 (31.7)

65+ years 46,636 (9.0) 57,106 (11.1) 103,742 (20.1)
Total 252,739 (49.0) 263,098 (51.0) 515,837 (100.0)
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Sampling was limited by the number of addresses couriers could visit in a day (400), not the
number of participants. To work within this constraint, 400 participant IDs were randomised
to receive test kits using the R package randomizeR.*** These participants were chosen
proportional to the age and sex stratum from 2011 census data.”*' Other volunteers in the
same household as those selected were then also included in the form of snowball sampling.
Therefore, the sample size for each Round could vary based on the number of eligible
volunteers in the same household. Sampling in postcode regions OX1, OX2, OX3 and OX4
took place on 20 April (Round 1) with 729 participants, 4 May (Round 2) with 552
participants, 18 May (Round 3) with 606 participants and 2 June 2020 (Round 4) with 483
participants. Testing in postcode regions OX5, OX10, OX11, OX12, 0X13, OX14, OX26

and OX29 took place on 17 June 2020 (Round 5) with 538 participants.

4.3.3 Sampling Rounds

Recruited volunteers selected for the study were contacted via email the week before
sampling. Each participant was informed of the testing date and procedure and reminded of
the study requirements. Recruits who withdrew at this stage were replaced by a new
randomised participant from the same sex and age category stratum to ensure adequate

sampling.

Test kits were prepared for each participant. Each kit included a printed version of the
research study overview, participant information sheet, consent form, and instructions on
completing a serology test, collecting two oropharyngeal swabs, and how to package their
samples for collection. Equipment placed in the kits included two individually packaged
sterile flocked swabs, two specimen transport containers with 2ml of universal transport

medium and guanidine thiocyanate (Prestige Diagnostics UK Ltd Cat No SSCCOV1)
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pre-labelled with unique identifier barcodes, two disposable single-use finger lancets, an
individually packaged serology test, buffer for the serology test, a plastic pipette, absorbent
transport cushion, pre-labelled specimen bag, cardboard mail package with UN3373 label
manufactured to biological transport specifications, addressed envelope for completed

consent forms, tape and a pre-labelled mailbag.

Four serology test brands were used in this study based on availability. In Round 1, Orient
Gene® Biotech COVID-19 IgG/IgM Rapid Test Cassettes and VivaDiag® COVID-19
IgM/IgG Rapid Test were used. For Rounds 2 and 3, Vazyme® 2019-nCoV IgG/IgM
Detection Kits were used, while Rounds 4 and 5 used CTK Biotech OnSite® COVID-19 Ag
Rapid Test. In Round 3, there was insufficient buffer available for the Vazyme® serology
tests. The manufacturer was contacted, but supply chain issues meant more buffer could not
be delivered; instead, instructions on preparation were obtained. More buffer was produced at

a laboratory in Oxford according to the manufacturer's specifications for use in Round 3.

On each of the five sampling test days, couriers delivered packages to all participants who
were asked to complete all study requirements that same day. Volunteers were asked to check
over the contents of their kit, read the study information sheet and read and sign the consent
form before proceeding. Instructions on completing swab collection and serology testing
were provided in written form with pictures and links to video demonstrations created
specifically for this study. Study investigator emails and phone numbers were provided to
participants so that any queries about the instructions could be answered on the day of testing.
After swab collection and serology testing, participants went online to complete the study

questionnaire through a secure Jisc online survey platform.
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The survey collected information on COVID-19 symptoms experienced in the preceding 14
days. Questions about risk factors, health behaviours, social distancing, and self-isolation
were also asked. In addition, data on contact patterns with persons inside and outside the
household was collected. Participants submitted information about their main economic
activity, occupation, education level, smoking habits, chronic medical conditions, respiratory
allergies and pregnancy. Information on household size, key worker status and contact with
vulnerable populations was also collected. Participants were asked to report their serology
results at the end of the survey after being provided pictures of potential valid and invalid
outcomes, with an example for one brand, Vazyme®, shown in Figure 4.2. All survey

questions were optional.

Valid Serology Results Invalid Serology Results

\ \
1. 2 3 4''s5 6 7 8

(" 2018-ncov 2019-nCoV (" 2018-ncov 2019-nCoV 2019-nCoV 2019-nCoV 2019-nCoV d 2019-nCoV
IgM/1gG IgM/f1gs IgM/Igs 1gM/IgG 1EM/1gG 1gM/1g6 1gM/1gG IgM/1gG
\
! " X J i A ; d
c c c = C = c c
IgG IgG IgG IgG g5 1gG G IgG
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Figure 4.2 These images were provided to participants on the online survey when asked to report their serology
test results after completing provided instructions. These images show valid (1 - 4) and invalid (5 - 8) results for

Vazyme® 2019-nCoV IgG/IgM Detection Kits; participants supplied with other serology test brands were given
images corresponding to their specific test. 2019-nCoV: 2019 novel coronavirus (Severe acute respiratory
syndrome coronavirus 2); C: Control; IgG: Immunoglobulin G; IgM: Immunoglobulin M.

Participants followed instructions on safely packaging their two barcode-labelled specimen
containers containing collected swabs according to UN3373 biological substance category B
transport specifications with the materials provided to them. Containers were identical except

for a designation of “P” or “N”, specifying RT-PCR or mNGS testing, respectively.
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Completed consent forms were sealed separately in envelopes. Couriers returned to
participant households to pick up all packages and envelopes the following day under
non-contact procedures and returned them to the Peter Medawar Building for Pathogen
Research. Samples were checked and processed in a Containment Level 3 laboratory
following standard operating procedures and legislative, biosafety and regulatory protocols.
Specimens were stored at -80 degrees Celsius, with their status and location tracked in an

inventory catalogue.

4.3.4 Laboratory Tests

Swabs were transferred by international courier to the University of British Columbia (UBC)
under cold-chain and UN3373 biological substance category B transport specifications.
RT-PCR was carried out at the British Columbia Centre for Disease Control in collaboration
with UBC. The protocol employed was based on amplified detection of the RNA-dependent
RNA polymerase (RdRp) gene, envelope (£) gene and Ribonuclease P (RNase P), with Cy
values produced for each. Both RdRp and E genes had to be detected for the result to be
classified as positive. If only one of the RdRP or E genes were found, repeated testing runs

were conducted until positive, negative or indeterminate results were reached.

A limited budget was available to carry out mNGS on a subset of participants. A total of 116
samples were chosen for sequencing using Oxford Nanopore Technologies MinlON at UBC.
All participants with RT-PCR positive or indeterminate results, [gM-only positive serology,
or who met the symptom-based case definition for COVID-19 were sequenced. In addition,
the household contacts of all PCR-positive participants underwent mNGS. The rationale for

sequencing these participants was to investigate if there was any evidence of SARS-CoV-2
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infection and to detect any notable changes in the microbiome. For comparison, matching
with 4:1 controls for each RT-PCR positive case was carried out using the ccoptimalmatch R

package using Round, age group, sex, main economic activity and education level.***

The Rapid Switching Mechanism at the 5’ end of RNA Template (SMART)-9N approach was
used for mNGS sequencing as described previously.”** The SMART-9N method allowed for
the capture of total RNA in the sample, including from bacteria and RNA viruses. Up to
twelve samples were multiplexed on each Nanopore flowcell. For each set of samples that
underwent library preparation, one blank negative control that contained only water was
included to control for reagent contamination during sample preparation. Basecalling of raw
Oxford Nanopore Technologies (ONT) reads was performed using Guppy (Version 5.0.7,
ONT) using the fast-basecalling setting. The basecalled nanopore reads from each sample
were processed through BugSeq for metagenomic classification using the previously
described algorithm for taxonomic assignment.*> BugSeq performs crosstalk correction,
adjusting for flowcell barcode crosstalk by controlling for the total number of dual-barcoded
reads on each flowcell and assuming an even distribution of misclassification.*** Human
reads were removed prior to analysis by alignment against the human reference genome using
minimap2.”’” After completion of BugSeq processing, metagenomic read-based classification
tables summarising the taxonomic composition of each sample were extracted for

downstream analysis.

4.3.5 Data Preparation

Raw data were explored and combined into appropriate groups for analysis. Household size
was divided into 1, 2, 3, 4 or 5+ occupants. For main economic activity, full and part-time

employment were grouped under “Paid employment.” Due to small cell counts, unemployed,
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homemaker, long-term parental and sick leave were grouped with the “Other” category. For
occupation categories, health and social care were grouped, as were business and
administration. Education was grouped with professionals, which included lawyers,
researchers and engineers. The remaining other specified jobs (hospitality, transportation,
skilled labour, manual work and agriculture) were grouped with “Other” given low individual
responses in each. Participants were asked about their key worker status after being provided
with the UK government list describing key worker occupations.?® The education category

“Higher degree” grouped Masters, PhD and Medical Degrees.

All symptom data were examined and grouped as appropriate with the following COVID-19
symptoms included: fever, chills, runny nose, sore throat, cough, shortness of breath,
headache, muscle/joint pain, feeling tired/malaise, coloured sputum/phlegm, gastrointestinal
symptoms (loss of appetite, nausea, vomiting, diarrhoea) and loss of taste or smell. Only
symptoms that were present on the day of the survey and had commenced within the last 14

days were included to limit to acute current presentations and exclude chronic disorders.

All health factors, including chronic medical conditions and risk factors, were examined
separately and then grouped: chronic respiratory disease (chronic obstructive pulmonary
disease, emphysema, asthma); cardiovascular disease (hypertension and coronary heart
disease); other chronic disease (chronic neurological conditions, kidney or liver disease),
diabetes; immunocompromised (HIV/AIDS, current chemotherapy treatment, sickle cell
disease, splenectomy or steroid treatment); severe obesity with body mass index 40 or above,
current pregnancy, current nicotine use (cigarette or e-cigarette); and chronic respiratory
allergies (hay fever, dust mites, domestic animals or pets, or any other allergy that causes

respiratory symptoms, sneezing, or watery eyes).
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Participants were assessed to determine if they met the symptom-based case definition for
SARS-CoV-2 infection. The criteria used were based on UK public health guidance at that
time.”” They included any of the following commencing within the previous 14 days and

present on the day of the survey:

e anew continuous cough
OR

e a fever with temperature >37.8°C
OR

e aloss or change in taste (ageusia) or smell (anosmia)

Social distancing was defined in the study as a participant reporting in the preceding seven
days: not leaving their property for reasons other than food, health, daily exercise or work;
not visiting other households; and not having visitors to their home. This definition mirrored
the lockdown rules in effect during most of the sampling period.”* Social isolation was
defined as: not leaving home for any reason because the participant or someone they live with
has symptoms of COVID-19; and not having outside visitors to one’s home. This definition

mirrored the NHS self-isolation guidelines in effect during the study.**’

Participants who had left their property in the preceding seven days were also asked about
health behaviours. Two behaviours were analysed: frequency of washing hands on returning
home from outside (designated “hand washing”) and frequency of staying at least two metres
away from other people who are not members of the participant’s household (designated
“two-metre distancing”). Participants could answer that they conducted this behaviour in the
preceding seven days: Always (100% of the time), Mostly (about 75% of the time),

Sometimes (about 50% of the time), Occasionally (about 25% of the time) or Never (0% of
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the time) for each of these questions. Answers were examined separately and as a binary
category of “Always” vs “Not Always”, the latter combining the remaining four groups.

For mNGS data, direct read counts assigned to specified taxon levels were used. Each sample
was combined in R with taxonomy information obtained from the National Center for
Biotechnology Information (NCBI) unique identifier number provided by Bugseq using the
taxonomizr R package.””® Because there is missing taxonomy information within the NCBI
dataset, the taxallnomy algorithm was used to complete the taxonomic tree.**! Final datasets
were created for direct read counts and relative abundance of each Operational Taxonomic
Unit (OTU) in the sequenced data. The relative abundance tables were further processed to
produce data frames for the following taxon levels: species, genus, family, order, class,

phylum and superkingdom.

4.3.6 Data Analysis

All data were analysed in RStudio with R Version 4.2.2.'# Participant characteristics, health
factors and COVID-19 symptoms were examined for the whole sample population and by
Round. Evidence of SARS-CoV-2 infection was investigated using four detection methods
with RT-PCR as the gold standard compared against three alternatives: serology, mNGS and
the symptom-based case definition. For RT-PCR, C; values <25 for the RdRp and E genes
were considered “low” and indicative of a high viral load, with “high” C; values > 30
corresponding to a low viral load, and C; values in between given an “intermediate” ranking
consistent with previous research.?** For mNGS, any sample with a nanopore read count > 0,
where reads were taxonomically assigned to SARS-CoV-2, was considered positive. The

equations used to compare RT-PCR to alternative detection methods are shown in Table 4.2.
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Table 4.2 Table with equations used to compare alternative detection methods against RT-PCR as the gold
standard. RT-PCR: reverse-transcription polymerase chain reaction; SARS-CoV-2: Severe acute respiratory
syndrome coronavirus 2; Sn: Sensitivity; Sp: Specificity; PPV: Positive Predictive Value; NPV: Negative
Predictive Value; Ac: Accuracy; LR+: Positive Likelihood Ratio; LR-: Negative Likelihood Ratio; DOR:
Diagnostic odds ratio; FDR: False discovery rate.

Gold Standard Test for SARS-CoV-2
RT-PCR __Fr _
( ) FDR TP+FP_1 PPV
Positive Negative
2 2
-_5 % True Positive False Positive ___TP _ sn
= = (TP) (FP) PPV TP + FP LR+ = T-sp
8
o
)
2 £
% E: False Negative True Negative ___TN _ 1-5n
s = (FN) (TN) NPV = 5w LR-=—5
-
TP TN _ TP+ TN LR+
Sn=Tr N 5P =Tn+rr AC =T TN T FP A TN DOR =~

The diagnostic odds ratio (DOR) was computed because of its usefulness as a single metric to
determine test performance independent of prevalence.?** The DOR is the ratio of the odds of
a positive result in participants with the disease relative to the odds of a positive result in the
absence of disease. The DOR is based on the positive likelihood ratio (LR+) and negative
likelihood ratio (LR-), which are used in clinical settings to assist in the interpretation of the
post-test probability of disease given a result.*** The LR+ is the probability of a diseased case
testing positive divided by the probability of a non-diseased person testing positive. In
contrast, the LR- is the probability of a diseased case testing negative divided by the

probability of a non-diseased person testing negative.

The false discovery rate (FDR) was calculated in addition to the positive predictive value
(PPV) to assist with result interpretation, given its showcased utility.?*>**® Through

rearranging the equations in Table 4.2, for a given sensitivity (Sn) and specificity (Sp) of a
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diagnostic test with a known prevalence (Pr) of a disease, PPV, negative predictive value

(NPV) and Accuracy (Ac) were defined as shown in Equations 4.3, 4.4 and 4.5, respectively.

_ Sn*Pr
PPV = e asora—rn (4.3)

_ Sp*(1—Pr)
NPV = Sp*(1—Pr) + Pr*(1—Sn) (44)

Ac = Sn*Pr + Sp* (1 — Pr) 4.5)

Binomial confidence intervals (Cls) were generated using the Clopper-Pearson exact method
where appropriate, including for the sensitivity, specificity and test accuracy calculations.?*’
The log method was used to generate confidence intervals for all likelihood ratios, including
the LR+, LR- and DOR using methods described previously.?*® For all alternative detection
method predictive values, including the PPV and NPV, standard logit-transformed confidence

intervals were generated.**®

The four detection methods were combined to create a category of evidence of current or
previous SARS-CoV-2 infection, designated “any evidence” and defined as having one or
more of the following results: RT-PCR positive, positive serology (IgM, IgG or both),
meeting the criteria for the symptom-based case definition or any SARS-CoV-2 reads
detected via mNGS. The rationale behind this combined category is that, while all four
methods could potentially detect current SARS-CoV-2 infection, the serology tests can also
detect previous infections given persistent antibody production after viral clearance. This is

especially true for IgG but can also occur for a shorter time with IgM antibodies.*”

Multiple logistic regression was completed to compare participants with any evidence of

current or previous infection vs no evidence as a dichotomous outcome variable. The null
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hypothesis (H,) was that for each i coefficient of f;in the logistic regression model, Hy: ;= 0,
with the alternative hypothesis (H,) being that H,: 5; # 0. The reference group chosen for
each variable was the normative or largest category, as appropriate. Generalised variation

inflation factors (GVIFs) corrected by the number of coefficients degrees of freedom (df)

1/2df) > 5 were

were calculated for each predictor using the car R package.*”® All GVIF
considered highly correlated and not included in the multiple logistic regression. For
example, this included the independent variable “main economic activity” due to the
multicollinearity of retired and student participants reporting their occupation as “none.” All

variables without high multicollinearity were included in the adjusted analysis irrespective of

non-adjusted p-values obtained.

A p-value < 0.05 was considered significant for all statistical analyses.* For two-sample tests
for equality of proportions, even when the event count frequency was low, Yates’ Correction
for Continuity was not used, given its longstanding history of poor statistical
performance.”"*! Fisher’s exact test for count data was used when the expected frequency
was < 5 in at least one cell in the contingency table being examined, as previously
recommended.”? For all generated 2x2 tables, p-values were calculated using Fisher’s exact
test. Larger contingency tables were analysed using the Freeman-Halton extension of Fisher's

exact test.

* A p-value < 0.05 is the conventional threshold for determining statistical significance in many scientific
disciplines, including public health. While this value is broadly recognised and ubiquitously used, it is
potentially too liberal given it incurs an up to 5% chance of incorrectly rejecting the null hypothesis (Type I
error) leading to false positive results. In addition, it can put too much emphasis on an artificially binary view of
significant vs. non-significant rather than interpreting results within their full context. In this Chapter, to foster
transparency and enable nuanced interpretation, all individual p-values > 0.001 are reported throughout,
allowing the reader to judge for themselves the degree of statistical evidence against the null hypothesis.
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Participants from the same household were linked with a unique household ID. Due to the
nature of snowball sampling and the heightened risk of infectious disease transmission within
households, there was a concern that the collected data might not satisfy the typical statistical
assumption of independence. To address potential clustering effects of SARS-CoV-2
infection within households, we employed a Generalised Estimating Equations (GEE) model
for the seroprevalence analysis as this had sufficiently large counts. GEE models are
particularly suitable for data where outcomes might be correlated due to clustering, as in
cases where household members are likely to have correlated test outcomes because of linked
exposure to a contagious disease. Unlike logistic mixed-effects models which focus on
individual cluster effects, GEE provides a population-average of an effect while accounting
for clustering. In this Chapter, the cluster analysis was performed using the gee package in R.
Prevalence estimates, adjusted for household clustering, were obtained, and Wald 95%

confidence intervals were derived using the standard error from the GEE model.

Microbiome comparisons were explored using four main comparison groups for mNGS
participants: RT-PCR positive cases vs their matched negative controls; those who met the
symptom-based case definition vs those who did not; participants with IgG-positive,
IgM-positive, IgG and IgM-positive serology vs negative serology; and finally, those who
had any evidence of current or previous SARS-CoV-2 infection vs those who did not. The H,

for each was that there was no difference in microbiome between the groups.

Alpha diversity, the microbiome diversity within each sample, was examined in each group
using four metrics: Richness, Shannon’s diversity index, Evenness, and Simpson’s diversity
index. Richness is the count of the number of different species (or another taxon level)

present in a sample. Shannon’s diversity index is based on a 1948 formula for entropy and
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provides an estimate of species diversity.>*® This is defined in Equation 4.6, where H is the
Shannon diversity index; p; is the proportion of individuals of i species in the sample; and S is

the number of species, equivalent to Richness.

s (4.6)
H = —2Yplnp,

i=1
From this equation, it can be seen that larger values of H indicate the sample has greater
species diversity. Evenness (C) is a measure of the distribution of relative abundance across
the species in a sample. C can be obtained by dividing the H by the natural logarithm of S. C

is bounded [0,1], as seen in Equation 4.7.

N
S pinn (4.7)
i=1

¢ = InS

Species evenness will be high when all species (or other taxon level) in a sample have the
same abundance, and approaches zero the more variance there is in relative abundance. The
Simpson’s diversity index takes into account the number of species and their relative
abundance. In Equation 4.8, D is the Simpson diversity index with other variables defined

above.

S, (4.8)

As the species richness and evenness increase, D will also increase. Note that the inverse of D
is often computed, but for data analysis Equation 4.8 was chosen for use in the vegan R
package.* Dissimilarity indices were computed using the Bray-Curtis metric to determine
beta diversity. In Equation 4.9, the Bray-Curtis (BC) dissimilarity between two samples j and
k 1s shown, with i the feature (such as OTUs), X;; the frequency of i in j, and X, the frequency
ofiink.
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ZI x| (4.9)

BC K =-—
jk
2 ()
After obtaining BC dissimilarity indices using the vegan package for different taxon levels,
classical multidimensional scaling principal coordinate analysis (PCoA) was undertaken. This
method takes BC dissimilarities imputed as a distance matrix and returns coordinates for
visual representation in lower-dimensional Euclidean space. The amount of the variance
explained by each axis is determined by the proportion of a given eigenvalue (A;) to the sum

of all eigenvalues, as shown in Equation 4.10, where A, is the eigenvalue at index i within n

total eigenvalues.

2, (4.10)

Variance explained =

™M =
>

For a two-dimensional PCoA plot, the x and y axes are derived from the top two eigenvalues
with the variance explained by each axis derived using Equation 4.10. Visually, using this
method, groups that are plotted closer to one another or show overlap have lower
dissimilarity. The vegan package was used to conduct a permutational multivariate analysis
of variance (PERMANOVA) at each taxon level to assess whether there was a significant
difference between groups. This method takes computed distance matrices and assesses them
using a model formula against variables of interest, in this case, the four comparison groups.

A total of 9,999 permutations were used to compute the PERMANOVA p-values.

Differential abundance analysis (DAA) was undertaken to determine whether there were
significant differences in abundance between groups of interest. First, centred log-ratio
(CLR) transformed OTU data were obtained. The median standardised difference, designated

the “effect size”, was then calculated using the ALDEx2 R package.”> This measurement
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takes the difference between two groups inputted as vectors and divides by a generated
dispersion vector, outputting the median value as the effect size. This approach to effect size
generation reduces the sensitivity of the result to differences in the underlying data
distribution. The Kruskal-Wallis test was used to compare the four groups examined,
generating an unadjusted p-value. This result was then compared against a
Benjamini-Hochberg corrected p-value, designated g-value in the analysis, which takes into
account the FDR controlling at significance level alpha (o) = 0.05. In this study, a g-value <

0.05 was deemed significant.

4.3.7 Ethics and Data Protection

Ethics approval for this study was received from the University of Oxford Medical Sciences
Inter-Divisional Research Ethics Committee with reference R69035/RE007. The University
of Oxford Central University Research Ethics Committee's best practice guidelines for
research safety, internet-based research, data collection, protection and management and
ethics review of research involving human tissue were used during the study. Contact details
gathered through the online participant recruitment form were only used for arranging courier
runs and kept secure in a password-protected file separate from other study data. All
identifying details were deleted after participant samples were returned to the laboratory,
leaving only de-identified participant barcode numbers. Samples were processed and stored at
the Peter Medewar Building for Pathogen Research under Human Tissue Act Licence 12217.
For RT-PCR and mNGS laboratory tests, ethical approval was received from the UBC

Clinical Research Ethics Board with reference number H20-02152.
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Section 4.4 Results

A total of 2,908 participants were included in this study. Of these, 1,559 (53.6%) were
female, with ages ranging from 18 to 95 years (median 39 years, interquartile range [IQR]: 28
- 57 years). Of these 2,908 participants, a total of 2,678 (92.1%) completed the survey
questionnaire; 2,606 (89.6%) reported serology test results; 2,713 (93.3%) returned swabs for
RT-PCR; and 2,709 (93.2%) returned swabs for metagenomic analysis. Overall, a total of
1,746 (60.0%) volunteers came from a household where greater than one volunteer
participated in the study, with a median of two and a maximum of six participants per
household. The remaining 1,162 (40.0%) volunteers were the only participating member of

their household.

4.4.1 Participant Characteristics

The participant characteristics of the entire sample population are summarised in Table 4.3.
Among those who completed the survey (n = 2,678), the median household size was two
occupants. The majority (58.6%) of participants stated their main economic activity as paid
employment, and 18.3% reported being key workers. After limiting to participants in paid
employment, 429/1569 (27.3%) stated they were key workers. These results are comparable
to 2011 UK census data which showed 56.0% of adults in Oxfordshire in paid employment
and 28.9% being key workers.****¢ The most commonly reported occupation was
professional (37.5%), followed by “none” (32.4%), which included full-time students, retired
persons as well as unemployed individuals. The majority (54.3%) of study participants had
obtained a higher degree. For comparison, 2011 census data showed 42.6% of Oxford adults

with this education level.>’
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Table 4.3 Participant characteristics of the sample population. Sex and age group data were available for all
participants, with the remaining information limited to those who completed the survey, as indicated in brackets.

Sample Population
Characteristics Number Percentage
Sex (N =2908)
Female 1559 53.6%
Male 1349 46.4%
[Age Group, years (N = 2908)
18-29 915 31.5%
30-44 795 27.3%
45 - 64 757 26.0%
65+ 441 15.2%
Completed Survey (N = 2908)
Yes 2678 92.1%
No 230 7.9%
[Household Size, number of occupants (n = 2678)
1 186 6.9%
2 1042 38.9%
3 499 18.6%
4 546 20.4%
5+ 405 15.1%
Key Worker (n = 2678)
Yes 491 18.3%
No 2142 80.0%
Unknown 45 1.7%
Main Economic Activity (n = 2678)
Paid employment 1569 58.6%
Self-employed 245 9.1%
Student 318 11.9%
Retired 395 14.7%
Other 151 5.6%
Occupation (n = 2678)
Health or social care 233 8.7%
Professional 1004 37.5%
Business or administration 330 12.3%
Other 244 9.1%
None 867 32.4%
[Highest level of education obtained (n = 2678)
O-levels or equivalent 105 3.9%
A-levels or equivalent 278 10.4%
Bachelor’s degree or equivalent 814 30.4%
Higher degree 1454 54.3%
None of the above 27 1.0%
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The participant characteristics for each Round is presented in Table 4.4. Survey completion
decreased from 97.7% in Round 1 over each time point to 82.3% by Round 5. The majority
of participants in each Round were female (51.4 - 57.1%), working in paid employment (53.1
- 61.9%) and not a key worker (77.0 - 84.4%). The most frequently reported household size
in each Round was two occupants (36.8 - 41.3%), and the most common occupation was
professional (35.3 - 40.2%). Round 5, conducted in Oxfordshire outside of Oxford, was
similar to previous Rounds 1 - 4 by many measures but differed by having more participants
reporting being retired (17.6% vs 13.0 - 14.7%) and fewer students (3.8% vs 9.9 - 16.3%). In
addition, when comparing Round 5 vs Rounds 1 - 4, fewer participants (39.7% vs 56.3 -
59.1%) reported having a higher degree, while more stated their highest educational

attainment to be O-levels or equivalent (9.3% vs 2.1 - 4.0%).
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Table 4.4 Participant characteristics of the Oxfordshire study population by testing Round. Sex and age group
data were available for all participants, with the remaining information limited to those who completed the

survey, as indicated in bold.

Round 1 Round 2 Round 3 Round 4 Round 5*
Characteristics n (%) n (%) n (%) n (%) n (%)

Total participants n="729 n =552 n =606 n =483 n = 538
Sex

Female 380 (52.1) 284 (51.4) [336(554) [276(57.1) [283(52.6)

Male 349 (47.9) 268 (48.6) [270 (44.6) 207 (42.9) |255(47.4)
Age Group, years

18 -29 264 (36.2) 203 (36.8) 192 (31.7) 140 (29.0) 116 (21.6)

30 -44 186 (25.5) 139 (25.2) 152 (25.1) 141 (29.2) 177 (32.9)

45 - 64 176 (24.1) 131 (23.7) 167 (27.6) 123 (25.5) 160 (29.7)

65+ 103 (14.1) |79 (14.3) 95 (15.7) 79 (16.4) 85 (15.8)
Completed Survey

Yes 712 (97.7) 1530 (96.0) [565(93.2) |28 (88.6) 443 (82.3)

No 17 (2.3) 22 (4.0) 41 (6.8) 55 (11.4) 95 (17.7)
Responding participants | n =712 | n =530 | n =565 | n =428 | n =443
Household Size, number of occupants

1 19 (2.7) 39 (7.4) 42 (7.4) 53 (12.4) 33 (7.4)

2 280 (39.3) [219(41.3) [217(38.4) 163 (38.1) 163 (36.8)

3 137 (19.2) 88 (16.6) 115 (20.4) 75 (17.5) 84 (19.0)

4 141 (19.8) 109 (20.6) 112 (19.8) 31 (18.9) 103 (23.3)

5+ 135(19.0) |75 (14.2) 79 (14.0) 56 (13.1) 60 (13.5)
Key Worker

Yes 100 (14.0) 103 (19.4) 105 (18.6) 87 (20.3) 96 (21.7)

No 601 (84.4) |419(79.1) [448(79.3) [333(77.8) |341(77.0)

Unknown 11 (1.5) 8 (1.5) 12 (2.1) 8 (1.9) 6 (1.4)
Main Economic Activity

Paid employment 378 (53.1) 303 (57.2) [350(61.9) [265(61.9) [|273(61.6)

Self-employed 77 (10.8) 40 (7.5) 50 (8.8) 30 (7.0) 48 (10.8)

Student 116 (16.3) 82 (15.5) 56 (9.9) 47 (11.0) 17 (3.8)

Retired 105 (14.7) 169 (13.0) 80 (14.2) 63 (14.7) 78 (17.6)

Other 36 (5.1) 36 (6.8) 29 (5.1) 23 (5.4) 27 (6.1)
Occupation

Health or social care 53 (7.4) 52 (9.8) 55(9.7) 40 (9.3) 33 (7.4)

Professional 251 (35.3) |202(38.1) |227 (40.2) 160 (37.4) 164 (37.0)

Business or administration 86 (12.1) 46 (8.7) 62 (11.0) 62 (14.5) 74 (16.7)

Other 65 (9.1) 43 (8.1) 54 (9.6) 32 (7.5) 50 (11.3)

None 257 (36.1) 187 (35.3) 167 (29.6) 134 (31.3) 122 (27.5)
Highest level of education obtained

O-levels or equivalent 20 (2.8) 15(2.8) 12 (2.1) 17 (4.0) 41 (9.3)

A-levels or equivalent 68 (9.6) 55(10.4) 38 (6.7) 38 (8.9) 79 (17.8)

Bachelor’s degree or equivalent 218 (30.6) 142 (26.8) 188 (33.3) 125 (29.2) 141 (31.8)

Higher degree 401 (56.3)  |313(59.1) 321 (56.8)  [243 (56.8) 176 (39.7)

None of the above 5(0.7) 5(0.9) 6(1.1) 5 (1.2) 6 (1.4)

*Round 5 was conducted in Oxfordshire in postcode regions OX5, 0X10, 0X11, 0X12, 0X13, 0X14, 0X26
and OX29 compared with Rounds 1 - 4 conducted in Oxford postcode regions OX1, 0X2, OX3 and OX4.
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Participants who completed the survey reported on health factors, as summarised in

Table 4.5. Individuals with a chronic respiratory condition varied between 9.1 - 13.5% by

Round. Overall, 20.6 - 26.9% of participants reported having one or more of the listed

chronic medical conditions. When asked about nicotine consumption, 5.4 - 9.6% of

participants reported current cigarette or e-cigarette use. In total, 44.2 - 49.6% of participants

had at least one chronic respiratory allergy, the most common being hay fever. A small

number of female participants (0.3 - 1.8%) in each Round reported being pregnant.

Table 4.5 Reported participant health factors by testing Round. The percentages are based on the number of
responding participants in each Round, as shown in beld. Variables in italics indicate the presence of one or
more health factors in the corresponding category.

Health Factor Round 1 Round 2 Round 3 Round 4 Round 5
n (%) n (%) n (%) n (%) n (%)
|Responding Participants n="712 n =530 n = 565 n =428 n =443
Chronic medical condition
Chronic respiratory condition*® 06 (13.5) 66 (12.5) 64 (11.3) 39 (9.1) 47 (10.6)
Cardiovascular disease 59 (8.3) 29 (5.5) 47 (8.3) 31 (7.2) 54 (12.2)
Other chronic disease’ 11 (1.5) 7 (1.3) 7(1.2) 2 (0.47) 4 (0.9)
Diabetes 12 (1.7) 9 (1.7) 6(1.1) 9 (2.1) 14 (3.2)
Immunocompromised* 6 (0.8) 14 (2.6) 10 (1.8) 6 (1.4) 5 (1.1)
Severe obesity 8 (1.1) 6(1.1) 6(1.1) 10 (2.3) 15(3.4)
Any chronic medical condition 166 (23.3) |116(21.9) |120(21.2) |88 (20.6) 119 (26.9)
Current nicotine use
Current smoker (cigarettes) 42 (5.9) 41 (7.8) 31 (5.5) 16 (3.7) 24 (5.4)
Current vaper (e-cigarettes) 27 (3.8) 16 (3.0) 14 (2.5) 8 (1.9) 14 (3.2)
Any current cigarette or e-cigarette use |64 (9.0) 51 (9.6) 44 (7.8) 23 (5.4) 35 (7.9)
Chronic respiratory allergies
Hay fever 281 (39.5) [222(41.9) [228(40.4) |188(43.9) [174(39.3)
Other respiratory allergy® 169 (23.7) [127 (24.0) |125(22.1) [85(19.9) 76 (17.2)
Any chronic respiratory allergies 341 (47.9) 1263 (49.6) 264 (46.7) 1204 (47.7) 196 (44.2)
|Responding Female Participants n = 358 n =263 n =309 n =244 n =227
Pregnant 2 (0.6) 2 (0.8) 1(0.3) 1(0.4) 4 (1.8)

*Includes asthma, chronic obstructive pulmonary disease, emphysema or chronic bronchitis
Includes chronic kidney disease, chronic liver disease or a chronic neurological condition
‘Includes HIV/AIDS, current chemotherapy treatment, sickle cell disease, splenectomy or steroid treatment

SIncludes any other chronic allergy which causes respiratory symptoms including those caused by dust mites,
domestic animals or other environmental factors
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Participants who completed the survey reported whether they had experienced any acute
COVID-19 symptoms in the preceding fourteen days. Table 4.6 summarises symptoms which
were still current on the day of the survey by Round. The most commonly reported symptom
was rhinorrhoea (runny nose), followed by tiredness/malaise and headache. The least
common symptom was fever. In total, 11.3 - 20.1% of participants reported one or more

current acute symptoms in each Round.

Table 4.6 Reported current acute COVID-19 symptoms from responding participants commencing within the
preceding 14 days and present on the survey day. Bold indicates the number of responding participants, while
italics indicate the presence of one or more of the listed symptoms. COVID-19: Coronavirus disease 2019.

Symptom Round 1 Round 2 Round 3 Round 4 Round 5
n (%) n (%) n (%) n (%) n (%)
Responding Participants n="712 n =530 n = 565 n =428 n =443
Fever 1(0.1) 1(0.2) 0(0.0) 0(0.0) 1(0.2)
Chills 4 (0.6) 1(0.2) 1(0.2) 1(0.3) 1(0.2)
Runny nose 67 (9.4) 38(7.2) 29 (5.1) 42 (9.8) 17 (3.8)
Sore throat 30 (4.2) 18 (3.4) 18 (3.2) 16 (3.7) 3(0.7)
Cough 28 (3.9) 14 (2.6) 14 (2.5) 11 (2.6) 2(0.5)
Shortness of breath 9(1.3) 4 (0.8) 4(0.7) 7 (1.6) 4 (0.9)
Headache 44 (6.2) 18 (3.4) 20 (3.5) 15 (3.5) 13 (2.9)
Muscle/joint pain 26 (3.7) 14 (2.6) 21 (3.7) 11 (2.6) 10 (2.3)
Tiredness/malaise 31 (4.4) 24 (4.5) 21(33.7) 23 (5.4) 12 (2.7)
Gastrointestinal symptom(s)* |15 (2.1) 4(0.8) 11 (1.9) 8(1.9) 7 (1.6)
Sputum/phlegm production |4 (0.6) 5(0.9) 3(0.5) 1(0.2) 1(0.2)
Loss of taste or smell 1(0.1) 2(0.4) 4(0.7) 1(0.2) 1(0.2)
Any current acute symptom 140 (19.7) 93 (17.5) 90 (15.9) 86 (20.1) 50 (11.3)

* Includes nausea, vomiting, diarrhoea or loss of appetite

4.4.2 Evidence of SARS-CoV-2 Infection

Study participants were investigated for evidence of current or previous SARS-CoV-2

infection using four detection methods: RT-PCR, serology, mNGS and the symptom-based

case definition. The results obtained using each detection method by Round are summarised
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in Table 4.7 and explored separately in subsequent sections. Overall, any evidence of current

or previous SARS-CoV-2 infection ranged from 10.1% in Round 1 to 4.7% in Round 5.

Table 4.7 Evidence of current or previous SARS-CoV-2 infection using four different detection methods. Bold
indicates the number of participants, while variables in italics indicate the presence of any one or more of the
preceding items in the corresponding category. RT-PCR: reverse-transcription polymerase chain reaction; IgG:
Immunoglobulin G; IeM: Immunoglobulin M; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2.

Round 1 Round 2 Round 3 Round 4 Round 5
Detection Method n (%) n (%) n (%) n (%) n (%)
Total participants n="729 n = 552 n =606 n = 483 n =538
RT-PCR
Positive 4 (0.5) 2 (0.4) 0 (0.0) 0 (0.0) 0(0.0)
Negative 698 (95.7) 1523 (94.7) |572(94.4) [430(89.0) |455 (84.6)
Invalid result 8 (1.1) 6(1.1) 3(0.5) 8 (1.6) 4 (0.7)
No result 19 (2.6) 21 (3.8) 31 (5.1) 45 (9.3) 79 (14.7)
Serology
IgM positive only 7 (1.0) 10 (1.8) 7(1.2) 5(1.0) 2 (0.4)
IgM and IgG positive 26 (3.6) 6(1.1) 0 (0.0) 5(1.0) 2 (0.4)
IgG positive only 11 (1.5) 20 (3.6) 8 (1.3) 23 (4.8) 14 (2.6)
Positive (any serology) 44 (6.0) 36 (6.5) 15(2.5) 33 (6.8) 18 (3.3)
Negative 620 (85.0) 461 (83.5) |135(22.3) [382(79.1) |396 (73.6)
Invalid result 15 (2.1) 31 (5.6) 408 (67.3)" 19 (1.9) 3(0.5)
No result 50 (6.9) 24 (4.3) 48 (7.9) 59 (12.2) 121 (22.5)
Symptom-based case definition
New cough 28 (3.8) 14 (2.5) 14 (2.3) 11 (2.3) 2 (0.4)
Loss of taste or smell 1(0.1) 2 (0.4) 4 (0.7) 1(0.2) 1(0.2)
Fever (=37.8°C) 1(0.1) 1(0.2) 0(0.0) 0 (0.0) 1(0.2)
Positive (meets any symptom criteria) 29 (4.0) 15(2.7) 15(2.5) 11 (2.3) 4(0.7)
Negative 683 (93.7) |515(93.3) |550(90.8) [417 (86.3) [439 (81.6)
No result 17 (2.3) 22 (4.0) 41 (6.8) 55(11.4)  195(17.7)
[Metagenomic next-generation sequencing
Positive 3(0.4) 2 (0.4) 2(0.3) 1(0.2) 0(0.0)
Negative 48 (6.6) 32 (5.8) 8 (1.3) 14 (2.9) 6(1.1)
No result 678 (93.0) 518 (93.8) 596 (98.3) [468 (96.9) |532 (98.9)
All detection methods combined*
Any evidence of SARS-CoV-2 infection 73 (10.0) |50 (9.1) 31(5.1) 43 (8.9) 22 (4.1)
No evidence 647 (88.8) 1490 (88.8) |554(91.4) [405(83.9) [451 (83.8)
No result 9(1.2) 12 (2.2) 21(3.5) 35(7.2) 65 (12.1)

* Any evidence of current or previous SARS-CoV-2 infection includes all participants who were RT-PCR
positive, had any positive serology (IgM, IgG or both), met the symptom-based case definition or had any
SARS-CoV-2 reads detected via metagenomic next-generation sequencing

"Includes 379 participants provided laboratory-created buffer
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As discussed in the Methodology, supply chain issues limited the amount of serology assay
buffer available for Round 3. After conducting the study, the serology results obtained in
Round 3 were investigated to determine whether the laboratory-created buffer (LCB) differed
from the manufacturer-supplied buffer (MSB), with H, being no difference. Serology results
were reported by 529/606 (87.3%) participants in this Round, with 150 (28.4%) receiving
MSB and the remaining 379 (71.6%) receiving LCB through random allocation. From those
who received the MSB, 15 (10.0%) were positive for any serology compared with 75 (19.8%)
in those receiving LCB. A two-tailed test for equality of proportions for serology positive
without Yates's correction for continuity gave a p-value of 0.0069 and 95% CI of (-0.16 to
-0.04), indicating H, should be rejected and that there was a significant difference between
manufacturer-supplied and laboratory-created buffer. LCB results for Round 3 were therefore

counted as invalid in the data analysis.

Logistic regressions for individual detection methods, such as RT-PCR positivity, were not
attempted because of the rarity of the events leading to low cell counts. Instead, univariate
logistic regression was completed for predictors of any evidence of current or previous
infection vs no evidence, as seen in Tables 4.8 and 4.9. Participants who received LCB were
not included in this analysis. Variables with high multicollinearity were excluded from the

multiple logistic regression analysis, as detailed in the methodology.
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Table 4.8 Multiple logistic regression analysis on predictors for any evidence of current or previous infection vs
no evidence. Any evidence of current or previous SARS-CoV-2 infection includes all participants who were
RT-PCR positive, had any positive serology (IgM, IgG or both), met the symptom-based case definition or had
any SARS-CoV-2 reads detected via metagenomic next-generation sequencing and was treated as a dichotomous
variable in the analysis. RT-PCR: reverse-transcription polymerase chain reaction; SARS-CoV-2: Severe acute
respiratory syndrome coronavirus 2; IgG: Immunoglobulin G; IgM: Immunoglobulin M; OR: Odds Ratio; CI:

Confidence Interval.

Unadjusted Analysis Adjusted Analysis*
Variable B Unadjusted OR B Adjusted OR
Coefficient (95% CI) el Coefficient (95% CI) p-value

Sex

Female Referent 1 - - - -

Male -0.087 0.92 (0.69 - 1.2) 0.55 -0.094 091 (0.67-1.2) | 0.55
Age

Years 0.0044 | 1.0(0.99-1.0) [ 031 -0.0048 | 1.0(0.98-1.0) | 0.36
Round

1 Referent 1 - - - -

2 -0.10 0.9 (0.62-1.3) 0.60 -0.069 0.93(0.62-1.4)( 0.74

3 0.0097 1(0.57-1.7) 0.97 0.12 1.1 (0.62 - 2.0) 0.68

4 -0.061 0.94 (0.63-1.4) 0.76 -0.055 0.95(0.6-1.5) 0.81

5 -0.84 0.43 (0.26 - 0.7) | 0.00083 -0.78 0.46 (0.26 - 0.79) | 0.0062
Household Size (number of occupants)

1 Referent 1 - - - -

2 -0.39 0.68(0.4-1.2) 0.16 -0.32 0.73(041-1.4) [ 0.29

3 -0.52 0.59 (0.32-1.1) | 0.098 -0.49 0.61(0.32-1.2) | 0.15

4 -0.30 0.74 (0.42-1.4) 0.32 -0.23 0.80(0.43-1.5) | 0.49

S5+ 0.11 1.1 (0.63 -2.0) 0.72 0.013 1.0 (0.54 - 2.0) 0.97
Key Worker

No or Unknown Referent 1 - - - -

Yes -0.0049 1.0 (0.68 - 1.4) 0.98 0.23 1.3 (0.78 - 2.0) 0.33
Main Economic Activity

Paid Employment Referent 1 - - - -

Self-employed -0.33 0.72 (0.39 - 1.2) 0.26 - - -

Student 0.11 1.1(0.72-1.7) 0.62 - - -

Retired -0.064 0.94 (0.6-1.4) 0.77 - - -

Other 0.27 1.3(0.71-2.2) 0.36 - - -
Occupation

Professional Referent 1 - - - -

Health or social care -0.47 0.62 (0.33-1.1) 0.13 -0.59 0.55(0.26-1.1) | 0.10

Business/administration -0.62 0.54 (0.30 - 0.90)| 0.023 -0.58 0.56 (0.30 - 0.98)| 0.053

Other -0.41 0.66 (0.36 - 1.1) 0.16 -0.26 0.77(0.40-1.4) [ 0.41

None -0.10 0.9 (0.65-1.2) 0.54 -0.0053 1.0 (0.68 - 1.4) 0.98
Highest level of education obtained

Higher degree Referent 1 - - - -

Bachelor’s or equivalent -0.033 0.97 (0.70 - 1.3) 0.84 -0.0070 | 0.99(0.69-1.4) | 0.97

A-levels or equivalent -0.20 0.82(0.48 - 1.3) 0.42 -0.30 0.74(0.39-1.3) | 0.33

O-levels or equivalent -0.15 0.86 (0.38 - 1.7) 0.69 0.34 1.4 (0.59-3.0) 0.40

None -0.78 0.46 (0.025-2.2)| 0.45 -0.49 0.62 (0.033-3.2)| 0.64

* Adjusted for sex, age, Round, household size, key worker status, occupation, education level, chronic medical
conditions, current nicotine use, chronic respiratory allergies, social distancing, social isolation, handwashing

and two-metre distancing.
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Table 4.9 Multiple logistic regression analysis on predictors for any evidence of current or previous infection vs
no evidence. Any evidence of current or previous SARS-CoV-2 infection includes all participants who were
RT-PCR positive, had any positive serology (IgM, IgG or both), met the symptom-based case definition or had
any SARS-CoV-2 reads detected via metagenomic next-generation sequencing and was treated as a dichotomous
variable in the analysis. RT-PCR: reverse-transcription polymerase chain reaction; SARS-CoV-2: Severe acute
respiratory syndrome coronavirus 2; IgG: Immunoglobulin G; IgM: Immunoglobulin M; OR: Odds Ratio; CI:
Confidence Interval.

Unadjusted Analysis Adjusted Analysis*
Variable B Unadjusted OR B Adjusted OR
Coefficient (95% CI) el Coefficient (95% CI) p-value

Chronic medical condition

No Referent 1 - - - -

Yes -0.15 0.86 (0.60 - 1.2) 0.39 -0.090 0.91(0.61-1.3) | 0.65
Current nicotine use

No Referent 1 - - - -

Yes 0.027 1.0 (0.59-1.7) 0.92 -0.012 0.99(0.53-1.7) | 0.97
Chronic respiratory allergies

No Referent 1 - - - -

Yes 0.22 1.2(0.94-1.7) 0.13 0.23 1.3(0.93-1.7) 0.14
Serology brand

VivaDiag® Referent 1 - - - -

OnSite® -0.70 0.50(0.33-0.77)] 0.0013 - - -

Orient Gene® -0.54 0.58 (0.36 - 0.95)| 0.030 - - -

Vazyme® -0.40 0.67 (0.44-1.0) | 0.063 - - -
Social distancing

No Referent 1 - - - -

Yes 0.077 1.1 (0.80-1.5) 0.62 -0.16 0.86 (0.60-1.2) | 0.38
Social isolation

No Referent 1 - - - -

Yes 0.61 1.8 (1.1 -3.0) 0.023 0.50 1.6 (0.76 - 3.2) 0.17
Hand washing; Frequency - Always

No Referent 1 - - - -

Yes -0.13 0.88 (0.64 -1.2) 0.43 -0.24 0.79 (0.56-1.1) | 0.17
[Two-metre distancing; Frequency - Always

No Referent 1 - - - -

Yes 0.3 1.4(1.0-1.8) 0.051 0.3 1.4(0.98-1.9) | 0.068

* Adjusted for sex, age, Round, household size, key worker status, occupation, education level, chronic medical
conditions, current nicotine use, chronic respiratory allergies, social distancing, social isolation, handwashing
and two-metre distancing.

As can be seen in Table 4.8, participants who worked in business or administration were
almost half as likely to have evidence of current or previous SARS-CoV-2 infection when
compared with professionals, with an unadjusted OR (95%CI) of 0.54 (0.3 - 0.9) and p-value
of 0.023. However, this relationship attenuated in the adjusted analysis with a p-value of

0.053. Round 5 participants were significantly less likely to have any evidence of current or
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previous SARS-CoV-2 infection with an adjusted OR (95%CI) of 0.46 (0.26 - 0.79) and
p-value of 0.0062. This may be due to the rural location for Round 5 compared with Rounds

1 - 4. Other results from this regression are discussed in subsequent relevant sections.

4.4.2.1 Gold Standard Detection using RT-PCR

From the 2,713 participants who underwent SARS-CoV-2 RT-PCR testing, 2,678 (98.7%)
were negative, and 29 (1.1%) had invalid results (3 indeterminate and 26 poor quality). Six
participants (0.22%) returned a positive RT-PCR result. These six samples had C; values
ranging from 25.7 - 37.8 (mean 32.7) for the RdRp gene, 25.4 - 38.7 (mean 32.5) for the E£
gene and 27.6 - 31.6 (mean 29.2) for the RNase P gene. Overall, 2/6 (33.3%) of RT-PCR
positive individuals had intermediate C values for the RdRp and E genes, while 4/6 (66.7%)
had high C; values > 30, indicating intermediate and low viral loads, respectively. None of

the participants had low C; values which would have indicated high viral loads.

After limiting to participants with valid RT-PCR results (excluding those with invalid or no
result), those testing positive with 95%CI calculated using the exact binomial test was 4/702
(0.57%, 95%CI [0.16 - 1.45%]) positive on 20 April 2020, 2/525 (0.38%, 95%CI [0.046 -
1.37%]) positive on 4 May 2020, 0/572 (0.0%, 95%CI [0.0 - 0.064%]) on 18 May 2020,
0/430 (0.0%, 95%CI [0.0 - 0.85%]) on 2 June 2020 and 0/455 (0.0%, 95%CI [0.0 - 0.81%])
on 17 June 2020. This serial prevalence data were compared in Figure 4.3 with the ONS
COVID-19 Infection Survey daily modelled data for the whole of England and the South East
region, which commenced on 26 April 2020.%* Oxford and Oxfordshire are contained within
the South East region of England, and the ONS had no lower granularity data available for
this period. As can be seen, the SARS-CoV-2 infection prevalence estimates obtained in this

study are consistent with the ONS results for England and the South East region.
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Source and Location

ONS - England
== ONS - South East
Study - Oxfordshire

Prevalence (%)
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Figure 4.3 Prevalence of SARS-CoV-2 infection in the community as detected using RT-PCR as a part of this
study in Oxfordshire (blue) compared with published modelled prevalence data >*® for all of England (red) and
the South East region (green) with 95% binomial confidence intervals. ONS: Office for National Statistics;

RT-PCR: reverse-transcription polymerase chain reaction; SARS-CoV-2: Severe acute respiratory syndrome
coronavirus 2.

For all participants with valid results, RT-PCR positive vs negative individuals were
compared in Tables 4.10 and 4.11. Out of the six positive on RT-PCR for SARS-CoV-2, four
(66.7%) were male, with ages 20 - 69 years with a median of 29 years (IQR: 25 - 39 years).
Two (33.3%) of the RT-PCR positive participants met the symptom-based case definition
compared with 71/2590 (2.7%) RT-PCR negative participants. Using Fisher's exact test for
count data, this gives an odds ratio (OR) with (95% CI) of 17.7 (1.6 - 125.2) of RT-PCR
positive participants meeting the symptom-based case definition criteria vs RT-PCR negative
participants and p-value of 0.011. Three (50.0%) RT-PCR positive participants had positive
serology vs 137/2063 (6.6%) RT-PCR negative participants for which valid results were
available, giving an OR (95%) of 14.0 (1.9 - 105.8) and p-value of 0.0052. Other variables
examined did not show significant differences between RT-PCR positive and negative

participants.
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Table 4.10 Comparison of SARS-CoV-2 RT-PCR positive vs negative participants using study variables. Only
participants with valid results are included, with the relevant subpopulations for each section in bold. RT-PCR:
reverse-transcription polymerase chain reaction; SARS-CoV-2: Severe acute respiratory syndrome coronavirus
2: IeG: Immunoglobulin G; IgM: Immunoglobulin M.

Variable RT-PiI?;’?SItIVC RT-PC;{(;c;gatlve D
|Participants n==6 n= 2678
Sex
Female 2 (33.3) 1449 (54.1) 0.42
Male 4 (66.6) 1229 (45.9) )
IAge Group (years)
18 - 29 3(50.0) 824 (30.8)
30 - 44 2 (33.3) 722 (27.0) 0.45
45 - 64 0(0.0) 718 (26.8) ’
65+ 1(16.7) 414 (15.5)
Round
1 4 (66.7) 698 (26.1)
2 2 (33.3) 523 (19.5)
3 0(0.0) 572 (21.4) 0.11
4 0(0.0) 430 (16.1)
5 0 (0.0) 455 (17.0)
|[Responding participants n=_6 n= 2590
[Household size
1 0 (0.0) 178 (68.7)
2 3 (50.0) 1013 (39.1)
3 1(16.7) 484 (18.7) 0.60
4 0(0.0) 531(20.5)
5+ 2 (33.3) 384 (14.8)
[Key Worker Status
Yes 1(16.7) 475 (18.3)
No 4 (66.7) 2073 (80.0) 0.11
Unknown 1(16.7) 42 (1.6)
[Economic Activity
Paid Employment 3 (50.0) 1524 (48.8)
Self-employed 0(0.0) 233 (9.0)
Student 2 (33.3) 300 (11.6) 0.52
Retired 1(16.7) 385 (14.9)
Other 0(0.0) 148 (5.7)
Occupation
Health or social care 1(16.7) 227 (8.8)
Professional 1(16.7) 978 (37.8)
Business or administration 1(16.7) 317 (12.2) 0.50
Other 0(0.0) 232 (9.0)
None 3 (50.0) 836 (32.3)
[Highest level of education obtained
O-levels or equivalent 0 (0.0) 101 (3.9)
A-levels or equivalent 1(16.7) 266 (10.3)
Bachelor’s or equivalent 0 (0.0) 782 (30.2) 0.34
Higher degree 5(83.3) 1414 (54.6)
None of the above 0 (0.0) 27 (1.0)

*The p-value is calculated using Fisher's exact test for count data for all 2x2 cases. For all instances larger than
2x2, the Freeman-Halton extension of Fisher's exact test is used.
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Table 4.11 Comparison of SARS-CoV-2 RT-PCR positive vs negative participants using study variables. Only
participants with valid results are included, with the relevant subpopulations for each section in bold. RT-PCR:
reverse-transcription polymerase chain reaction; SARS-CoV-2: Severe acute respiratory syndrome coronavirus
2: IeG: Immunoglobulin G; IgM: Immunoglobulin M.

Variable RT-PiI?;’?SItIVC RT-PC;{(;c;gatlve D
IResponding participants n==6 n= 2590
Chronic medical condition
Yes 2 (33.3) 586 (23.6) 0.63
No 4 (66.7) 1898 (76.4) )
Current nicotine use
Yes 0 (0.0) 208 (8.0) |
No 6 (100.0) 2382 (92.0)
Chronic respiratory allergies
Yes 5(83.3) 1227 (47.4) 011
No 1(16.7) 1363 (52.6) )
Any current acute symptom
Yes 2(33.3) 443 (17.1) 027
No 4 (66.7) 2147 (82.9) i
Social distancing
Yes 6 (100.0) 1705 (65.8) 0.10
No 0(0.0) 885 (34.2) )
Social isolation
Yes 0 (0.0) 130 (5.0) |
No 6 (100.0) 2460 (95.0)
Symptom-based case definition
Positive 2 (33.3) 71 (2.7 0.011
Negative 4 (66.7) 2519 (97.3) )
Sequenced case-control participants n==6 n= 24
[Metagenomic next-generation sequencing
Positive 2 (33.3) 1(4.2) 0.094
Negative 4 (66.7) 23 (95.8) )
[Participants with valid serology results n=6 n= 2590
Specific serology
IgM Positive 0 (0.0) 31 (1.5)
IgG Positive 3 (50.0) 69 (3.3) 0.0024
IgM and IgG Positive 0 (0.0) 37 (1.8) '
Negative 3 (50.0) 1926 (93.4)
[Any serology
Positive 3 (50.0) 137 (6.6)
Negative 3 (50.0) 1926 (93.4) 0.0052

*The p-value is calculated using Fisher's exact test for count data for all 2x2 cases. For all instances larger than
2x2, the Freeman-Halton extension of Fisher's exact test is used.

4.4.2.2 Symptom-based Case Definition

A total of 74 participants met one or more symptom-based case definition criteria, with a

decreasing trend from Round 1 to 5, as was seen in Table 4.7. The most common qualifying

symptom was the presence of a new acute cough (n = 69) followed by loss of smell (n = 8) or

140



Chapter Four

taste (n = 4), with fever reported in three participants. Of the six RT-PCR positive
participants, two (33.3%) had documented any COVID-19 symptoms, as listed in Table 4.6,
including those in the symptom-based case definition criteria. One 69-year-old male reported
cough, sore throat, shortness of breath, headache, tiredness and loss of smell. The other
symptomatic participant was a 24-year-old male with a sore throat and cough. The remaining

four RT-PCR positive participants (66.7%) were asymptomatic at time of testing.

The symptom-based case definition was compared against RT-PCR as the gold standard, as
shown in Table 4.12 for all participants with valid results. Compared with RT-PCR, the
symptom-based case definition had a sensitivity (95% CI) of 33.3% (4.3 - 77.7%) and
specificity of 97.3% (96.6 - 97.9%). The number of false positives was relatively high, with
an FDR of 97.3% (90.5 - 99.7%). The overall accuracy of the symptom-based case definition
was 97.1% (96.4 - 97.7%) compared with RT-PCR at this prevalence level. When examining
measures independent of the study prevalence, it was found that the LR+ (95% CI) was 12.2
(3.8 - 38.6). This result indicates that meeting the symptom-based case definition is strongly
associated with being truly positive for COVID-19 vs negative as determined by RT-PCR,
with the lower bound of the 95% CI not crossing the likelihood ratio threshold of 1.0. The
LR- was 0.69 (0.39 - 1.2), with the 95% CI indicating no significant difference in the
probability of having COVID-19 vs not as determined by RT-PCR when the symptom-based
case definition criteria are not met. Overall, the DOR was 17.7 (3.2 - 98.4), indicating high
odds of meeting the symptom-based case definition in those with COVID-19 as determined

by RT-PCR relative to the odds of meeting the criteria in those without the disease.
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Table 4.12 Comparing the symptom-based case definition for SARS-CoV-2 against RT-PCR as the gold
standard. RT-PCR: reverse-transcription polymerase chain reaction; SARS-CoV-2: Severe acute respiratory
syndrome coronavirus 2; Sn: Sensitivity; Sp: Specificity; PPV: Positive Predictive Value; NPV: Negative
Predictive Value; Ac: Accuracy; LR+: Positive Likelihood Ratio; LR-: Negative Likelihood Ratio; DOR:
Diagnostic odds ratio; FDR: False discovery rate.

Gold Standard Test for SARS-CoV-2 o
(RT-PCR) FDR (95% CI)
o 0,
Positive Negative 97:3% (90.5 - 99.7%)

=
= PPV (95% CI) LR+ (95% CI)
= I 2 71
al £ 2.7% (0.88 - 8.2%) 12.2 (3.8 - 38.6)
o
=
o
a .
gl = NPV (95% CI) LR- (95% CI)
2 & 4 2519
E z 99.8% (99.7 - 99.9%) 0.69 (0.39 - 1.2)
&

Sn (95% CI) Sp (95% CI) Ac (95% CI) DOR (95% CI)

33.3% (4.3-77.7%) | 97.3% (96.6 - 97.9%) | 97.1% (96.4 - 97.7%) 17.7 (3.2-98.4)

4.4.2.3 Serology

Of the 2,140 participants with complete and valid serology results, 146 individuals (6.8%)
had SARS-CoV-2 antibodies detected. After accounting for any effects of clustering in
same-household participants using a GEE model, the overall seroprevalence (95% Wald CI)
was 6.6% (5.6 - 7.8%). In total, there were 31/2140 (1.4%) individuals with [gM-positive
only, 39 (1.8%) with IgM and IgG-positive and 76 (3.6%) with IgG-positive only. The four
serology brands used in the study were compared in Table 4.13. This table includes valid
RT-PCR results; however, the timeframe for antibody positivity can extend beyond the
RT-PCR detection window, as illustrated in Figure 4.1. Given this and the low cell counts,
sensitivity and specificity were not calculated for individual serology results in this study.

Instead, sensitivity and specificity estimates from the literature for each serology brand and
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specific antibody response were included, as compared against SARS-CoV-2 immunoassay

reference panels. Sensitivity and specificity estimates varied by brand, with the lowest

sensitivity being 14.3% for Vazyme® IgM-positive only.

Table 4.13 Comparison of the four serology brands used in the study against RT-PCR results by Round, with
sensitivity and specificity measures obtained from the literature. RT-PCR: reverse-transcription polymerase
chain reaction; IgG: Immunoglobulin G; IgM: Immunoglobulin M.

Valid Valid RT-PCR result Sensitivity Specificity
Serology
Brand Ezrs(:lllc:gy Positive | Negative % (95° o o Reference
n (%) n (%) 0 (95% CI) % (95% CI)
Round 1 (n=264) Estimate from the literature
IgM 0(0.0) 3(1.1) 65.4 (57.5-172.5) 100 (95.7 — 100) .
VivaDiag® IgG 0(0.0) 2 (0.76) 62.8 (54.9-170.0) 99.0 (94.2 - 100)
IgM +IgG [0 (0.0) 18 (6.8) 62.8 (54.9-70.0) 97.1 (91.4-99.4)
Negative |3 (1.1) 238 (90.2)
Round 1 (n=380) Estimate from the literature
IgM 0(0.0) 4(1.1) 72.5 (65.0 —79.0) 95.1 (88.9-98.2) .
Orient IgG 1(0.26) |6(1.6) 68.0 (60.2 —74.9) 93.2 (86.4—96.9)
Gene® IgM +1gG [0 (0.0) 6 (1.6) 64.1 (56.2-171.2) 100 (95.7 — 100)
Negative |0 (0.0) 363 (95.5)
Round 2 (n =483) Estimate from the literature
IgM 0(0.0) 10 (2.1) 14.3 (6.8 — 27.6) 81.3 (67.1-90.2) 260
IeG 2(0.41) |18(3.7) 100 (92.9 — 100) 95.9 (84.4 —99.0)
IgM +1gG [0 (0.0) 6(1.2) 100 (92.9 — 100) 80.0 (66.1 —89.1)
Vazyme® Negative |0 (0.0) 447 (92.5)
Round 3 (n = 146) Estimate from the literature
IgM 0(0.0) 7 (4.8) 14.3 (6.8 —27.6) 81.3 (67.1-90.2) 260
IgG 0(0.0) 7 (4.8) 100 (92.9 — 100) 95.9 (84.4 —99.0)
IgM +1gG [0 (0.0) 0(0.0) 100 (92.9 — 100) 80.0 (66.1 —89.1)
Negative |0 (0.0) 132 (90.4)
Round 4 (n=397) Estimate from the literature
IgM 0(0.0) 5(1.3) 67.0 (56.9—-76.1) 87.8 (79.6 — 93.5) "ol
IgG 0(0.0) 22 (5.5) 51.0 (40.8-61.1) 99.0 (94.5 - 100)
IgM +1gG [0 (0.0) 5(1.3) 70.0 (60.0 — 78.8) 86.7 (78.4-92.7)
CTK Biotech | Negative [0 (0.0) 365 (91.9)
OnSite® Round 5 (n = 396) Estimate from the literature
IgM 0(0.0) 2 (0.51) 67.0 (56.9-76.1) 87.8 (79.6 — 93.5) ot
IgG 0(0.0) 14 (3.5) 51.0 (40.8-61.1) 99.0 (94.5 - 100)
IgM +1gG [0 (0.0) 2 (0.51) 70.0 (60.0 — 78.8) 86.7 (78.4—92.7)
Negative |0 (0.0) 378 (95.5)
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Excluding participants who did not report any serology result and those in Round 3 who
received LCB, the percentage of participants with invalid results varied by serology brand
was: 2/273 (0.73%) for VivaDiag®, 12/842 (1.4%) for CTK Biotech OnSite®, 13/405 (3.2%)
for Orient Gene® and 42/689 (6.1%) for Vazyme® tests. Three out of six (50.0%) RT-PCR
positive participants had positive serology, all of which were IgG-positive only, with one
obtained by Orient Gene® and the other two by Vazyme®. The remaining three RT-PCR

positive participants were negative on VivaDiag® serology testing.

As was seen in Table 4.8, CTK Biotech OnSite® and Orient Gene® branded serology tests
were both negative predictors of evidence of current or previous SARS-CoV-2 infection, with
unadjusted ORs (95%CI) of 0.50 (0.33 - 0.77) and 0.58 (0.36 - 0.95) respectively, as
compared to VivaDiag® as the reference group. The adjusted multiple regression analysis did
not include serology brands because of the high multicollinearity with Round dates. For CTK
Biotech OnSite®, the unadjusted OR result may be explained by its use in Round 5, which
had lower evidence of current or previous SARS-CoV-2 infection in this different
geographical region compared with Rounds 1 - 4, and thus the other serology brands.
However, Orient Gene® was used alongside VivaDiag® in Round 1, suggesting that either
Orient Gene® had a higher rate of false negatives or that VivaDiag® had a higher rate of
false positives. This could not be further determined without access to SARS-CoV-2
immunoassay reference panels, and the overlap of the confidence intervals for sensitivity and
specificity for VivaDiag® and Orient Gene® found in the literature and seen in Table 4.13

suggest no significant difference.

It was hypothesised that the participants from the same household (housemates) of those who

tested positive for SARS-CoV-2 on RT-PCR would differ in serology positivity (IgG, IgM or
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both) compared with non-housemates, with the H, being that the true OR # 1 given exposure.
The H, was that there was no difference in serology results between the groups (true OR = 1).
Excluding RT-PCR positive participants and those without valid results, a 2x2 table was
constructed in Table 4.14 to perform Fisher’s exact test, comparing the housemates of
RT-PCR positive participants and those from other households. The OR (95% CI) of having
any positive serology in housemates compared to non-housemates was 7.0 (0.63 - 49.6) with
a p-value of 0.056. While the p-value was above the threshold for statistical significance
defined in our methods, the observed OR suggests a difference in the odds of positive
serology in housemates of RT-PCR positive individuals compared with non-housemates, even
though the wide CI and low count in some cells indicate likely underpowering and calls for

caution in interpretation.

Table 4.14 Comparison of housemates of SARS-CoV-2 RT-PCR positive individuals with participants from
other households. SARS-CoV-2 RT-PCR positive participants and those with invalid serology results were
excluded. RT-PCR: reverse-transcription polymerase chain reaction; SARS-CoV-2: Severe acute respiratory
syndrome coronavirus 2.

: Serology Positive Serology Negative
Variable p-value*
n (%) n (%)
Participants n =143 n= 1991
Housemate of RT-PCR-positive participant 2(1.4) 4 (0.20) 0.056
Other Households 141 (98.6) 1987 (99.8) .

*The p-value is calculated using Fisher's exact test for count data.

Results for any serology (IgM, IgG or both) were compared against RT-PCR, as shown in
Table 4.15 for participants with valid results reported. The sensitivity (95% CI) of any
positive serology was 50.0% (11.8 - 88.2%) with a specificity of 93.4% (92.2 - 94.4%). The
PPV was low, with a high FDR 0f 97.9% (93.9 - 99.6%). The LR+ results indicated that
positive serology was strongly associated with being positive for SARS-CoV-2 vs negative
on RT-PCR. In contrast, the LR- (95% CI) of 0.54 (0.24 - 1.2) suggested negative serology

results were not significantly associated with a reduced probability of having vs not having
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COVID-19 as determined by RT-PCR. The DOR for serology was 14.1 with a 95%CI of 2.8 -
70.3, indicating high odds of positive serology in those with COVID-19 on RT-PCR relative

to the odds of positive serology in those without the disease.

Table 4.15 Comparing any SARS-CoV-2 serology (IgG, IgM or both) against RT-PCR results as the gold
standard. RT-PCR: reverse-transcription polymerase chain reaction; SARS-CoV-2: Severe acute respiratory
syndrome coronavirus 2; IgG: Immunoglobulin G; IgM: Immunoglobulin M; Sn: Sensitivity; Sp: Specificity;
PPV: Positive Predictive Value; NPV: Negative Predictive Value; Ac: Accuracy; LR+: Positive Likelihood
Ratio; LR-: Negative Likelihood Ratio; DOR: Diagnostic odds ratio; FDR: False discovery rate.

Gold Standard Test for SARS-CoV-2 o
(RT-PCR) FDR (95% CI)
0 0,
Positive Negative 97.9% (93.9 - 99.6%)

| PPV (95% CI) LR+ (95% CI)
- =1
=l 3 137
s| £ 2.1% (0.96 - 4.7%) 7.5(3.3-17.0)
=
=
5
= Z NPV (95% CI) LR- (95% CI)
- ﬁ, 3 1926
Z z 99.8% (99.7 - 99.9%) 0.54(0.24 - 1.2)
o

Sn (95% CI) Sp (95% CI) Ac (95% CI) DOR (95% CI)

50.0% (11.8 - 88.2%) | 93.4% (92.2 - 94.4%) | 93.2% (92.1 - 94.3%) 14.1 (2.8 -70.3)

4.4.2.4 Metagenomic Next-Generation Sequencing

Of the 116 participants who underwent sequencing, 62 (53.4%) were male with ages ranging
19 - 82 years with a median 37 years (IQR: 27 - 53 years). The median number of total reads
obtained per sequenced participant was 44,972 reads (IQR: 16,953 - 109,256 reads). The
median number of unclassified reads unable to be assigned a taxon ranking was 14,608 reads
(IQR: 8,102 - 24,155 reads) with a median of 39.0% (IQR: 13.3 - 78.0%) unclassified reads

per sequenced participant.
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Eight participants had at least one read assigned to SARS-CoV-2 with a median of 43 reads
(IQR: 19 - 194 reads) per positive participant. This finding implied a median relative
abundance of SARS-CoV-2 of 0.31% (IQR: 0.073 - 0.78%) in the sequenced samples. Five
(62.5%) of these participants were male with ages ranging from 20 - 56 years. Using Fisher’s
exact test for count data, 2/6 (33.3%) of the RT-PCR positive participants had reads assigned
to SARS-CoV-2 on mNGS, compared with 1/24 (4.2%) of matched controls, giving a
two-sided p-value of 0.094. The mNGS positive control only had a single read taxonomically
assigned to SARS-CoV-2, which may suggest barcode crossover.”° A total of 2/2 (100%) of
the RT-PCR positive participants with intermediate C; values had SARS-CoV-2 detected on
mNGS, while 0/4 (0%) of those with high C; values had reads detected. All seven household
contacts of RT-PCR positive participants and the three individuals who had indeterminate

RT-PCR results had zero SARS-CoV-2 reads detected on sequencing.

Table 4.16 compares mNGS results with RT-PCR as the gold standard for all sequenced
case-control participants. The sensitivity of mNGS was 33.3% (4.3 - 77.7%) with a
specificity of 95.8% (78.9 - 99.9%) compared with RT-PCR. The FDR of 33.3% (0.84 -
90.6%) was lower than for other tests, but with a wider confidence interval due to the smaller
sample size. The LR+ and LR- results indicated that mNGS positive and negative results
were not strongly associated with having or not having COVID-19 as confirmed by RT-PCR.
The DOR (95% CI) for mNGS was 11.5 (0.83 - 158.7). This suggests an elevated likelihood
of mNGS positivity in those with SARS-CoV-2 detected on RT-PCR compared to those
without. Nevertheless, due to the wide confidence interval that includes the threshold value of
1.0, caution should be exercised in interpreting this as conclusive due to likely

underpowering of the study.
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Table 4.16 Comparing metagenomic next-generation sequencing against RT-PCR results as the gold standard.
RT-PCR: reverse-transcription polymerase chain reaction; SARS-CoV-2: Severe acute respiratory syndrome
coronavirus 2; mNGS: metagenomic next-generation sequencing; Sn: Sensitivity; Sp: Specificity; PPV: Positive
Predictive Value; NPV: Negative Predictive Value; Ac: Accuracy; LR+: Positive Likelihood Ratio; LR-:
Negative Likelihood Ratio; DOR: Diagnostic odds ratio; FDR: False discovery rate.

Gold Standard Test for SARS-CoV-2 o
(RT-PCR) FDR (95% CI)
o, o,
Positive Negative 33.3% (0.84 - 90.6%)
w PPV (95% CI) LR+ (95% CI)
= 2 1
& 66.7% (17.7 - 94.9%) 8.0 (0.86 - 74.2)
7]
2
-
E
Z NPV (95% CI) LR- (95% CI)
g 4 23
z 85.2% (76.5 - 91.1%) 0.70 (0.39-1.2)
Sn (95% CI) Sp (95% CI) Ac (95% CI) DOR (95% CI)
33.3% (4.3 -77.7%) | 95.8% (78.9-99.9%) | 83.3% (65.3 - 94.4%) 11.5(0.83 - 158.7)

4.4.3 Microbiome Analysis

Participants with mNGS data available underwent microbiome analysis. First, a visual
inspection of the microbiome composition was undertaken. Figure 4.4 shows a Krona
metagenomic visualisation via the BugSeq platform of the participant with the highest
SARS-CoV-2 read count using described methods.?** This participant had 16,906 reads
assigned to SARS-CoV-2, accounting for 22.6% of all reads in the sample. Excluding
unclassified reads, this participant's second-highest read count was assigned to Haemophilus

parainfluenzae at the species level.
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Figure 4.4 Krona metagenomic visualisation of the sequenced reads from one participant who had a
SARS-CoV-2 read count of 16,906 reads. The black box indicates the reads assigned to SARS-CoV-2. This pie
chart was generated via BugSeq using described methods.?** SARS-CoV-2: Severe acute respiratory syndrome
coronavirus 2.

4.4.3.1 Relative Abundance

The relative abundance of species with sequenced reads assigned at this taxon level for
RT-PCR positive cases (n = 6) vs their negative controls (n = 24) is shown in Figure 4.5.
Unclassified reads comprised most of the samples for both groups. The top four species for

both RT-PCR positive and controls were the same, but RT-PCR positive participants had a
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greater relative abundance of Haemophilus parainfluenzae. However, on comparing the
relative abundance of this species between cases vs control using the non-parametric

Wilcoxon test, the p-value was 0.34, indicating no significant difference between the groups.
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Figure 4.5 Top relative abundance of sequenced reads in SARS-CoV-2 RT-PCR positive cases (n = 6) vs their
negative controls (n = 24) assigned at the species level. RT-PCR: reverse-transcription polymerase chain
reaction; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2.

The relative abundance of sequenced reads was explored at different taxonomy levels.

Figure 4.6 shows reads at the phylum level for RT-PCR positive participants vs their negative
controls. Again, unclassified reads comprised the majority of the relative abundance for both.
The top phylum for both RT-PCR cases and controls were the same, but RT-PCR positive
participants had a greater relative abundance of Proteobacteria than controls. Proteobacteria is
the phylum which contains Haemophilus parainfluenzae, amongst other species. The relative
abundance of proteobacteria was compared between cases vs control using the
non-parametric Wilcoxon test, giving a p-value was 0.14, indicating no significant difference

between the groups.
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Figure 4.6 Top relative abundance of sequenced reads in SARS-CoV-2 RT-PCR positive cases (n = 6) vs their
negative controls (n = 24) assigned at the phylum level. RT-PCR: reverse-transcription polymerase chain
reaction; SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2.

4.4.3.2 Alpha Diversity

Alpha diversity was explored at the species level for RT-PCR positive participants vs their
negative controls, as shown in Figure 4.7. RT-PCR positive cases had similar Shannon and
Simpson diversity index scores compared with controls, with no significant difference found
between the groups (Wilcoxon test p-values 0.82 and 0.98, respectively). The count of the
number of species, represented by richness, was similar between the two groups, with a
p-value of 0.98. Except for a few outliers, the evenness or distribution of species abundance
was similar between cases and controls, with a p-value of 0.86. Other taxonomy levels were
also explored but did not demonstrate significant differences between the two groups using

these four metrics for alpha diversity.
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Figure 4.7 Alpha diversity at the species level comparing RT-PCR positive cases (n = 6) in red and their
matched controls (n = 24) in blue. P-values were obtained by comparison of the two groups using the
non-parametric Wilcoxon rank-sum test. A: Shannon diversity index; B: Simpson diversity index; C: Richness;
D: Evenness based on Shannon diversity index.

Alpha diversity was compared at the genus level for sequenced participants who met the
symptom-based case definition, as shown in Figure 4.8. Shannon and Simpson diversity
index scores were similar between both groups (Wilcoxon test p-values 0.26 and 0.16,
respectively), with more diverse outliers amongst those who met the symptom-based case
definition. There was similar richness (p-value 0.16) and evenness (p-value 0.34) between the
two groups, with more evenness amongst those not meeting the symptom-based case
definition. Repeating these alpha diversity tests for different taxonomy levels did not produce

statistically significant differences between the groups.
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Figure 4.8 Alpha diversity at the genus level for those who met the symptom-based case definition (Yes, n =37)
in red and those who did not (No, n = 79) in blue. P-values obtained by comparison of the two groups using the
non-parametric Wilcoxon rank-sum test. A: Shannon diversity index; B: Simpson diversity index; C: Richness;
D: Evenness based on Shannon diversity index.

Alpha diversity was next compared at the family level for all sequenced participants with
valid serology results, as shown in Figure 4.9. There was no significant difference in Shannon
or Simpson diversity index scores (Kruskal-Wallis test p-values 0.29 and 0.77, respectively),
with more diverse outliers at the family level in participants with negative serology, likely
attributable to the larger sample size in this group. The richness and evenness were also
similar between the four serology groups, with no significant difference found on statistical

analysis (Kruskal-Wallis test p-values 0.78 and 0.39, respectively).
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Figure 4.9 Alpha diversity at the family level for participants with valid serology results with IgG positive only
(n="7) in red, IgM and IgG positive (n = 5) in green, IgM positive only (n = 31) in blue and negative (n = 68) in
purple. P-values were obtained by comparison of the four groups using the non-parametric Kruskal-Wallis test.
A: Shannon diversity index; B: Simpson diversity index; C: Richness; D: Evenness based on Shannon diversity
index; IgG: Immunoglobulin G; IgM: Immunoglobulin M.

Finally, alpha diversity was explored at the order level for any evidence of current or previous

infection vs no evidence as shown in Figure 4.10. There was no significant difference in

Shannon or Simpson diversity index scores between the two groups (Wilcoxon test p-values

0.22 and 0.20, respectively). The richness and evenness were also similar, with no significant

difference found (Wilcoxon test p-values 0.19 and 0.26, respectively).
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Figure 4.10 Alpha diversity at the order level for any evidence of current or past infection (Yes, n = 80) in red
and those who did not (No, n = 36) in blue. P-values were obtained by comparison of the two groups using the
non-parametric Wilcoxon rank-sum test. A: Shannon diversity index; B: Simpson diversity index; C: Richness;

D: Evenness based on Shannon diversity index.

4.4.3.3 Beta Diversity

To explore beta diversity, a PCoA based on Bray-Curtis dissimilarity was conducted at the

species level for RT-PCR positive cases (n = 6) vs matched negative controls (n = 24) as

shown in Figure 4.11. The first axis explained 34.1% of the variance at the species level,

while the second axis explained 14.2%. The PERMANOVA using distance matrices within

the beta diversity matrix comparing cases vs controls returned a p-value of 0.84, indicating no

significant difference. Repeating this analysis at different taxonomy levels returned no

statistically significant differences between cases and control groups.
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Figure 4.11 Principal coordinate analysis based on Bray-Curtis dissimilarity at the species level for RT-PCR
positive cases (blue) vs their matched negative controls (red). Ellipses indicate the 95% confidence interval for
each group. The square brackets indicate the percent of the variance explained by either axis while the p-value
was obtained from the Permutational Multivariate Analysis of Variance (PERMANOVA) using distance
matrices comparing the two groups. RT-PCR: reverse-transcription polymerase chain reaction; PCoA: Principal
coordinate analysis.

Next, a PCoA based on Bray-Curtis dissimilarity was conducted at the genus level for those
who met the symptom-based case definition (n = 37) vs those who did not (n = 79) as shown
in Figure 4.12. The first axis explained 26.8% of the variance at the genus level, while the
second explained 9.0%. The PERMANOVA using distance matrices within the beta diversity
matrix comparing the two groups returned a p-value of 0.055, indicating no significant
difference. Repeat analyses at different taxonomy levels to compare those who met the
symptom-based case definition vs those who did not return statistically insignificant

differences.
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Figure 4.12 Principal coordinate analysis based on Bray-Curtis dissimilarity at the genus level for those who
met the symptom-based case definition in red (n = 37) vs those who did not meet the criteria in blue (n = 79).
Ellipses indicate the 95% confidence interval for each group. The square brackets indicate the percent of the
variance explained by either axis, while the p-value was obtained from the Permutational Multivariate Analysis
of Variance (PERMANOVA) using distance matrices comparing the two groups. PCoA: Principal coordinate
analysis.

A PCoA based on Bray-Curtis dissimilarity was conducted at the family level for those with
valid serology results, as shown in Figure 4.13. The first axis explained 26.6% of the variance
at the family level, while the second axis explained 9.5%. The PERMANOVA comparing the
four groups returned a p-value of 0.44, indicating no significant difference. Repeating this
analysis for any serology positive (n = 43) vs negative (n = 68) also showed no significant

difference at the family level or for other taxonomy levels.
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Figure 4.13 Principal coordinate analysis based on Bray-Curtis dissimilarity at the family level for those with
valid serology results with IgG positive only (n= 7) in red, IgM and IgG positive (n = 5) in green, IgM positive
only (n =31) in blue and negative (n = 68) in purple. Ellipses indicate the 95% confidence interval for each
group. The square brackets indicate the percent of the variance explained by either axis, while the p-value was
obtained from the Permutational Multivariate Analysis of Variance (PERMANOVA) using distance matrices
comparing the four groups. PCoA: Principal coordinate analysis; IgG: Immunoglobulin G; IgM:
Immunoglobulin M.

Finally, a PCoA based on Bray-Curtis dissimilarity was conducted at the order level to
compare participants with any evidence of current or previous SARS-CoV-2 infection (n =
80) vs no evidence (n = 36) as shown in Figure 4.14. The first axis explained 28.7% of the
variance at the order level, while the second explained 6.8%. The PERMANOVA comparing
the two groups returned a p-value of 0.79, indicating no significant difference. Repeating this

analysis at different taxonomy levels did not produce statistically significant results.
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Figure 4.14 Principal coordinate analysis based on Bray-Curtis dissimilarity at the order level for participants
with any evidence of current or previous SARS-CoV-2 infection (red) vs no evidence (blue). Ellipses indicate
the 95% confidence interval for each group. The square brackets indicate the percent of the variance explained
by either axis, while the p-value was obtained from the Permutational Multivariate Analysis of Variance
(PERMANOVA) using distance matrices comparing the two groups. PCoA: Principal coordinate analysis;
SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2.

4.4.3.4 Differential Abundance Analysis

A DAA was undertaken for all four groups under examination. Figure 4.15 shows volcano
plots of the effect size vs the Kruskal-Wallis p-value and Benjamini-Hochberg corrected
g-value for SARS-CoV-2 RT-PCR positive cases vs their negative controls. One OTU, the
bacterial species Streptococcus rubneri, had a statistically significant Kruskal-Wallis p-value
of 0.030 with an effect size of -1.5. However, after using the Benjamini—Hochberg procedure

to control for FDR, the corrected g-value was 0.72, indicating no significance.
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Figure 4.15 Volcano plot of the median standardised difference (effect size) between RT-PCR cases (n = 6) and
their matched negative controls (n = 24). Colour indicates statistical significance level, with red representing a p
or g-value < 0.05 and blue representing a p or g-value > 0.05. A: Effect Size vs the - log,((Kruskal-Wallis
p-value); B: Effect Size vs the - log,(Benjamini-Hochberg corrected g-value).

Figure 4.16 shows volcano plots of the effect size vs the Kruskal-Wallis p-value and

Benjamini-Hochberg corrected g-value for those who met the symptom-based case definition

vs those who did not. Overall, 56 OTUs showed a statistically significant negative change in

effect size (decreased median differences) between those who met the definition vs those who

did not using the uncorrected Kruskal-Wallis p-value. However, after using the

Benjamini-Hochberg correction procedure, there was no significant difference found between

the two groups.
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Figure 4.16 Volcano plot of the median standardised difference (effect size) between participants who met the
symptom-based case definition (n = 37) vs those who did not (n = 79). Colour indicates statistical significance
level, with red representing a p or g-value < 0.05 and blue representing a p or g-value > 0.05. A: Effect Size vs
the - log,o(Kruskal-Wallis p-value); B: Effect Size vs the - log,,(Benjamini-Hochberg corrected g-value).

Figure 4.17 shows volcano plots of the effect size vs the Kruskal-Wallis p-value and
Benjamini-Hochberg corrected g-value for sequenced participants with positive vs negative
serology. Overall, 17 OTUs showed a statistically significant change in effect size using the
uncorrected Kruskal-Wallis p-value between those with positive vs negative serology, with 14
OTUs showing an increase in the median standardised difference and 3 OTUs a decrease.
However, after the Benjamini-Hochberg correction procedure, no significant difference was

found between those with positive vs negative serology.
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Figure 4.17 Volcano plot of the median standardised difference (effect size) between participants with positive
serology (n = 68) vs negative serology (n = 43). Colour indicates statistical significance level, with red
representing a p or g-value < 0.05 and blue representing a p or g-value > 0.05. A: Effect Size vs the -
log,o(Kruskal-Wallis p-value); B: Effect Size vs the - log,(Benjamini-Hochberg corrected g-value).

Finally, Figure 4.18 shows volcano plots of the effect size vs the Kruskal-Wallis p-value and
Benjamini-Hochberg corrected g-value for sequenced participants who had any evidence of
current or previous SARS-CoV-2 infection vs those with no evidence. Six OTUs showed a
statistically significant decrease in effect size using the uncorrected Kruskal-Wallis p-value
between these two groups. However, after the Benjamini-Hochberg correction procedure, no
significant difference was found between those with any evidence of current or previous

SARS-CoV-2 infection vs sequenced participants with no evidence.
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Figure 4.18 Volcano plot of the median standardised difference (effect size) between participants with any
evidence of current or past SARS-CoV-2 infection (n = 80) vs no evidence (n = 36). Colour indicates statistical
significance level, with red representing a p or g-value < 0.05 and blue representing a p or g-value > 0.05. A:
Effect Size vs the - log,y(Kruskal-Wallis p-value); B: Effect Size vs the - log,,(Benjamini-Hochberg corrected
g-value); SARS-CoV-2: Severe acute respiratory syndrome coronavirus 2.

4.4.4 Reported Health Behaviours

The reported health behaviours of participants who completed the survey were analysed
across the different sampling time points. The proportion of responding participants who
reported social distancing in each Round is shown in Figure 4.19. Social distancing behaviour
did not change significantly between 20 April and 4 May 2020 (83.0% vs 79.4%, p = 0.11)
but did decrease significantly between 4 May and 18 May 2020 (79.4% vs 65.7%, p < 0.001).
Likewise, a further drop occurred between 18 May and 2 June 2020 (65.7% vs 48.1%, p <
0.001) and between 2 June and 17 June 2020 (48.1% vs 39.7%, p = 0.012). Lockdown
restrictions underwent some changes between these dates. Changes which affected social
distancing as defined in this study included: from 13 May 2020, people were allowed to meet
one other person from outside their household outdoors; from 1 June 2020, rules allowed

outdoor social gatherings of up to six people; and from 15 June 2020 non-essential retail

shops reopened.””
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Figure 4.19 Reported social distancing behaviour by sampling Round date with 95% binomial confidence
intervals. A two-sample and two-sided test for equality of proportions without Yates's correction for continuity
was used to determine p-values with: not significant (NS), indicating p > 0.05, * p <0.05 and *** p <0.001.
Changes to lockdown restrictions that occurred during the sampling period are indicated in blue circles with A:
13 May 2020, people allowed to meet one other non-household person outside; B: 1 June 2020 restrictions lifted
on outdoor gatherings of up to six people; C: 15 June 2020 non-essential retail shops reopen.””

Multiple logistic regression was completed showing predictors for social distancing measures
in the preceding seven days, as shown in Tables 4.17 and 4.18. The adjusted analysis
included predictors that were not highly correlated, with results obtained after adjusting for
sex, age, Round, household size, key worker status, occupation, education level, chronic
medical conditions, current nicotine use and chronic respiratory allergies. Compared with
Round 1, participants in Rounds 3, 4 and 5 were significantly less likely to report social
distancing behaviour with adjusted ORs (95%CI) of 0.38 (0.29 - 0.49), 0.18 (0.14 - 0.24) and

0.13 (0.097 - 0.17) respectively with p-values < 0.001 for each.
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Table 4.17 Multiple logistic regression on predictors for social distancing behaviour as a yes vs no dichotomous

outcome variable. COVID-19: Coronavirus disease 2019; OR: Odds Ratio; CI: Confidence Interval.
Unadjusted Analysis Adjusted Analysis*
B Unadjusted OR B Adjusted OR
Variable Coefficient | (95% D) | PV | Coefficient|  (95%cn | P7Vaue
Sex
Female Referent 1 - - - -
Male 0.085 1.1(0.93-1.3) 0.30 0.051 1.1 (0.88-1.3) 0.57
Age
Years -0.00042 | 1.0(1.0-1.0) [ 0.86 0003 | 1.0(1.0-1.0) [ 031
Round
1 Referent 1 - - - -
2 -0.23 0.79 (0.59-1.1) | 0.11 -0.26 0.77 (0.58 - 1.0) | 0.080
3 -0.94 0.39(0.30 - 0.51)| <0.001 -0.97 0.38 (0.29 - 0.49) | <0.001
4 -1.7 0.19 (0.14 - 0.25)| <0.001 -1.7 0.18 (0.14 - 0.24) | <0.001
5 -2.0 0.14 (0.10 - 0.18)| <0.001 2.0 0.13 (0.098 - 0.17)[ <0.001
[Household Size (number of occupants)
1 Referent 1 - - - -
2 0.42 1.5(1.1-2.1) 0.011 0.18 1.2(0.85-1.7) 0.29
3 0.34 1.4(0.99-2.0) | 0.054 0.16 1.2(0.8-1.7) 0.42
4 0.27 1.3(0.93-1.8) 0.12 0.067 1.1(0.74 - 1.5) 0.72
5+ 0.21 1.2 (0.87-1.8) 0.24 -0.068 0.94(0.63-14)| 0.73
Key Worker Status
No/Unknown Referent 1 - - - -
Yes -0.040 0.96 (0.78-1.2) | 0.70 0.015 1.0 (0.78 - 1.3) 0.91
Main Economic Activity
Paid Employment Referent 1 - - - -
Self-employed -0.13 0.88 (0.67 - 1.2) 0.38 - - -
Student 0.12 1.1(0.88 - 1.5) 0.35 - - -
Retired -0.093 0.91(0.72-1.2) | 0.43 - - -
Other 0.0031 1(0.71-1.4) 0.99 - - -
Occupation
Professional Referent 1 - - - -
Health or social care 0.095 1.1 (0.81-1.5) 0.55 0.10 1.1 (0.76 - 1.6) 0.60
Business/administration -0.27 0.76 (0.59 - 0.99)| 0.042 -0.12 0.89 (0.66-1.2) | 0.42
Other -0.44 0.65 (0.49 - 0.86)| 0.0028 -0.40 0.67 (0.48 - 0.93)| 0.017
None -0.073 093 (0.77-1.1) | 0.46 -0.17 0.84 (0.68-1.1) | 0.14
Highest level of education obtained
Higher degree Referent 1 - - - -
Bachelor’s or equivalent -0.27 0.76 (0.64 - 0.91)| 0.0032 -0.15 0.86(0.70-1.1) | 0.15
A-levels or equivalent -0.41 0.67 (0.51 - 0.87)| 0.0026 -0.036 0.96 (0.71-1.3) | 0.82
O-levels or equivalent -0.64 0.52 (0.35-0.79)| 0.0016 -0.15 0.86 (0.55-1.4) | 0.51
None -0.12 0.88(0.40-2.1)| 0.77 0.41 1.5(0.63 - 3.8) 0.37

* Adjusted for sex, age, Round, household size, key worker status, occupation, education level, chronic medical
conditions, current nicotine use and chronic respiratory allergies.

Those who reported working in “other” occupations, as defined in the methodology, were less

likely to socially distance, with an adjusted OR (95% CI) of 0.67 (0.48 - 0.93) and a p-value
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of 0.017 when compared to participants in professional occupations. As seen in Table 4.18,
current nicotine users were less likely to socially distance, with the relationship strengthening
after adjusting for other predictor variables, with an adjusted OR (95%CTI) of 0.65 (0.47 -

0.90) and p-value of 0.0079.

Table 4.18 Multiple logistic regression on predictors for social distancing behaviour as a yes vs no dichotomous
outcome variable. COVID-19: Coronavirus disease 2019; OR: Odds Ratio; CI: Confidence Interval.

Unadjusted Analysis Adjusted Analysis*
B Unadjusted OR § Adjusted OR

Variable Coefficient | (95% CD) | V3% | coefficient|  (95% cy | PVAMe
Chronic medical condition

No Referent 1 - - - -

Yes 0.073 1.1(0.89-1.3) 0.46 0.080 1.1(0.87-1.3) 0.47
Current nicotine use

No Referent 1 - - - -

Yes -0.34 0.71 (0.54-0.94)| 0.017 -0.43 0.65 (0.47 - 0.90) | 0.0079
Chronic respiratory allergies

No Referent 1 - - - -

Yes 0.14 1.2(098-1.4) | 0.082 0.10 1.1(0.93-1.3) 0.26

* Adjusted for sex, age, Round, household size, key worker status, occupation, education level, chronic medical
conditions, current nicotine use and chronic respiratory allergies.

Participants were also asked whether they were socially isolating on the day of sampling,
with results by Round shown in Figure 4.20. Over time, the proportion of participants
reporting social isolation decreased, but there was only one statistically significant drop
between 4 and 18 May 2020 (7.0% vs 3.7%, p = 0.016). Out of the 74 participants who met
the symptom-based case definition and were therefore required at the time to self-isolate at
home, only 11 (14.9%) reported social isolation. Overall, 135 participants reported socially
isolating in the five Rounds, with 19 (14.1%) isolating because of their symptoms, 11 (8.1%)
because of a sick household contact, 5 (3.7%) because of an outside exposure to COVID-19

and the remaining 100 (74.1%) indicated they were isolating for “other” reasons not listed.
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Figure 4.20 Reported social isolation on the day of testing by sampling Round date with 95% binomial
confidence intervals. A two-sample and two-sided test for equality of proportions without Yates's correction for
continuity was used to determine p-values with not significant (NS) indicating p > 0.05 and * p < 0.05.

All six RT-PCR positive participants reported adherence to lockdown rules on 20 April and 4
May 2020. However, none reported socially isolating at the time of sampling. As was seen in
the univariate analysis in Table 4.8, participants who reported socially isolating at the time of
testing were more likely to have evidence of current or previous SARS-CoV-2 infection with
an unadjusted OR (95% CI) of 1.8 (1.1 - 3.0) and p-value of 0.023. However, social isolation
was not a predictor of evidence for current or previous infection after adjusting for other

factors with an adjusted OR (95% CI) of 1.6 (0.76 - 3.2) and p-value of 0.17.

Out of the 2,678 participants who completed the survey, 2,567 (95.9%) had left their property
in the preceding week. These participants were asked about their handwashing habits and

frequency of staying two-metres away from others while outside their property in the
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preceding seven days. As shown in Figure 4.21, the proportion of participants who reported
“Always” washing their hands on returning home decreased between Rounds. While there
was no significant difference between sequential Rounds in the number of participants
reporting “Always" washing their hands vs all remaining frequency categories, there was a

significant drop from 75.5% in Round 1 to 67.9% in Round 4 (two-sided p-value of 0.0076).
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Figure 4.21 Reported participant hand washing frequency on returning home in the preceding seven days by
Round for the subset of participants (n = 2,567) who reported leaving their property during this time period.

Similarly, the proportion of participants reporting “Always” staying a two-metre distance
away from persons outside their household when outside their property dropped between
Rounds, as shown in Figure 4.22. The proportion of participants reporting “Always” staying a
two-metre distance from non-household members while outside their home compared with all
remaining frequency categories decreased significantly from 49.3% to 38.1% between 20
April and 4 May 2020 (two-sided p-value 0.00015). The proportion of participants keeping a
two-metre distance from others outside their property continued to decrease after 4 May 2020

but did not have a significant change between any other sequential sampling Round dates.
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Figure 4.22 Reported two-metre distancing frequency while outside in the preceding seven days by Round for
the subset of participants (n = 2,567) who reported leaving their property in this time period.

Section 4.5 Discussion

In this study, we collected samples from the adult population in Oxfordshire, UK to

determine the community prevalence of SARS-CoV-2 infection between 20 April and 17

June 2020. We compared four diagnostic methods: RT-PCR, mNGS, serology and the

symptom-based case definition and also collected data on other factors associated with

transmission, such as information on individuals' social distancing behaviour.

We were able to determine the community prevalence of SARS-CoV-2 infection and monitor

its change over time during the first few months of the COVID-19 pandemic in Oxfordshire.

The estimate obtained on 20 April 2020 was earlier than any other community prevalence

survey conducted in the UK. Subsequent community prevalence estimates from 4 May to 17

June 2020 in this study were comparable to ONS model estimates for England and the South

East region and the REal-time Assessment of Community Transmission (REACT)

surveys.'”>?* Combined with the evidence that the sample reasonably represented the area’s
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adult population, these results are likely accurate representations of SARS-CoV-2 infection

prevalence during the study period in this sampled community.

While reliable findings, the community prevalence of SARS-CoV-2 between April - June
2020 was determined to be very low (<1%) and decreased over subsequent sampling Rounds.
This result is likely due in part to the effectiveness of the first national UK lockdown
enforced during the study. Commencing 23 March 2020 with stay-at-home orders, lockdown
led to a rapid reduction in new SARS-CoV-2 infections in the UK within the first 14 days.**
Prior to lockdown, modelled estimates of total UK SARS-CoV-2 infections based on critical
care admissions suggested 527,000 (95% Crl: 362,000-797,000) cumulative cases had
already occurred by 23 March 2020 with a doubling time of 2.8 days (95% Crl: 2.6-3.0 days)
at that time.'”” Only a week prior, a few days after a pandemic was declared by the WHO and
this study designed, the infection doubling time in the UK was estimated to be 3.8 days.*?*
While the true community prevalence of SARS-CoV-2 infection in Oxfordshire was unknown

before 20 April 2020, it was likely much higher in the weeks preceding sampling.

In this study, participants with positive SARS-CoV-2 RT-PCR results did not significantly
differ from those with negative results across various characteristics, including sex, age
group, occupation and education level. However, RT-PCR positive participants were
significantly more likely to meet the symptom-based case definition and have positive
serology (p-values 0.011 and 0.0052, respectively). When compared to RT-PCR as the gold
standard, the symptom-based case definition and serology tests both had a very low PPV and
high FDR, reflective of the low SARS-CoV-2 infection prevalence in the sample population.

The overall accuracy (95% CI) of the symptom-based case definition 97.1% (96.4 - 97.7%)
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was significantly higher than serology 93.2% (92.1 - 94.3%) when compared using RT-PCR

results at the observed prevalence level.

In addition, the prevalence-independent DORs for both the symptom-based case definition
and serology tests were high (17.7 and 14.1, respectively), with the former outperforming the
latter. The positive likelihood ratios for both the symptom-based case definition and serology
tests indicated that a positive result significantly increased the post-test probability of truly
having COVID-19. However, their negative likelihood ratios suggested that a negative result
was not significantly associated with having or not having COVID-19 when using RT-PCR as

the gold standard.

This result may be due to features of the disease course of SARS-CoV-2 infection illustrated
in Figure 4.1. In a cross-sectional study design, a “snapshot” is taken of each participant on
the day of testing, but it is unknown where in the disease course they may be at the time.
RT-PCR positivity can occur in the pre-symptomatic phase and before antibody production
occurs at detectable levels. In addition, other pathogens can cause SARS-CoV-2 symptoms,
and serology positivity can persist beyond the RT-PCR positive window. Asymptomatic
infections likely constitute a substantial portion of the cases.?'! In this current study, the
majority of SARS-CoV-2 RT-PCR positive participants had no symptoms, suggesting they
were either asymptomatic or pre-symptomatic. In such instances, the symptom-based case

definition is rendered less or completely ineffective.

Despite this, the sensitivity and specificity for the symptom-based case definition found in
this study (33.3% and 97.3%, respectively) were higher than in other literature. For example,

one study based in Tamale found a sensitivity of 17.5% and specificity of 88.1% respectively
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for fever and cough, with a sensitivity and specificity of 24.7% and 89.7% respectively for
loss of taste or smell.?> Similarly, serology tests in this study had a sensitivity and specificity
(50.0% and 93.4%) for SARS-CoV-2 infection higher than in previous research. One study
using VivaDiag® to screen symptomatic patients for current COVID-19 infection had a
sensitivity of 30% and specificity of 89% compared with RT-PCR.?*® Overall, the low number
of true positives as determined by RT-PCR means that there cannot be high confidence in the
sensitivity results of any of the alternative diagnostic methods, as demonstrated by their large
confidence intervals. However, the specificity results are likely more reliable given the large

sample size.

Nanopore mNGS results were not significantly associated with RT-PCR positivity for
SARS-CoV-2 infection, with a p-value 0.094. This may be due to the low prevalence of the
disease in the population and low sample size leading to a type II error, where the null
hypothesis fails to be rejected. Given the large proportions of unclassified reads and the use
of self-collected oropharyngeal swabs, the sample quality may have also been low. This study
was conducted before the widespread UK community use of self-collected nasopharyngeal
and oro-nasopharyngeal swabs, which had previously been viewed as unreliable because of
participant discomfort and the assumed need for formal training.’®” Nasopharyngeal swabs
were later found to be superior to oropharyngeal swabs in diagnosing COVID-19, with

self-collection in the community sensitive on testing and acceptable to participants.?**27

Another contributor to the insignificant mNGS findings could be the high C; values in the
majority of the RT-PCR positive participants in this study. High C; values are associated with
lower viral loads, which makes mNGS detection less likely. For example, it has been found

that for RT-PCR C; values < 30 the sensitivity of nanopore mNGS for detection of
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SARS-CoV-2 is 100% (95%CI: 84.5 - 100%), while high C; values > 30 have a sensitivity of
50% (95%CIl: 27.8 - 72.0%).%*® This finding tracks with this current study, where both
participants with C; values < 30 were positive on mNGS, while none with C; > 30 were
positive. In a study which used samples with low C; values < 25, improved taxonomic
binning tools were able to sensitively and specifically detect SARS-CoV-2, even in the
absence of reference sequences.®! This work highlights the potential of mNGS to detect
known and unknown pathogens accurately, but indicates that a higher viral load may be

necessary.

The findings of the logistic regression on any evidence of current or previous infection vs no
evidence can mostly be explained by the low PPV and high FDR of mNGS, serology and the
symptom-based case definition in this study due to the low population prevalence. It would
be expected that no predictors for SARS-CoV-2 infection would be found if the majority of
the cases with ‘evidence’ for SARS-CoV-2 infection were spurious false positive results. The
exception to this is the finding in Round 5, where there may have been a true association
between lower evidence of SARS-CoV-2 infection when compared with Round 1, given the
more rural geographical location for this Round. It has since been found that early in the
pandemic, those living in rural locations in England had a lower infection risk than those in

urban areas, which supports this conclusion.?”

The microbiome analysis did not show any significant difference in alpha diversity, beta
diversity or differential abundance for the four comparison groups examined (RT-PCR
positive cases vs negative controls, those that met the symptom-based case definition vs those
who did not, positive vs negative serology and any evidence of current or previous

SARS-CoV-2 infection vs no evidence). This failure to reject Hy may be because of no true
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difference in microbiome diversity measurements, or because of the low PPV and high FDR
found for each different SARS-CoV-2 detection method when compared against the gold
standard of RT-PCR. Finding no diversity alterations between these groups would be
consistent, as it would not be expected that participants with false positive test results would
differ significantly in their oropharyngeal microbiome from those with true negative results if

false positive results occur at random.

For the microbiome in the SARS-CoV-2 RT-PCR positive group vs negative controls, the
failure to reject H, across diversity metrics may be due to the underpowered sample size,
given that the oropharyngeal community composition is known to undergo changes during
SARS-CoV-2 infection.?'® However, before this current study microbiome analyses for
COVID-19 have not been conducted in the wider population, with most studies being limited
to symptomatic cases in hospitals. It is possible that the result showing no diversity
differences is related to the majority of the RT-PCR positive participants being asymptomatic
at the time of their test. The microbiome of the nasopharynx is known to have greater
changes in beta diversity in those with more severe disease symptoms.?"” Therefore, on the
opposite end of the spectrum, asymptomatic cases may truly have no detectable microbiome
alterations. It is possible that symptom appearance is related to microbiome changes, perhaps
in the context of the host immune response. This could warrant future investigation given the

complex interplay between SARS-CoV-2 infection and the host microbiome.

While there were too few SARS-CoV-2 RT-PCR positive participants to subdivide the
microbiome analysis into symptomatic and asymptomatic cases in this current study, there
appeared to be a greater relative abundance of Haemophilus parainfluenzae in participants

with positive SARS-CoV-2 RT-PCR results. While not statistically significant, this finding
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would be consistent with a previous study.?’* It is possible that a larger sample size with
division into symptomatic and asymptomatic cases would have detected a significantly

greater relative abundance of Haemophilus parainfluenzae.

For the health behaviours examined, there was a significant decrease in self-reported social
distancing after 4 May 2020. This may be due to the easing of some lockdown restrictions
that occurred during the study period outside of the scope of the survey’s ability to capture.
For example, people could meet one other non-household person outside their household
outdoors from 13 May 2020, and this was not covered in the survey as the questionnaire was
set before the rules changed.”” However, the reduction in social distancing could have also
been due to other factors, as previously found in subsequent comparable compliance
studies.”*** Interestingly, age was not a predictor of social distancing behaviour, nor was
having a chronic medical condition, despite the COVID-19 disease risk being greater in these
populations. This may have been due to individuals in these categories receiving at-home

care assistance, a nuance that the survey questions were not designed to capture.

In the multiple logistic regression, participants who currently smoked or used e-cigarettes
were significantly less likely to report social distancing even after controlling for other
variables, with an adjusted OR (95%CI) of 0.65 (0.47 - 0.90) and p-value of 0.0079. This
could be due to differences in perceived risks and benefits of behavioural compliance, given
that smoking is associated with increased time preference with higher delay discounting.?”
Delay discounting occurs when immediate, smaller rewards are preferred over larger, delayed
rewards. In this case, social distancing guidelines required forgoing immediate rewards such
as visiting loved ones for delayed benefits, including reducing COVID-19 transmission and

the end of the restrictions on human movement. In support of this hypothesis, it has been
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found that adherence to social distancing is inversely associated with delay discounting.?’
Nonetheless, current smokers have been found to have reduced odds of SARS-CoV-2

infection, suggesting a complex interaction that could be investigated in future research.?”

In this study, only 14.9% of participants who reported symptoms which met the case
definition for COVID-19 also reported socially isolating. This result is lower than
comparable findings in the literature, such as one paper which found a 24.9% rate of social
isolation compliance when cough or fever symptoms are present.?’® In addition, health
behaviours such as hand washing and keeping a two-metre distance from others consistently
dropped between Rounds despite public health messaging on these measures not changing
during the study period. It has been found that compliance measurements can vary depending
on how public health guidance messages are conveyed, but this study had the strength of
using the same survey questions across time points, eliminating this potential bias.?”” It is
possible the decline was due to moral disengagement increasing over the period of the first

lockdown, as has been theorised in one study.?”

4.5.1 Strengths and Limitations

A large strength of this study was its ability to be conducted in the early stages of the
COVID-19 pandemic in the UK. This research benefited from a large number of participants
with a good response rate across a range of metrics, including survey completion, serology
test results reported, and the number of swabs returned. However, response rates did
consistently decrease subsequently between each Round. This decline was potentially due to
unusually high volunteer motivation at the start of the pandemic waning over subsequent

weeks and months.
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While this study relied upon a volunteer sampling method, which is known to introduce bias,
the number of applications received meant that stratified randomised sampling could be
conducted to select participants using sex and age group categories in line with 2011 UK
census data. Ultimately, it is difficult to mitigate volunteer and consent bias when conducting
research in human populations using ethical principles, and it is possible the sample
population differed in significant ways from non-recruited Oxfordshire residents. For
example, reported rates of paid employment, key worker status and household size were
comparable to population estimates.”***® However, participants in this study had other
characteristics that differed, such as higher educational attainment than 2011 census data for

the Oxfordshire population.?’

A major limitation of this study was the sample size, given the low community prevalence of
SARS-CoV-2 infection during the study period. This led to only a small number of
SARS-CoV-2 infections detectable by RT-PCR. When this study was designed in March
2020, the sample size calculation could not take into account the effects of lockdown that
would later be announced and enforced. The ONS COVID-19 Infection Survey later found
community prevalence levels in England as high as 7.6% (95% CI 7.4 -7.8%) in March -
April 2022.%*° Therefore, it was not unreasonable at the time to assume that a 4% prevalence,
which was used for the sample size calculation, could be reached. Instead, prevalence
dropped as low as 0.03% (95%CI 0.01 - 0.06%) on 17 June 2020 in the South East region of
England.”® At this prevalence level, the sample size required to compare different
SARS-CoV-2 detection methods would have been 320,000 participants, greater than 100
times the size of the original study. This highlights the difficulty in conducting research
comparing novel pathogen detection methods when the true prevalence of a disease is very

low.
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Because of the rarity of SARS-CoV-2 infection in the sample population, there were
limitations to the types of statistical tests that could be performed and many of the results had
wide confidence intervals. Overall, the study was broadly underpowered to detect
associations between SARS-CoV-2 infection as measured by RT-PCR positivity and some of
the independent variables of interest. A strength of this study is that the statistical tests chosen
were appropriate for this low count data; however, the low number of true positives increased

the probability of type II errors.

4.5.2 Conclusion and Future Directions

This Chapter provided a serial cross-sectional estimate of SARS-CoV-2 infection prevalence
in a representative Oxfordshire population between April - June 2020, with community
sampling starting, to the best of our knowledge, at an earlier time point than anywhere else in
the UK. Three alternative detection methods were compared against RT-PCR as the gold
standard, however, the low number of true positives limited the interpretability of alternative
test sensitivity. Future studies conducted in higher prevalence settings could be used to
compare different detection approaches. While this study found no changes in alpha or beta
diversity metrics in SARS-CoV-2 cases, the majority of cases were asymptomatic at the time
of testing and future work could investigate whether microbiome alterations only occur in the
presence of symptoms. Given the declining rates of social distancing, hand washing and
keeping a two-metre distance from others over time found in this study, future studies could
model whether the reduction in preventive health behaviours affects the effectiveness of

prolonged lockdowns in reducing disease transmission.
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4.5.3 Data Availability

The de-identified data used in this Chapter is available on request in compliance with ethical
requirements for transfer and sharing of participant-collected data, along with all code used to

generate the results, tables and figures.
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Section 5.1 Summary

This thesis has explored detection for novel pathogens with pandemic potential from different
angles. It is the first, to the best of our knowledge, to systematically analyse current global
considerations of novel diseases in national public health infrastructure. We have offered
insights into how the different detection thresholds for new diseases used by countries around
the world may impact two important public health metrics: the time-to-detection and size at
outbreak discovery. We investigated random testing in the population, determined the level of

surveillance coverage required to detect SARS-CoV-2 outbreaks before the first case
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presentation to hospital under model assumptions, and explored how this varies for disease
outbreaks with different transmission dynamics and public health surveillance targets.
Finally, we examined a range of diagnostic approaches in the early stages of the COVID-19
pandemic and determined early serial estimates of SARS-CoV-2 infection prevalence in a
representative adult community population in Oxfordshire, United Kingdom (UK). Our
findings have highlighted the importance of early detection and the potential of random
population sampling to uncover asymptomatic and mild cases in the initial stages of a
pandemic. Our research can be summarised broadly into current detection for novel diseases

and its implications, and future detection using different strategies and diagnostic approaches.

5.1.1 Current Detection

We began in Chapter Two by examining the current surveillance infrastructure for novel
diseases in 195 signatory countries to the International Health Regulations (2005). Our
research systematically compiled public resources to search for evidence of novel disease
considerations in national public health laws, notifiable disease lists, health professional
guidelines, and laboratory guidelines. Our results demonstrated that only a minority of the
countries examined had evidence of the inclusion of novel diseases in their national public
health surveillance infrastructure. Consideration of novel diseases in public health
surveillance differed by World Health Organisation (WHO) region, with evidence of
inclusion significantly less likely in Africa and the Eastern Mediterranean when compared
with the European region. Countries with high income and health expenditure were more
likely to have considered novel diseases in their public health surveillance. This finding
reiterates calls for increased investment in public health and providing assistance to bolster

surveillance in under-resourced settings.?”%
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We noted that formal novel disease consideration is not the only mechanism used to detect
new pathogen outbreaks. Event-based surveillance (EBS) can also potentially detect epidemic
events in a hypothesis-free fashion even if new diseases are not explicitly considered, serving
as another mechanism for novel pathogen outbreak detection.”®' However, the Global Health
Security Index in 2021 has highlighted that only a minority of countries operate EBS
systems.*® In Chapter Two and Appendix C, we found novel disease consideration in
countries was highly correlated with having EBS, indicating low global coverage of novel
disease surveillance either through explicit consideration as determined by our research, or

implicit inclusion through EBS.

In Chapter Three, we examined the implications of different detection thresholds found for
reporting novel disease outbreaks between different countries which consider novel diseases
in surveillance. We determined that for outbreaks with SARS-CoV-2 transmission dynamics,
countries which do not report new diseases until the first case presentation to a health service
can have significant detection delays and a greater outbreak size at discovery. Our results
demonstrated that almost all SARS-CoV-2 outbreaks which reach at least one case in hospital
will continue to grow to significantly larger sizes without going extinct on their own. By the
time there are four hospitalised cases, as was the situation when SARS-CoV-2 was first
recognised in Wuhan, China, more than two months (64 days) may have elapsed since the
first case exposure and the true outbreak size is predicted to be greater than 300 times larger
than the number of known cases. Our findings were in agreement with other estimates in the
literature, increasing the confidence in our model results.'** For diseases with a lower
symptom or hospital presentation probability than SARS-CoV-2, there can be even greater

detection delays and larger outbreak size at discovery using current surveillance.
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In Chapter Four, we presented a study conducted in the early stages of the Coronavirus
Disease (COVID-19) pandemic. At the time, the community prevalence of SARS-CoV-2
infection was unknown in the UK, and it was particularly unclear given the uncertain level of
mild or asymptomatic cases. This study was implemented in the context of low availability
and access to diagnostic testing, and we showcased some of the difficulties faced in detection
when prevalence is very low and a substantial proportion of the cases are asymptomatic. Our
prevalence results were consistent with later findings from the Office for National Statistics
(ONS) and REal-time Assessment of Community Transmission (REACT) surveys.'?*2% We
demonstrated that the symptom-based case definition and serology tests were significantly
associated with RT-PCR positivity and had high diagnostic odds ratios. However, we noted
that such detection methods would not be available in the earliest stages of a novel pathogen
outbreak. One method that would be available is metagenomic next-generation sequencing
(mNGS) given its ability to be used in a hypothesis-free pathogen-agnostic fashion.®*?%*
While mNGS did not demonstrate a significant association with SARS-CoV-2 RT-PCR
positivity and infection-induced changes in the oropharyngeal microbiomes in our research,
this was likely in part attributable to our small sample size. Given that other studies have
demonstrated a strong association, the potential of mNGS for pathogen-agnostic surveillance

should not be dismissed and warrants further investigation,'+%

Overall, our research has highlighted a current global deficiency in infrastructure to detect
novel diseases. Early detection of a new pathogen outbreak is an incredibly demanding public
health objective, given it requires surveillance in a previously disease-free population and
discovery at low prevalence levels.'® However, we have shown that delayed discovery using
current surveillance methods can lead to large outbreak sizes upon detection. Increased

outbreak sizes at discovery can have a significant impact on the ability of the public health
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response to reduce transmission and contain a new disease given the growth in resources
required.” Detection of asymptomatic and pre-symptomatic cases are important components
of outbreak control, and our research has shown this is possible though population-level

sampling even at very low levels of disease prevalence.'?’

5.1.2 Future Detection

In addition to our investigation of current surveillance for new diseases, our research has
highlighted some of the potential directions forward to improve detection for novel pathogen
outbreaks with pandemic potential. In Chapter Two, we underscored the benefits of
standardising novel disease detection and advocated for the explicit inclusion of novel
diseases in public health surveillance. In particular, public health laws are a useful tool for
pandemic policy implementation and could be expanded to include provisions for novel
disease detection.'”” There is a need for standardising approaches to novel pathogen
surveillance, as lack of guidance impedes reporting of cases to public health authorities.'
Our findings highlighted a low level of novel disease consideration in laboratory guidelines
in particular, despite their importance for pandemic preparedness.?* Currently, only a
minority of countries have access to laboratories that can perform the identification of
unknown pathogens, but expansion of access is possible.!"! Future public health policy could
incorporate explicit guidelines on novel pathogen discovery in laboratory settings, and

arrange for sample sharing with established international partners in low-resource settings.

In Chapter Three, we examined how random sampling in the population could lead to earlier
outbreak discovery compared with current detection in hospitals or within a set target number
of days. This could be possible through pathogen-agnostic testing, such as mNGS in clinical

samples. We demonstrated that for certain parameters, such as the probability of symptoms or
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length of the latent period, the surveillance coverage level required to detect an outbreak
differs depending on whether the discovery target set by public health authorities is within the
a set number of days or prior to the first hospital presentation, the latter representing
traditional detection. Our results showed that for diseases with higher symptom probability
than SARS-CoV-2, random sampling may be infeasible given the high level of coverage
required to detect an outbreak before traditional surveillance may detect the new disease in a
healthcare setting. On the other hand, novel diseases that are characterised by substantial
asymptomatic or pre-symptomatic transmission may only necessitate minimal population
surveillance coverage to detect an outbreak before traditional surveillance could achieve this
through healthcare presentations. Even with a small amount of sampling, random population
surveillance via mNGS could be invaluable in the event of another novel pathogen
emergence similar to HIV-1, as discussed in Chapter One, given the potentially years-long

asymptomatic transmission phase characteristic of some viruses.

We discussed in Chapter Three the potential for wastewater detection as an alternative to
random population sampling using clinical samples. Since the start of the COVID-19
pandemic, there has been an expansion of research on the use of wastewater epidemiology for
viral outbreak detection.'®!* There have been calls to use mNGS on wastewater samples to
improve surveillance for novel disease threats.” Given the potential pathogen-agnostic
benefits, future research could seek to determine whether detection of novel outbreaks
through wastewater is feasible and if this approach is sensitive enough to outperform

traditional surveillance relying upon symptomatic healthcare presentations.

In Chapter Four, we demonstrated that random sampling in a community population was able

to detect SARS-CoV-2 infection, even at a very low prevalence level. We highlighted some of
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the potential of mNGS to detect SARS-CoV-2 infection, although we interpret our results
with caution given the small sample sizes. Our results demonstrated that in cases with at least
an intermediate viral load, as determined by C; values on RT-PCR testing, mNGS is able to
reliably identify the presence of the SARS-CoV-2 genome in clinical samples. This is
consistent with other research findings.* In the presence of a low viral load, mNGS
detection capabilities are more limited. If mNGS is used for novel pathogen detection in a
future surveillance system, this limitation will need to be accounted for or addressed through

innovations in mNGS technology and laboratory protocols.

Overall, our work highlights various improvements that could be made to improve future
detection for novel pathogen outbreaks. Some changes could be easier to implement than
others. For example, countries could work now to ensure novel disease considerations in
public health laws, notifiable disease lists, health professional guidelines and laboratory
guidelines are at least at parity around the world. The potentially forthcoming Pandemic
Treaty could be used to help ensure all nations are resourced to take steps to detect future
novel disease outbreaks.'?® This could include universalising access in lower-resourced
countries to laboratories with the ability to identify unknown pathogens, given only a
minority have this capability or existing international collaborations for this purpose.'"
Implementing pathogen-agnostic surveillance using mNGS technology has been called for
previously and our research has highlighted some of the benefits in terms of improved
time-to-detection and outbreak size at discovery.®”'® This would be significantly more
challenging and feasibility assessments would need to consider the required coverage levels
our research has uncovered in addition to other factors. It is possible wastewater detection or
other forms of aggregate sampling using mNGS may overcome some of the barriers of

individual-based testing and could be considered for future surveillance system designs.
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Section 5.2 Future Research Directions

The research presented in this thesis emphasises the critical role of early detection and
highlights some of the existing gaps in novel disease surveillance. To achieve robust public
health preparedness worldwide, it is imperative for the global community to enhance its
ability to detect new pathogen outbreaks before the next pandemic threat occurs. Advancing
this goal necessitates ongoing research and development in surveillance, novel disease
detection standards and laboratory science. The findings presented in this thesis could be
expanded upon through follow-up studies investigating a range of important directions we
have uncovered through our work. Our suggested future research proposals are summarised
in Table 5.1, along with the intended audience for the research outputs and their potential

benefits.
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Table 5.1 Summary of suggested future research directions to improve detection for novel pathogen pandemics.

mNGS: metagenomic next-generation sequencing.
Category Suggested Future Research Audience Potential Benefits
Use Appendix B to compare all features
.pp : P . Global assessment of
of national public health surveillance . .
. . . . Public Health  |surveillance system
systems, including reporting practices, .
T ! . Practitioners performance; uncover areas
timeliness and nationally notifiable for improvement
. o . i \
Knowledge | isease list inclusions p
Building
. . . . Improve the understanding of
Compile non-public novel disease Policymakers; P . &
. . ; current surveillance
surveillance resources and practices from Public Health .
. . .\ capabilities; track progress;
public health departments worldwide Practitioners .
share best practice
. . . Establish and share a best
Use Appendix B and further research with Public Health .
. . practice gold standard for
expert input to collate and create protocols Laboratories; .
. . laboratories; accelerate early
and standards for laboratory detection of Public Health .
.. detection and pathogen
novel pathogens Practitioners .
characterisation
Use Appendix B and further research to Doctors; Establish and share a best
Standards |collate and create guidelines and a Community Health |practice gold standard for
Development |standard for health practitioner reporting Workers; Public |novel disease reporting;
of suspected novel diseases Health Practitioners | improve early detection
. Determine the best legal
Conduct a public health law study to . £ .
. . Lawmakers; instruments for novel disease
compare national approaches, monitor and . . .
. . . Academics; surveillance and pandemic
assess novel disease inclusion, and .
. Policymakers  |preparedness; share best
develop effective legal standards . .
practice between countries
Periodic global survey study to monitor Policymakers; |Track and incentivise explicit
whether novel diseases are on nationally Public Health  |inclusion of novel diseases in
notifiable disease lists Practitioners public health surveillance
Conduct a modelling study of random Public Health  |Develop insights into optimal
population surveillance incorporating test Practitioners; future surveillance system
sensitivity and sampling frequency Academics design
. . . . . Prioritise hotspot locations for
Surveillance |Use network modelling to identify pivotal Policymakers; . P .
. . . . optimal early warning system
System geographical points of disease spread Academics
placement
Cost-effectiveness studies of population Public Health  |Understand the economic
surveillance for novel diseases using Practitioners; implications; determine
i) clinical sampling and ii) wastewater Academics optimal surveillance strategy
Model optimal integration of different Public Health  |Determine cost-effective
event-based surveillance datastreams with Practitioners; surveillance strategy; improve
random population sampling Academics early detection
Further examine mNGS
Conduct case-control studies to assess . . | pathogen-agnostic capabilities
Laboratory . . Academics; Public patogen-ag P
. mNGS detection of various pathogens . |to detect future novel
Science . . Health Laboratories| . . .
without library reference sequences diseases; determine potential
range of mNGS sensitivity
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Building on the results in Chapter Two, future research could attempt to access and compile
non-public domain resources from public health departments worldwide. This would lead to a
richer understanding of current surveillance infrastructure and could be used to track updates
and progress. In addition, the large dataset we compiled (Appendix B) for our research could
be used to create a standard from existing resources for novel pathogen surveillance. The
availability of detection standards would be particularly valuable for health professionals
faced with uncertainty in the diagnosis and reporting of new diseases. It would also be of
great utility in laboratory preparedness if protocols for how to manage a clinical sample of a

suspected novel disease were available.

Models incorporating pathogen-agnostic approaches to surveillance could be expanded upon
beyond our results in Chapter Three, trialling real-world pilot studies of population-based
surveillance using mNGS technology. Incorporation of test sensitivity would be an essential
consideration of future research given its importance in early detection systems.'
Researchers could explore new approaches that integrate EBS, such as using an aberration
signal from wearable devices to guide targeted mNGS screening in clinical or wastewater
settings. This could increase the chance of novel disease detection through targeted
sequencing and decrease the time between epidemic commencement and pathogen
characterisation, while potentially lowering costs through reducing sampling requirements.
Our work did not consider implementation costs and follow-up work could investigate a
cost-benefit analysis of surveillance inclusive of pathogen-agnostic mechanisms such as
mNGS. Future research incorporating network modelling could assist in identifying major
network nodes such as international transport hubs that could be prioritised for stronger novel

pathogen detection capabilities.
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Some of our work in Chapter Four was limited by the low prevalence of SARS-CoV-2
infection in our study population. Future research could conduct a case-control study to
determine the utility of mNGS in hypothesis-free situations to see how it can detect other
unknown disease targets. This has been shown to be possible for SARS-CoV-2, with the
detection of a novel coronavirus even without reference sequences available.*® Further
research on different viral species and families using similar techniques could allow for better

predictions on how this technology might perform in the case of the next Disease X outbreak.

Section 5.3 Conclusion

There are various obstacles in the detection of currently unknown infectious disease threats,
and the early stages of an outbreak are often clouded by epidemiological uncertainty. Louis
Pasteur emphasised this challenge in 1878 when he stated, “All things are hidden, obscure
and debatable if the cause of the phenomena is unknown, but everything is clear if its cause
be known.”?* Despite the challenges, reducing the time from obscurity to clarity early in an
outbreak may be possible through the implementation of pathogen-agnostic approaches in
disease surveillance. This is especially important in the context of currently unknown

diseases, and in situations where there could be substantial numbers of asymptomatic cases.

Pathogen-agnostic surveillance, if it incorporates technologies such as mNGS, could also
provide the tools necessary to rapidly proceed from the detection of the outbreak threat to the
identification of the pathogen itself. Our ability to detect the next Disease X is growing, and
we should harness new laboratory capabilities to the best of our ability. There are still various
obstacles in terms of technological integration and public health infrastructure overhauls that

would need to be overcome to arrive at the new form of global infectious disease surveillance
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argued for in 2018. However, the benefits of early detection and pathogen identification
make pursuing further research in this area worthwhile. Detecting future novel pathogen
outbreaks that are like SARS-CoV-2 or HIV-1 weeks, months, or even years before current
surveillance methods permit could potentially save a large number of lives and livelihoods

and prevent pandemics that threaten to become global catastrophic events.
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Appendix A

Appendix A: Chapter Two - Search Strategy

A search strategy was developed based on previously described methods and guidelines as
adapted to government documents and other public health publications.'®*%" As
recommended by Adams et al. (2016), a variety of search methods were deployed to ensure
adequate information capture.''® This is important for evidence synthesis, as the search
strategy will determine the sensitivity and specificity of the returned results. While time
intensive, increasing the search area to a wide range of resources for each country allows for
robust data collection.

The adapted search strategy was informed by the methodology utilised by the Economist
Impact for the 2021 version of the Global Health Security Index (GHSI).?*” This included
ensuring all of the same official government sources (eg. Ministry of Health websites) were
examined for each country. However, the aim of this study differed from the questions
included in the 2021 GHSI, so different searches for this research were specifically developed
for this paper and outlined below. Methodologies used in previous publications were also
used to inform our strategy and adapted to our research question."'*!'® The relevant
recommendations for best practice from a published Preferred Reporting Items for Systematic
reviews and Meta-Analyses literature search extension (PRISMA-S) paper were included.'®

A summary of the search strategy is included in the main paper in Figure 2.1. A checklist
adapted for this study is in Table S1."® It should be noted that this paper is not a systematic
review or meta-analysis and this checklist should be read as applicable to the search
methodology used for this research.
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Table S1. Checklist for the search strategy used for this current paper, with locations in the appendix of the
checklist items included. This checklist is adapted from PRISMA-S which was designed for systematic reviews
and meta-analyses, not grey literature searches, so is presented as an adaptation to this type of methodology.

PRISMA-S: Preferred Reporting Items for Systematic reviews and Meta-Analyses literatu

re search extension.!''®

Section/Topic | Item # Checklist Item Location

INFORMATION SOURCES AND METHODS

Database name 1 Name each individual database searched, stating the Appendix A
platform for each.

Multi-database 2 Appendix A Appendix A

searching

Study registries 3 List any study registries searched. N/A

Online resources |4 Describe any online or print source purposefully searched |Appendix A

and browsing or browsed (e.g., tables of contents, print conference
proceedings, websites), and how this was done.

Citation searching |5 Indicate whether cited references or citing references were |Appendix A
examined, and describe any methods used for locating
cited/citing references (e.g., browsing reference lists, using
a citation index, setting up email alerts for references citing
included studies).

Contacts 6 Indicate whether additional studies or data were sought by [Appendix A
contacting authors, experts, manufacturers, or others.

Other methods 7 Describe any additional information sources or search Appendix A
methods used.

SEARCH STRATEGIES

Full search 8 Include the search strategies for each database and Appendix A

strategies information source, copied and pasted exactly as run.

Limits and 9 Specify that no limits were used, or describe any limits or |Appendix A

restrictions restrictions applied to a search (e.g., date or time period,
language, study design) and provide justification for their
use.

Search filters 10 Indicate whether published search filters were used (as N/A
originally designed or modified), and if so, cite the filter(s)
used.

Prior work 11 Indicate when search strategies from other literature Appendix A
reviews were adapted or reused for a substantive part or all
of the search, citing the previous review(s).

Updates 12 Report the methods used to update the search(es) (e.g., Appendix A
rerunning searches, email alerts).

Dates of searches |13 For each search strategy, provide the date when the last Appendix A
search occurred.

PEER REVIEW

Peer review 14 Describe any search peer review process. N/A

MANAGING RECORDS

Total Records 15 Document the total number of records identified from each |Appendix B
database and other information sources.

Deduplication 16 Describe the processes and any software used to N/A
deduplicate records from multiple database searches and
other information sources.
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A.1 Resources Examined

The following databases and resources were examined for each of the 195 Countries:

1.

The Global Health Security Index (GHSI), including the 2021 Full Report,*® and the
195 individual Country Score Justification Summaries, which include all the data
explanations and referenced sources for the Index. Citation searching through
reference list browsing was undertaken to generate a list of all study-relevant and
country-specific government websites and published national resources and
documents.

All 104 World Health Organisation (WHO) Joint External Evaluations completed and
published as of 31 December 2022. These were conducted at the national level with
participating Member States using a methodology previously described.?*® All Joint
External Evaluations underwent citation searching through reference list browsing to
generate a list of all referenced public health legislation, nationally notifiable disease
lists and published country-specific guidelines. These reports were also examined for
evidence of how the country’s infectious disease surveillance system functions,
including the reported number of diseases under surveillance and the frequency of
internal national data analysis.

All official Ministry of Health government websites, or their equivalent, as available
and accessible for the 195 included countries.

All official national Public Health and Epidemiology websites and disease
surveillance data publishing platforms, or their equivalent, as available and accessible
for the 195 included countries.

. All official Ministry of Justice government websites and online national legislative

databases, or their equivalent, as available and accessible for the 195 included
countries.

. All National Reference Laboratory websites, or their equivalent, as available and

accessible for the 195 included countries.

National law repositories from the World Legal Information Institute (WorldLII),*
the Verification Research, Training and Information Centre (VERTIC),”° and the
NATLEX legislation database.*”!

Country-specific pages in regional infectious disease surveillance networks, including
the Pacific Public Health Surveillance Network (PPHSN),*? the Pan American Health
Organization (PAHO),*”* and the Caribbean Public Health Agency (CARPHA).***
Aggregate country data were also explored at the European Centre for Disease
Prevention and Control (ECDC),*” and the World Health Organisation.**® Citation
search was undertaken through reference list browsing of these resources for each
country. Only national resources published by the country itself, whether solo or in
collaboration with another entity, were included in the dataset.
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9. Ovid with simultaneous searches in Embase, Medline and the Global Health
databases. A separate search was performed on Google Scholar. Given that published
literature on national disease surveillance could be inconsistent with and out-of-date
when compared with recently updated government resources, peer-reviewed
publications were only used when no equivalent government resource existed.

10. Google Search was utilised as described below to assist with finding documents and
resources with the search-within-site function deployed.

Data collection took place between July and December 2022. All sources were re-examined
in January 2023 for any new evidence publications, with updates made to the dataset as
required. A data date cut-off of 31 December 2022 was chosen to standardise comparison.
Data validation was carried out by the research team. Because our aim was to discover
information on novel disease considerations specifically in resources that were publicly
available, national public health authorities were not contacted for direct internal information.

A.2 Main Search Strategy and Terms

The country-specific government websites and resources were the primary source of the data
included in the dataset. The search strategy for these is described below, and was repeated for
each of the 195 countries using the resources obtained from the locations listed above.
Because government sources often were more up-to-date than peer-reviewed publications,
resources published by government were used over that of journal articles. For example,
some nationally notifiable disease lists are published in peer-reviewed literature, but these
were often not the current active list, and thus the official government resource was favoured.

The search strategy performed for each of the data fields is outlined below and was carried
out on a country-by-country basis in the listed resources. Search terms were chosen to be both
specific to limit results to novel disease surveillance and sensitive enough to capture
documents with relevant information.

Novel disease consideration search terms: "novel disease" or "new disease" or "unknown
disease" or "unexplained disease" or "disease of unknown cause" or "disease of unknown
aetiology" or "disease of unknown etiology" or "novel pathogen" or "new pathogen" or
"unknown pathogen" or "unidentified pathogen* or “events of public health concern” or
“unusual event” or “unexplained event” or “unusual death” or “unexplained death”

Resource-specific information included in the dataset with explanation and search terms,
where relevant:

1. Availability of national public health law (Yes/No)
a. Yes: publicly available and accessible national level (including Laws, Acts,
Orders, Decrees and Regulations) related to one or more of the following:
Public Health, Medicine, Health, Infectious Diseases, Epidemics, Notification,
or Disease Surveillance
b. No: Such national legislation does not exist or is not publicly available and
accessible online
2. Novel pathogen surveillance in national public health law (Yes/No)
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a. Yes: publicly available and accessible law contains references one or more of
the novel disease consideration search terms and the context indicates novel
disease consideration, and not just limited to recently discovered new diseases
or novel influenza subtypes exclusively

b. No: The publicly available and accessible law does not reference these terms
or the context makes it clear it is not referring to novel disease consideration,
or the law is unavailable

3. Awvailability of a nationally notifiable disease list (Yes/Number only/No)

a. Yes: publicly available and accessible nationally notifiable disease list
published in full found using the following terms: nationally notifiable disease
list, notifiable conditions, diseases with mandatory reporting, infectious
disease list, surveillance list

b. Number only: No nationally notifiable disease list is accessible but the total
number of diseases under surveillance is published and available

c. No: No nationally notifiable disease list or the number of diseases under
surveillance is publicly available and accessible online

4. Total number of infectious diseases under national surveillance (Number, NA)

a. Number: Reported if either the nationally notifiable disease list was available
or the number of diseases under surveillance had been published

b. NA: No nationally notifiable disease list or the number of diseases under
surveillance is publicly available and accessible online

5. Location of national notifiable disease list (Legislation, Publication, Website, Report,
Article, NA). In cases where the disease list was present in more than one location,
the most recent list was used, or if they were equivalent, the following order was
used:

a. Legislation: The national notifiable disease list is published in full within
national legislation

b. Publication: A national government document, including national guidelines,
an overview of the national disease surveillance system, or a stand-alone
government-published list

c. Website: Official government website with a specific webpage dedicated to
the national notifiable disease list

d. Report: Published epidemiological data report which specifies that the
included diseases are notifiable conditions. Data reports generated solely by
international institutions or lower than the country level are not included; data
reports generated in collaboration with the national government were
permissible.

e. Article: The national notifiable disease list is published within a journal article

f. NA: No nationally notifiable disease list or the number of diseases under
surveillance is publicly available and accessible online

6. Novel pathogen surveillance in the nationally notifiable disease list (Yes/No)

a. Yes: The nationally notifiable disease list contains one or more of novel
disease consideration search terms and the context indicates novel disease
consideration, and not just limited to recently discovered new diseases or
novel influenza subtypes exclusively

b. No: The nationally notifiable disease list does not contain one or more of the
search terms, or no nationally notifiable disease list or the number of diseases
under surveillance is publicly available and accessible online

7. Availability of health professional guidance on novel pathogen surveillance (Yes/No)
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a. Yes: An official government guidance document (surveillance system
guidelines, notifiable disease reporting guidelines, public health strategy
documents) exists for health professionals (doctors, community health workers
or equivalent) which references one or more of the novel disease consideration
search terms and the context indicates novel disease consideration, and not just
limited to recently discovered new diseases or novel influenza subtypes
exclusively

b. No: There is no publicly available and accessible health professional guidance
document which includes the novel disease consideration search terms or
relevant context

8. Type of health professional guidance (guide and form, guide only, form only, mention
only, NA)

a. Guide and form: Both written guidelines and a reporting form for novel
diseases are publicly available and accessible

b. Guide only: Only written guidelines on novel diseases are publicly available
and accessible

c. Form only: Only a reporting form for novel diseases is publicly available and
accessible

d. Mention only: Novel diseases (or equivalent terms) are briefly mentioned in a
single sentence or section but no further details are provided

e. NA: There is no publicly available and accessible health professional guidance
document which includes the novel disease consideration search terms or
relevant context

9. Availability of laboratory guidance on novel pathogen surveillance (Yes/No)

a. Yes: An official government guidance document (reference laboratory
guidelines, disease testing strategy, public health laboratory protocols) exists
for laboratories (public health reference laboratory, national laboratory or
sub-national general laboratory guidance) which references one or more of the
novel disease consideration search terms and the context indicates novel
disease consideration, and not just limited to recently discovered new diseases
or novel influenza subtypes exclusively

b. No: There is no publicly available and accessible laboratory guidance
document which includes the novel disease consideration search terms or
relevant context

10. Type of laboratory guidance (guide and protocol, guide only, protocol only, mention
only, NA)

a. Guide and protocol: Both written guidelines and a protocol for testing for
novel diseases are publicly available and accessible

b. Guide only: Only written guidelines on novel diseases for laboratories are
publicly available and accessible

c. Form only: Only a protocol for novel diseases for laboratories is publicly
available and accessible

d. Mention only: Novel diseases (or equivalent terms) are briefly mentioned but
no details are provided in available laboratory guidance

e. NA: There is no publicly available and accessible laboratory guidance
document which includes the novel disease consideration search terms or
relevant context

11. Highest frequency of surveillance data analysis (Frequency)

a. Frequency: Stated frequency of analysis of collected infectious disease

surveillance system data at the national level. If there are different frequencies
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of data analysis in available resources depending on the disease in question,
the highest frequency reported is included
12. Published national infectious disease surveillance data available (Yes/No)

a. Yes: Published national infectious disease surveillance data on some or all
nationally notifiable diseases is publicly available and accessible online

b. No: There is no published national infectious disease surveillance data online
or the only data available is for a specific disease or disease group only (eg.
influenza)

13. Date of last published national infectious disease surveillance data

a. Date: Day-month-year of the last data recorded (publication data is in the
references) with study cut-oft date of 31-Dec-2022

b. NA: There is no published national infectious disease surveillance data
available

14. Stated frequency of published national infectious disease surveillance data
(Frequency)

a. Frequency: The specified reporting frequency of the last published national
infectious disease surveillance data regardless of when the last data were
published

b. NA: There is no published national infectious disease surveillance data
available

Ministry of Health and other government websites had variable internal indexing and search
function capabilities. To increase the sensitivity of the search during data collection, the
search-within-site function on Google was deployed in addition to on-site searches.
Non-English websites and documents were translated using Google Translate and the on-site
Chrome Google Translate extension.”’ Search terms were converted to the national language
for resource acquisition. Previously, a 2012 study showed mixed evidence for Google
Translate’s utility in academic research.”® However, since then machine translation has
improved drastically and a 2019 study found Google Translate robust and accurate enough to
recommend it for use in systematic reviews.”” Therefore, it was deemed appropriate for this
current study to deploy as without it significant language-bias would be introduced into the
returned search results.

A.3 Database Search Strategy

A simultaneous search of Embase, Medline and the Global Health Searches were conducted
on the Ovid online platform from database inception to 31 December 2022. A secondary
search was conducted on Google Scholar. The primary aims of the database search were to
find documents and resources not uncovered in the country-specific resource locations, such
as national notifiable disease lists or background infectious disease surveillance system
information. Articles on national disease surveillance also underwent citation searching for
government documents referenced. The following searches were conducted with the specific
country name included as indicated.

1. Embase, Medline and Global Health via the Ovid online platform search terms:
((“COUNTRY NAME”) and ("disease surveillance" or "indicator surveillance" or
"indicator-based surveillance" or "public health surveillance")).mp. [mp=ti, ab, hw, tn,
ot, dm, mf, dv, kf, fx, dq, cw, bt, nm, ox, px, X, ui, sy, ux, mx|
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Embase, Medline and Global Health via the Ovid online platform search terms:
((“COUNTRY NAME”) and ("notifiable disease list" or "notifiable disease*" or
"diseases under surveillance" or "mandatory notif*")).mp. [mp=ti, ab, hw, tn, ot, dm,
mf, dv, kf, fx, dq, cw, bt, nm, ox, px, rX, ui, sy, ux, mx|

Google Scholar search terms: (“COUNTRY NAME” and "disease surveillance") or
(“COUNTRY NAME” and "indicator surveillance") or (“COUNTRY NAME” and
"indicator-based surveillance") or (“COUNTRY NAME” and “public health
surveillance")

Google Scholar search terms: (“COUNTRY NAME” and "notifiable disease list")
or (“COUNTRY NAME” and "notifiable disease") or (“COUNTRY NAME” and
"diseases under surveillance") or (“COUNTRY NAME” and “mandatory
notification")

A.4 Comparison Data

In addition, the following data was gathered and collated for each of the 195 countries, with
reference sources:

1.

2.

10.

11.

12.

13.

Has the country completed and published a WHO Joint External Evaluation?*®
a. Yes/No

Has the country reported having one or more cases of Nipah virus?*"!
a. Yes/No

. Has the country reported having one or more cases of MERS?’!

a. Yes/No
Has the country reported having one or more cases of SARS-CoV-12°*

a. Yes/No
How many outbreaks has the country experienced between January 1996 - March
2022211

a. Number of reported outbreaks
What is the country's World Bank income group based on the 2021 gross national
income (GNI)?'"®

a. High Income/Upper middle income/Lower middle income/Low income

What is the country's World Bank geographical region?'"

a. East Asia and Pacific/Europe and Central Asia/Latin America & the
Caribbean/Middle East and North Africa/North America/South
Asia/Sub-Saharan Africa

What is the country's 2019 health expenditure, as percent of GDP?°*
a. Percentage
What is the country's 2019 health expenditure per capita, in current USD?'*
a. $USD
What is the country's domestic general government health expenditure, as a percent of
GDP in 20197°*
a. Percentage
What is the country's total population in 20212°%
a. Number of people
What is the country's GDP per capita in 2021, in current USD?°%
a. $USD
What is the country's GDP, in current USD in 20217°"
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a. $USD
14. Has this WHO African Region country adapted the Integrated Disease Surveillance
and Response (IDSR) second edition as of December 20172°%
a. Yes/No
15. For this WHO African Region country, how many districts have had IDSR training
between 2015 and 20177°%
a. Greater than 90%/50 - 89%/Less than 50%
16. What is the country's Human Development Index score for 20212°%
a. Number [0-1]
17. Which WHO region does this country belong?'"!
a. AFRO/AMRO/EMRO/EURO/SEARO/WPRO
18. 2021 International Health Regulations (2005) (IHR[2005]) States Parties
Self-Assessment Annual Reporting (SPAR) dataset'"!
a. 15 capacities and 35 indicators
19. Joint External Evaluation published as of 31 December 20223
a. 19 capacities
20. 2021 GHSI dataset*®
a. Six categories, 37 indicators, and 171 individual questions

A.5 Specific SPAR and GHSI Indicators

Two questions specific to novel diseases were also compared from the 2021 SPAR and GHSI
datasets, with the full wording of each indicator as below:

1. 2021 SPAR C4.4. Laboratory testing capacity modalities - Level 5°'

a. Yes/No: Laboratory system can perform in all capacities including access to
whole genome sequencing; identification of unknown and high consequence
pathogens and has access to viral culture. Laboratory networks configured to
support all diagnostic services that are integrated are sustainable, with
maximum population coverage, and exercised, reviewed, evaluated and
updated on a regular basis as applicable

b. Notes:

1. Refers to laboratory test capacities that are available within the country
(including research laboratories and private laboratories) to support
surveillance and response; or that are available through referral
mechanisms to designated central or international reference
laboratories (e.g., WHO collaborating centres).

1. Priority diseases include, epidemic prone diseases, diseases earmarked
for eradication/elimination and diseases of public health importance.

1.  Access to whole genome sequencing may be through international
collaboration including WHO collaborating centres.

iv.  This may include whole genomic sequencing and access to whole
genome sequencing may be through international collaboration
including WHO collaborating centres.

v.  Between the human, animal and environmental health sectors.
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2. 2021 GHSI Category 2: Early Detection and Reporting for Epidemics of Potential
International Concern - 2.1 Laboratory systems strength and quality - 2.1.1
Laboratory capacity for detecting priority diseases - GHSI 2.1.1b*7

a. All/Some/No: Is there a national plan, strategy, or similar document for
conducting testing during a public health emergency, which includes
considerations for testing for novel pathogens, scaling capacity, and defining
goals for testing?

1. All: Yes, there is evidence of a plan, and it includes considerations for
testing for novel pathogens, scaling capacity, and defining goals for
testing

ii.  Some: Yes, there is evidence of a plan, but there is insufficient
evidence that it includes considerations for testing for novel pathogens,
scaling capacity, and defining goals for testing

iii.  No: No evidence of a plan

In addition, a comparison was made with the data gathered by the 2021 GHSI on event-based
surveillance, with the full wording below:

3. 2021 GHSI Category 2: Early Detection and Reporting for Epidemics of Potential
International Concern - 2.3 Real-time surveillance and reporting - 2.3.1 Indicator and
event-based surveillance and reporting systems - 2.3.1a*"’

a. Yes daily/Yes not daily/No: Is there evidence that the country is conducting
ongoing event-based surveillance and analysis for infectious disease?
1. Yes daily: Yes, there is evidence of ongoing event-based surveillance
and evidence that the data is being analyzed on a daily basis
ii.  Yes not daily: Yes, there is evidence of ongoing event-based
surveillance, but no evidence that the data is being analyzed on a daily
basis
iii. No=No
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Appendix B: Chapter Two - Data Sources

B.1 Dataset

All data generated and used for Chapter Two are available for download through the Open
Science Framework (OSF) platform, along with all code used to generate the results, tables
and figures. In addition to the data, OSF contains the data dictionary, sources, and code used
to generate all tables and figures in Chapter Two and Appendix C. All references for this
Appendix are also available on OSF in table format.

B.2 Country References

The references for data fields included in the dataset are specified below for each country.

1.

Afghanistan: The data obtained included information from the Ministry of Public
Health,*"! the country’s published WHO Joint External Evaluation report,’'* the
National Health Policy,*'® and the Public Health Law.*>'* The latest National Disease
Surveillance and Response report included the number of diseases under surveillance
and the nationally notifiable disease list.>'"

. Albania: The data obtained included information from the Ministry of Health and

Social Protection,’'® the country’s published WHO Joint External Evaluation report,*'’
the Public Health Law,’'® the law entitled For the prevention and fight against
infections and infectious diseases,’" and the national COVID-19 Action Plan.*?
National disease surveillance data were available and included information on a
subset of the nationally notifiable diseases.”*' No complete nationally notifiable
disease list was publicly accessible, but the WHO Joint External Evaluation report
specifies the number of diseases under surveillance.’'” Under national law, new
infectious diseases and threats of unknown origin are subject to mandatory
reporting.’"’

. Algeria: The data obtained included information from the Ministry of Health,’** a

published article detailing the national public health surveillance system and the
nationally notifiable disease list,”” and the Law on the Protection and Promotion of
Health.*** No nationally published disease surveillance data were available. A WHO
Joint External Evaluation was completed in March 2022, but no report has been made
available as of 31 December 2022.°%

. Andorra: The data obtained included information from the Ministry of Health, Social

Affairs and Employment,*® the National Health Plan 2020,**° the General Health
Law,*’ and the list of nationally notifiable diseases included in annually published

disease surveillance data.*® No Joint External Evaluation has been undertaken as of
31 December 2022.3%

. Angola: The data obtained included information from the Ministry of Health,** the

country’s published WHO Joint External Evaluation report,**° the National Health
Development Plan,**! the National Contingency Plan for the Control of the
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Coronavirus Disease Epidemic 2019,**? and the Organic Statute of the Ministry of
Health.**’ No nationally published disease surveillance data were available. No
complete nationally notifiable disease list was publicly accessible.

Antigua and Barbuda: The data obtained included information from the Ministry of
Health,*** the Public Health Act which includes the nationally notifiable disease list,**
and the national COVID-19 Guidelines.** No nationally published disease
surveillance data were available. No Joint External Evaluation has been undertaken as
of 31 December 20223

Argentina: The data obtained included information from the Ministry of Health,**’
the National Administration of Laboratories and Health Institutes,**® the Public Health
Law,*** amended in 2022 with a Ministry of Health Resolution,** a manual on
mandatory disease reporting,**' and National Health Surveillance System Guidelines
which contains the nationally notifiable disease list.*** The Ministry of Health
provides guidelines for healthcare professionals on reporting diseases of unknown
aetiology and provides a specific reporting form.'*’ There is a separate guideline for
acute respiratory infections of possible viral origin.*** This includes laboratory
guidance mandating reporting of negative laboratory test results for severe acute
respiratory infections of unknown aetiology. The latest published national disease
surveillance data were available.*** Argentina completed a WHO Joint External
Evaluation in August 2019, but there has not been a published report as of 31
December 2022.°%

Armenia: The data obtained included information from the Ministry of Health,** the
National Center for Disease Control and Prevention,**® the country’s published WHO
Joint External Evaluation report,**’ the Ministry of Health rules on epidemiological
surveillance for infectious diseases,**® and the Ministry of Health standards and
rules.****° The Mechanisms of Cooperation And Coordination Procedures Of The
National Coordinating Body And Interested Bodies In Questions Of International
Health (Sanitary) Rules mandates reporting of unusual diseases with an unknown
cause.”' No nationally published disease surveillance data is available.

Australia: The data obtained included information from the Department of Health
and Aged Care,*” the country’s published WHO Joint External Evaluation report,**?
the National Notifiable Disease Surveillance System list,*** the Biosecurity Act
2015,%> and the National Notifiable Diseases Surveillance System.**® The Emergency
Response Plan for Communicable Disease Incidents of National Significance
mentions the emergence of previously unknown diseases but does not provide
detailed guidance.®” The latest published nationally notifiable disease report was
available.”®

Austria: The data obtained included information from the Ministry of Health,** the
Epidemic Act 1950 with 2022 amendments,** and the latest quarterly published
disease surveillance data, which includes the nationally notifiable disease list.**' The
national syndrome-based infectious disease surveillance activities are outlined in a
published article.’® No Joint External Evaluation has been undertaken as of 31
December 2022.3%
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Azerbaijan: The data obtained included information from the Ministry of Health,*®* a
published article on the national infectious disease surveillance system,’* the law On
Protection of the Health of the Population,*® and health professional guidelines.**® No
Joint External Evaluation has been undertaken as of 31 December 2022.3%

Bahamas: The data obtained included information from the Ministry of Health,*®’
published disease surveillance data,**® and the Health Services Health Rules,*® which
includes the nationally notifiable disease list. No Joint External Evaluation has been
undertaken as of 31 December 2022.>%

Bahrain: The data obtained included information from the Ministry of Health,* the
country’s published WHO Joint External Evaluation report,’”! nationally published
disease surveillance data with nationally notifiable disease list,*’* and the Public
Health Law.*”

Bangladesh: The data obtained included information from the Ministry of Health and
Family Welfare,*” the country’s published WHO Joint External Evaluation report,*””
the National Public Health Laboratory Strategy for Infectious Diseases,’’® the Institute
of Epidemiology, Disease Control & Research Outbreak report,>’” and the
Communicable Diseases (Prevention, Control and Eradication) Act which includes
the nationally notifiable disease list.”’® Published articles on the national disease
surveillance system indicate unknown diseases are reported and investigated
nationally.”**” No nationally published disease surveillance data is available.

Barbados: The data obtained included information from the Ministry of Health and
Wellness,** the Health Services (Communicable And Notifiable Diseases)
Regulations which includes the nationally notifiable disease list,**' the Emergency
Management (Covid 19) Order,’® and the Caribbean Public Health Agency report.*
No nationally published disease surveillance data is available. No Joint External
Evaluation has been undertaken as of 31 December 2022.°%

Belarus: The data obtained included information from the Ministry of Health,* the
Emergency notification of infectious diseases which includes the list of nationally
notifiable diseases,”® and the Republican Center for Hygiene, Epidemiology and
Public Health.*® No Joint External Evaluation has been undertaken as of 31
December 2022.°%

Belgium: The data obtained included information from the Federal Public Service for
Health,’® the Sciensano Epistat website which provides surveillance data on
notifiable diseases,*** the country’s published WHO Joint External Evaluation
report,®®” and the nationally notifiable disease lists in Belgium’s three regions.**>%
Severe respiratory syndromes in the context of an emerging virus and unusual
presentations of an infectious disease are included in the notifiable disease list.

Belize: The data obtained included information from the Ministry of Health and
Wellness,*” the Public Health Act which contains the nationally notifiable disease
list,*** and the Caribbean Public Health Agency report.*** No nationally published
disease surveillance data is available. No Joint External Evaluation has been
undertaken as of 31 December 2022
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Benin: The data obtained included information from the Ministry of Health,** the
country’s published WHO Joint External Evaluation report,*”® and a published article
on public health surveillance in Benin.*’ No nationally published disease surveillance
data were available. No complete nationally notifiable disease list was publicly
accessible, but the WHO Joint External Evaluation report specifies the number of
diseases under surveillance.**

Bhutan: The data obtained included information from the Ministry of Health,*® the
country’s published WHO Joint External Evaluation report,**” the Bhutan Pandemic
Preparedness and Response Plan,*” the latest published national disease surveillance
data,*! and the WHO Health System Review.*”> A publication on the National Early
Warning, Alert and Response Surveillance (NEWARS) includes guidance on
unknown disease outbreaks with mandatory reporting for any cluster of death
involving two or more people at the same location and time."”” There is a National
Health Policy available but no relevant public health legislation, and this was
confirmed also in the WHO Joint External Evaluation report.****

Bolivia: The data obtained included information from the Ministry of Health and
Sports,** the latest published national disease surveillance data,*” and the Ministry of

Health Supreme Decrees.**® No Joint External Evaluation has been undertaken as of
31 December 2022.>%

Bosnia and Herzegovina: The data obtained included information from the Federal
Ministry of Health,*’ the Epidemiology Service,*® and the annual Report On
Infectious Diseases.*” The Law On The Protection Of The Population Against
Infectious Diseases contains the nationally notifiable disease list and includes
infectious diseases and epidemics of unknown origin, but not on the list itself.*'’ No
Joint External Evaluation has been undertaken as of 31 December 2022.3%

. Botswana: The data obtained included information from the Ministry of Health,*"' the

country’s published WHO Joint External Evaluation report,*'* the latest published
national disease surveillance data,*'® the Public Health Act,*** and the Integrated
Health Service Plan.*"” No complete nationally notifiable disease list was publicly
accessible, but the WHO Joint External Evaluation report specifies the number of
diseases under surveillance.*'?

Brazil: The data obtained included information from the Ministry of Health,*'® the
latest epidemiological bulletin,*'” the nationally notifiable disease list,*'® the Operation
Plan of the National Focal Point for the International Health Regulations,*' the Plan
for Strengthening and Expansion of the National Hospital Epidemiological
Surveillance Network,* and the National List of Compulsory Notification of
Diseases.”' The national notifiable disease system guidance includes reporting
requirements on unusual conditions or deaths from disease of unknown origin, and
specifies these are mandated to be notified in legislation and the notifiable disease list
for unusual outbreaks involving at least two cases that are epidemiologically linked.**
There is an outbreak reporting form,*** with instruction sheet,*** specifying unusual
and unknown diseases should be reported. No Joint External Evaluation has been
undertaken as of 31 December 2022 .3
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. Brunei: The data obtained included information from the Ministry of Health,** the

Infectious Diseases Act which includes the nationally notifiable disease list,** the
country’s published WHO Joint External Evaluation report,**’ and the Strategic Health
Plan.*® No nationally published disease surveillance data were available.

Bulgaria: The data obtained included information from the Ministry of Health,* the
latest national epidemiology report,**° the Health Law which includes new and
unknown infectious diseases,*' and an Overview Of Communicable Disease
Surveillance System In Bulgaria with nationally notifiable disease list.*** No Joint
External Evaluation has been undertaken as of 31 December 2022 3%

Burkina Faso: The data obtained included information from the Ministry of Health
and Public Hygiene,** the country’s published WHO Joint External Evaluation
report,* disease surveillance system guidelines which contains the nationally
notifiable disease list,*** and an event-based surveillance implementation
overview.”*No nationally published disease surveillance data were available.

Burundi: The data obtained included information from the Ministry of Health,*’ the
National Institute of Public Health,*** and the Public Health Code which includes the
nationally notifiable disease list.*” No nationally published disease surveillance data
were available.

Cabo Verde: The data obtained included information from the Ministry of Health,**°
the country’s published WHO Joint External Evaluation report,**' national health
statistics with nationally notifiable disease list,*** and the National Institute of Public
Health.**

Cambodia: The data obtained included information from the Ministry of Health,***
the country’s published WHO Joint External Evaluation report,** the latest disease
surveillance data report which includes the nationally notifiable disease list,**® Public
health legislation is pending enactment, and this was also confirmed in the WHO Joint
External Evaluation report.**

Cameroon: The data obtained included information from the Ministry of Public
Health,*’ the country’s published WHO Joint External Evaluation report,*** and the
country’s core health indicators publication with notifiable disease surveillance
data.*”” No complete nationally notifiable disease list was publicly accessible. There is
no relevant public health legislation available, and this was also confirmed in the
WHO Joint External Evaluation report.**

Canada: The data obtained included information from the Public Health Agency,*’
the country’s published WHO Joint External Evaluation report,*' the nationally
notifible disease list, *** nationally notifiable disease surveillance data,** and the
Public Health Agency of Canada Act.*** The latest Canadian Public Health Laboratory
Network Strategic Plan mentions the need for an all-hazards plan for unknown
pathogens but does not provide further guidance.*

Central African Republic: The data obtained included information from the
Ministry of Health and Population,*® and the country’s published WHO Joint
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External Evaluation report.*”” No complete nationally notifiable disease list was
publicly accessible. No nationally published disease surveillance data were available.
There is no relevant public health legislation available, and this was also confirmed in
the WHO Joint External Evaluation report.*’

Chad: The data obtained included information from the Ministry of Health and
National Solidarity,*® the country’s published WHO Joint External Evaluation
report,* and the National Health Policy 2016-2030.*° No nationally published
disease surveillance data were available. The WHO Joint External Evaluation report
specifies the diseases under surveillance.*”” No nationally published disease
surveillance data were available. There is a National Health Policy available but no
relevant public health legislation, and this was confirmed in the WHO Joint External
Evaluation report.*?46

Chile: The data obtained included information from the Ministry of Health,*'
notifiable disease guidance with nationally notifiable disease list,'> and the latest
epidemiological bulletin.*®® The notifiable disease guidance mentions reporting
diseases and outbreaks of unknown cause, including deaths due to an unidentified
transmissible pathogen, but this is not included in the nationally notifiable disease
list."* No Joint External Evaluation has been undertaken as of 31 December 20223

China: The data obtained included information from the Chinese Center for Disease
Control and Prevention,**® Ministry of Health guidance on reporting unknown
pneumonia cases,"’ the National Emergency Response Plan for Public Health
Emergencies,** published articles on the nationally notifiable disease system,''*4¢
and the latest published national notifiable infectious disease surveillance data.**® The
Emergency regulations for public health emergencies requires reporting new

infectious diseases and diseases of unknown cause.'®

Colombia: The data obtained included information from the National Institute of
Health,* the latest epidemiological bulletin,**® the National Guidelines For
Surveillance including the nationally notifiable disease list,*” the collection of public
health laws,*”° and the Surveillance Protocol for Acute Respiratory infections which
includes those caused by unknown pathogens.*’! No Joint External Evaluation has
been undertaken as of 31 December 2022 .3%

Comoros: The data obtained included information from the country’s published
WHO Joint External Evaluation report,*’* a published article on the Indian Ocean
epidemic surveillance and alert management network SEGA, ** and the Public
Health and Action Code.*’* The Ministry of Health’s online presence is limited to an
official Facebook page.*”> No complete nationally notifiable disease list was publicly
accessible. No nationally published disease surveillance data were available.

Congo (Brazzaville): The data obtained included information from the Ministry of
Health,*’® the country’s published WHO Joint External Evaluation report,*”” and the
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latest epidemiological bulletin.*’”® No complete nationally notifiable disease list was
publicly accessible. There is no relevant public health legislation available, and this
was confirmed also in the WHO Joint External Evaluation report.*”’

Congo (Democratic Republic): The data obtained included information from the
Ministry of Health,*” the country’s published WHO Joint External Evaluation
report,” the National Institute of Biomedical Research,”' and a published article on
the disease surveillance system.** There is a National Health Development Plan,**
but relevant public health legislation is still pending, as confirmed by the WHO Joint
External Evaluation report.**® No complete nationally notifiable disease list was
publicly accessible. No nationally published disease surveillance data were available.

Cook Islands: The data obtained included information from the Ministry of Health,**
the Public Health Act,” and the Public Health (Notifiable Conditions) Order which
contains the nationally notifiable disease list.**® No nationally published disease
surveillance data were available. No Joint External Evaluation has been undertaken as
of 31 December 2022.°"

Costa Rica: The data obtained included information from the Ministry of Health,*’
the nationally notifiable disease list,**® latest epidemiological bulletin,*®’ and the
General Health Law.””’ No Joint External Evaluation has been undertaken as of 31
December 2022.3%

Céte d'Ivoire: The data obtained included information from the Ministry of Health,
Public Hygiene and Universal Health,*' the National Institute of Public Hygiene,*>
the Creating the National Public Health Laboratory Decree,*” the country’s
published WHO Joint External Evaluation report,** and health sector policy survey.*”
No complete nationally notifiable disease list was publicly accessible. No nationally
published disease surveillance data were available.

Croatia: The data obtained included information from the Ministry of Health,*° the
law On The Protection Of The Population Against Infectious Diseases which includes
the nationally notifiable disease list,*” and the latest annual nationally published
disease surveillance data.*® Legislation includes reporting requirements for diseases
of unknown origin, and unusual events that may indicate an epidemic of unknown
cause.”” No Joint External Evaluation has been undertaken as of 31 December
2022.3%

Cuba: The data obtained included information from the Ministry of Health,*” the
latest Statistical Yearbook of Health,”™ the Public Health Law,”® and published article
on the national disease surveillance system.’> No complete nationally notifiable

disease list was publicly accessible. No Joint External Evaluation has been undertaken
as of 31 December 20223
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Cyprus: The data obtained included information from the Ministry of Health,’*” the
Quarantine Law which includes the nationally notifiable disease list,”* and the latest
Ministry of Health Strategic Plan.’®” No nationally published disease surveillance data
were available. No Joint External Evaluation has been undertaken as of 31 December
2022.3%

Czech Republic: The data obtained included information from the Ministry of
Health,** the national pandemic plan,””’ the latest published disease surveillance
data,”® and the Protection of Public Health Act which includes provisions on new
infectious diseases of unknown origin.”®” No Joint External Evaluation has been
undertaken as of 31 December 2022 .3

Denmark: The data obtained included information from the Ministry of the Interior
and Health,”' the Statens Serum Institute published notifiable disease data
dashboard,’"! the Proclamation on generally dangerous diseases,”'* and Order on
doctors' notification of infectious diseases which includes the nationally notifiable
disease list.’"* No Joint External Evaluation has been undertaken as of 31 December
2022 3%

Djibouti: The data obtained included information from the Ministry of Health,’'* the
country’s published WHO Joint External Evaluation report,’'® and the Law No. 118
Relating to the powers and organization of the Ministry of Health.>'* No complete
nationally notifiable disease list was publicly accessible, but the WHO Joint External
Evaluation report specifies the number of diseases under surveillance.’'> No nationally
published disease surveillance data were available.

Dominica: The data obtained included information from the Ministry of Health,” the
Environmental Health Services (Communicable and Notifiable Diseases) Regulations
which contains the nationally notifiable disease list,”'® and the Regulations 2020
amendment.’" No nationally published disease surveillance data were available. No
Joint External Evaluation has been undertaken as of 31 December 2022.%°

Dominican Republic: The data obtained included information from the Ministry of
Health and Social Assistance,’*® national hospital health plan,”' the latest
epidemiological bulletin,* and Mandatory Report of Prioritized Diseases and
Events.’” The Dominican Republic completed a WHO Joint External Evaluation in
September 2019, but there has not been a published report as of 31 December 20227

Ecuador: The data obtained included information from the Ministry of Public
Health,’** the national surveillance system manual, the National Directorate of
Epidemiological Surveillance,’* and the latest national epidemiological bulletin.**®
The notifiable disease list and surveillance system manual includes unusual events
and unknown diseases, with a guideline for health professionals on reporting and a
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form.*’ In this document there is an algorithm protocol for laboratories for unusual
respiratory infections but no detailed guidance is provided. If all PCR and
Immunofluorescence tests are negative and no virus is subtypable, samples are to be
sent to the Atlanta Centers for Disease Control for further unspecified testing. No
Joint External Evaluation has been undertaken as of 31 December 2022.3%

Egypt: The data obtained included information from the Ministry of Health and
Population,’® a published article on the national disease surveillance system which
details the number of diseases under surveillance,’® and a published article on the
national pandemic preparedness plan for acute respiratory infections.* There is no
relevant public health legislation available. No complete nationally notifiable disease
list was publicly accessible. No nationally published disease surveillance data were
available. Egypt completed a WHO Joint External Evaluation in November 2018, but
there has not been a published report as of 31 December 2022 .3

El Salvador: The data obtained included information from the Ministry of Health,*!
the latest epidemiological bulletin,* the Health Code,” and the National Reference
Laboratory.”** The epidemiological surveillance system guidelines contains the
nationally notifiable disease list and specifies reporting of emerging diseases, as well
as unusual respiratory infections with unknown pathogens.*** No Joint External
Evaluation has been undertaken as of 31 December 2022.°%

Equatorial Guinea: The data obtained included information from the Ministry of
Health and Social Welfare,”° and health system strengthening guidance.”’ No
complete nationally notifiable disease list was publicly accessible. No nationally
published disease surveillance data were available. There is no relevant public health
legislation available. Equatorial Guinea completed a WHO Joint External Evaluation
in December 2019, but there has not been a published report as of 31 December
2022.3%

Eritrea: The data obtained included information from the country’s published WHO
Joint External Evaluation report,”* and the Ministry of Information.”” There is no
Ministry of Health, Public Health, or national laboratory presence online, as was also
found by the 2021 GHSI.* There is no relevant public health legislation available. No
nationally published disease surveillance data were available. No complete nationally
notifiable disease list was publicly accessible, but the WHO Joint External Evaluation
report specifies the number of diseases under surveillance.**®

Estonia: The data obtained included information from the national Health Board,**
the Prevention and Control of Infectious Diseases Act which considers new dangerous
infectious diseases,”*! the latest published disease surveillance data,>** and the
nationally notifiable disease list in Ministry of Health Regulations which includes
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reporting requirements for new diseases.” No Joint External Evaluation has been
undertaken as of 31 December 2022 .3

Eswatini: The data obtained included information from the Ministry of Health,>** the
country’s published WHO Joint External Evaluation report,”* and the Public Health
Act.>* No nationally published disease surveillance data were available. No complete
nationally notifiable disease list was publicly accessible, but the WHO Joint External
Evaluation report specifies the number of diseases under surveillance.>®

Ethiopia: The data obtained included information from the Ministry of Health,**" the
country’s published WHO Joint External Evaluation report,>*® the nationally notifiable
disease list,”* and the latest epidemiological bulletin.”*® The community and
event-based surveillance manual mentions the need to report unusual and unknown
diseases including unexplained deaths.>*!

Fiji: The data obtained included information from the Ministry of Health,*** the
national Communicable Disease Surveillance and Outbreak Response Guidelines
including nationally notifiable disease list,”>* and the Public Health Act.>>* There is
health professional guidance provided on emerging infectious diseases and novel
pathogens.> No nationally published disease surveillance data were available. No
Joint External Evaluation has been undertaken as of 31 December 20227

Finland: The data obtained included information from the Ministry of Social Affairs
and Health,’ the country’s published WHO Joint External Evaluation report,**® the
nationally notifiable disease list,**” published infectious disease surveillance data,**®

and the Infectious Diseases Act.”

France: The data obtained included information from the Ministry of Health,*® the
notifiable disease surveillance system,*®' and the list of notifiable diseases.’** France
releases weekly epidemiological bulletins which contain public health publications
but not nationally notifiable disease surveillance data routinely.’® Disease
surveillance data is published for notifiable diseases via an online platform run by
Public Health France.’® No Joint External Evaluation has been undertaken as of 31
December 2022.°%

Gabon: The data obtained included information from the Ministry of Health and
Social Affairs,** the country’s published WHO Joint External Evaluation report,*®
and the national health development plan.’®” No nationally published disease
surveillance data were available. No complete nationally notifiable disease list was
publicly accessible, but the WHO Joint External Evaluation report specifies the
number of diseases under surveillance.’®® There is no relevant public health legislation
available, and this was confirmed also in the WHO Joint External Evaluation report.
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Gambia: The data obtained included information from the Ministry of Health,**® the
Public Health Act,’® and the country’s published WHO Joint External Evaluation
report.’” No nationally published disease surveillance data were available. No
complete nationally notifiable disease list was publicly accessible, but the WHO Joint
External Evaluation report specifies the number of diseases under surveillance.>®

Georgia: The data obtained included information from the Ministry of Health,””! the
country’s published WHO Joint External Evaluation report,’’* the Electronic

Integrated Disease Surveillance System,’” the Public Health Law with 2022

3™ national Global health security agenda pilot assessment,”” and the

576

amendments,
nationally notifiable disease list with latest disease surveillance data.

Germany: The data obtained included information from the Federal Ministry of
Health,”” the national pandemic plan,’” the latest epidemiological bulletin,’” a
webpage on the International Health Regulations mentioning reporting requirements
for diseases with unknown causes,”® and the Infection Protection Act.>®' No Joint
External Evaluation has been undertaken as of 31 December 2022 .3

Ghana: The data obtained included information from the Ministry of Health,’** the
country’s published WHO Joint External Evaluation report,”® national laboratory
guidelines,’™ communicable disease guidelines,”™ latest epidemiological bulletin
containing the nationally notifiable disease list,**® and the national Public Health
Act.*® The nationally notifiable disease list includes “public health event of
international concern” but does not provide further guidance or detail new or
unknown diseases.**

Greece: The data obtained included information from the Ministry Of Health And
Social Solidarity,*®® the Reformulation of the list of mandatory notifiable diseases,*®
and the latest published disease surveillance data.*®® The national communicable
disease action plan mentions disease outbreaks of unknown origin but does not

provide further guidance.”®' No Joint External Evaluation has been undertaken as of
31 December 20227

Grenada: The data obtained included information from the Ministry Of Health,*** the
Public Health Act including list of nationally notifiable diseases,”” and a publication
on notifiable disease reporting in Grenada.”* No nationally published disease

surveillance data were available. No Joint External Evaluation has been undertaken as
of 31 December 2022 .3%

Guatemala: The data obtained included information from the Ministry of Public
Health and Social Assistance,’” epidemiological monitoring protocol with nationally
notifiable disease list,’*® the national disease surveillance system manual,®’ the Health
Code,’”® and latest epidemiological bulletin.” No Joint External Evaluation has been
undertaken as of 31 December 2022 .3
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Guinea: The data obtained included information from the Ministry of Health,*”° the
country’s published WHO Joint External Evaluation report,*”! list of nationally
notifiable diseases,* the Public Health Code,” and the latest epidemiological
bulletin.®*

Guinea-Bissau: The data obtained included information from the country’s published
WHO Joint External Evaluation report,*® the Anti-economic and public health
offences decree,®® and a published article on the national health development plan.®’
The Ministry of Public Health’s online presence is limited to an official Facebook
page.®”® No nationally published disease surveillance data were available. No
complete nationally notifiable disease list was publicly accessible.

Guyana: The data obtained included information from the Ministry of Health,*® the
Public Health Act,*"° and the COVID-19 emergency response plan.®'! No complete
nationally notifiable disease list was publicly accessible. No nationally published
disease surveillance data were available. No Joint External Evaluation has been
undertaken as of 31 December 2022.°%

Haiti: The data obtained included information from the Ministry of Public Health and
Population,'? the latest epidemiological report which contains the nationally
notifiable disease list,*'* laboratory guidelines,** the Decree on the organisation and
functioning of the Ministry of Public Health and Population,*”® and a published article
on the national disease surveillance system.®'® The nationally notifiable disease list
includes reporting requirements for “unusual phenomenon” but does not specify new
or unknown diseases.®> A WHO Joint External Evaluation was completed in July
2019, but no report has been made available as of 31 December 2022.°%

Honduras: The data obtained included information from the Ministry of Health,®"’
the Health Code,”® and the influenza pandemic plan.®" No complete nationally
notifiable disease list was publicly accessible. No nationally published disease
surveillance data were available. No Joint External Evaluation has been undertaken as
of 31 December 20223

Hungary: The data obtained included information from the Ministry of Health,** the
Decree on the necessary epidemiological measures to prevent infectious diseases and
epidemics which includes diseases of unknown aetiology,**! the latest weekly
epidemiological bulletin,®* and the reporting requirements for infectious diseases
with nationally notifiable disease list.*

Iceland: The data obtained included information from the Ministry of Health,***

Directorate of Health,* Epidemic Prevention Act which includes events of unknown
cause or origin,**® the nationally notifiable disease list,*’ the latest published disease
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data report,*® and disease notification instructions for doctors.®” Reporting guidelines
for doctors and laboratories include unusual and unexpected events.*’ No Joint
External Evaluation has been undertaken as of 31 December 2022 3%

India: The data obtained included information from the Ministry of Health and
Family Welfare,*' list and reporting form for notifiable diseases,** the Epidemic
Diseases Act,** the latest published epidemiology report,** and reporting forms for
syndromic surveillance, and for unusual cases, deaths and events.'*® No Joint
External Evaluation has been undertaken as of 31 December 2022 3%

Indonesia: The data obtained included information from the Ministry of Health,* the
country’s published WHO Joint External Evaluation report,*’” the latest published
national disease surveillance data,*** the decree on the National Health System,”* and
Regulations for the Ministry of Health containing the nationally notifiable disease
list.** Health professional guidelines include information and instructions on
reporting unknown diseases.*"!

Iran: The data obtained included information from the Ministry of Health and
Medical Education,*** the Law on the prevention of communicable diseases which
includes the nationally notifiable disease list,*** and published articles on the national
infectious disease surveillance system.***** No nationally published disease
surveillance data were available. No Joint External Evaluation has been undertaken as
of 31 December 20227

Iraq: The data obtained included information from the Ministry of Health,**® the
country’s published WHO Joint External Evaluation report,**’ the Public Health
Law,**® and the latest epidemiological bulletin.** A published article on the
communicable disease surveillance system specifies the number of nationally
notifiable diseases but no list is publicly available.®>

Ireland: The data obtained included information from the Department of Health,*!

the nationally notifiable disease list,*** the Infectious Diseases (Amendment)

653 infectious disease outbreak reporting form which includes unknown

6% and the latest published disease outbreak surveillance data.> No
2‘300

Regulations,
disease outbreaks,
Joint External Evaluation has been undertaken as of 31 December 202

Israel: The data obtained included information from the Ministry of Health,%¢ the
Public Health Ordinance which includes unknown diseases,*’ the Public Health
Regulations,”® the latest published national disease surveillance data,* and notifiable
infectious diseases publication with nationally notifiable disease list which includes
diseases of unknown cause.®® No Joint External Evaluation has been undertaken as of
31 December 2022
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Italy: The data obtained included information from the Ministry of Health,%' the
pandemic influenza plan,*? the Ministry of Health Decree,’® national disease

664 and the nationally notifiable disease list.°> National

notification instructions,
surveillance data is released variably for different diseases and disease groups.®® No
nationally published disease surveillance data were available. No Joint External

Evaluation has been undertaken as of 31 December 2022.3%

Jamaica: The data obtained included information from the Ministry of Health and
Wellness,*’ the latest published national disease surveillance data which contains the
nationally notifiable disease list,® and the Public Health Act.*”® No Joint External
Evaluation has been undertaken as of 31 December 2022.°%

Japan: The data obtained included information from the Ministry of Health, Labour
and Welfare,””° the country’s published WHO Joint External Evaluation report,®”
National Institute for Infectious Diseases laboratory manuals,®’? Act on the Prevention
of Infectious Diseases and Medical Care for Patients with Infectious Diseases,’” and
the latest published national disease surveillance data.’™* The infectious disease
surveillance system guidelines include unknown pathogens.®”

Jordan: The data obtained included information from the Ministry of Health,*’® the
country’s published WHO Joint External Evaluation report,®’”’ the Public Health
Law,’® and overview of the national public health surveillance system.”” No
complete nationally notifiable disease list was publicly accessible, but a published
article specifies the number of diseases under surveillance.®®® No nationally published
disease surveillance data were available.

Kazakhstan: The data obtained included information from the Ministry of
Healthcare,”' the legal code On the health of the people and the healthcare system,*™
the latest published national disease surveillance data,’® and a published article which
specifies the number of diseases under national surveillance but no complete list is
available.®® No Joint External Evaluation has been undertaken as of 31 December
2022.3%

Kenya: The data obtained included information from the Ministry of Health,** the
country’s published WHO Joint External Evaluation report,®*® the Public Health
Act,®® and national surveillance guidelines.®®® No nationally published disease
surveillance data were available. No complete nationally notifiable disease list was
publicly accessible, but the WHO Joint External Evaluation report specifies the
number of diseases under surveillance.**

Kiribati: The data obtained included information from the Ministry of Health and

Medical Services,’® a national Communicable Disease Surveillance Newsletter,*° and
the Public Health (Infectious Disease) Regulations.®' No complete nationally
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notifiable disease list was publicly accessible. No nationally published disease
surveillance data were available. No Joint External Evaluation has been undertaken as
of 31 December 2022.3%

Kuwait: The data obtained included information from the Ministry of Health,** and
the country’s published WHO Joint External Evaluation report.®> No complete
nationally notifiable disease list was publicly accessible. No nationally published
disease surveillance data were available. There is no relevant public health legislation
available, and this was also confirmed in the WHO Joint External Evaluation
report.®”?

Kyrgyz Republic: The data obtained included information from the Ministry of
Health,** the country’s published WHO Joint External Evaluation report,*” the
resolution On the Concept of Comprehensive Protection of the Population,”’ the
decree On approval of the Agreement on Cooperation between the Member States of
the Eurasian Economic Community in the field of combating infectious diseases,*’
and the latest published national disease surveillance data which contains the
nationally notifiable disease list.*”®

Laos: The data obtained included information from the Ministry of Health,*’ the
country’s published WHO Joint External Evaluation report,”” the Law On Hygiene,
Disease Prevention And Health Promotion,”® the most recent national Health
Strategy.”” No complete nationally notifiable disease list was publicly accessible. No
nationally published disease surveillance data were available.

Latvia: The data obtained included information from the Ministry of Health,”” the
country’s published WHO Joint External Evaluation report,” the Epidemiological
Safety Law,”™ the Procedure for registration of infectious diseases which contains the
nationally notifiable disease list,”” disease reporting guidelines,”” and the latest
published national disease surveillance data.””® Guidelines on reporting outbreak
clusters include “severe acute infectious diseases of uncertain aetiology with five or
more patients hospitalised” mandatory notification requirements.'**

Lebanon: The data obtained included information from the Ministry of Public
Health,’” the country’s published WHO Joint External Evaluation report,”® Notifiable
Communicable Diseases Surveillance Guidelines which contains the nationally
notifiable disease list,”"! the latest published national disease surveillance data,”'? and
the Infectious Diseases Law.”"

Lesotho: The data obtained included information from the Ministry of Health,”* the
country’s published WHO Joint External Evaluation report,”'* and the Public Health
Order which contains the nationally notifiable disease list. ' No nationally published
disease surveillance data were available.
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Liberia: The data obtained included information from the Ministry of Health,”"’ the
National Health Public Institute Of Liberia,”'® the latest published national disease
surveillance data,”"” and the Public Health Law which contains the nationally
notifiable disease list and includes unexplained and unknown clusters of health events

and deaths."!

Libya: The data obtained included information from the Ministry of Health,”® the
country’s published WHO Joint External Evaluation report,” the Health Law,”* and
the latest epidemiological bulletin.”>® No complete nationally notifiable disease list
was publicly accessible, but the WHO Joint External Evaluation report specifies the
number of diseases under surveillance.”

Liechtenstein: The data obtained included information from the Federal Office of
Public Health,” the country’s published WHO Joint External Evaluation report,’> the
Influenza Pandemic Plan,”® the latest published national disease surveillance data,’’
and the Ordinance on the reporting of observations of communicable diseases in
humans which contains the nationally notifiable disease list and reporting
requirements for unusual and unexpected infectious diseases.”™ Reporting guidelines
for health professionals and laboratories include new, unusual or unexpected health
threats and new, unknown pathogens.’”” Liechtenstein collaborates with Switzerland
for public health functions and shares infectious disease reporting structures and

guidelines.”

100. Lithuania: The data obtained included information from the Ministry of Health

101.

102.

Protection,” the country’s published WHO Joint External Evaluation report,”' the
latest published national disease surveillance data,”* the Law on the Prevention and
Control of Communicable Diseases in Humans which includes communicable
diseases of unknown origin,”** and the nationally notifiable disease list.”**

Luxembourg: The data obtained included information from the Ministry of
Health,”* the National Health Laboratory,”*® the mandatory disease reporting
guidelines,”” the Law of 1 August 2018 on the compulsory notification of certain
diseases in the context of the protection of public health,”*® and the Regulation of 15
February 2019 listing the diseases subject to compulsory notification.”® No nationally
published disease surveillance data were available. No Joint External Evaluation has
been undertaken as of 31 December 20223

Madagascar: The data obtained included information from the country’s
published WHO Joint External Evaluation report,” and the Health Code.”' The
Ministry of Public Health and Ministry of Justice websites were inaccessible at time
of research.”*’ No complete nationally notifiable disease list was publicly
accessible. No nationally published disease surveillance data were available.
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103. Malawi: The data obtained included information from the Ministry of Health,”*
the country’s published WHO Joint External Evaluation report,” and the Public
Health Act which contains the nationally notifiable disease list.”*® No nationally
published disease surveillance data were available.

104. Malaysia: The data obtained included information from the Ministry of Health,™’
the country’s published WHO Joint External Evaluation report,”® and the latest
published national disease surveillance data.”* The national surveillance guidelines
which includes the nationally notifiable disease list,”* and the Prevention And Control
Of Infectious Diseases Act”' include “any other” life threatening infectious disease,
which has subsequently been interpreted by the Malaysian Government to include
new diseases and applied to novel pathogens such as the emergence of SARS-CoV-2
during the COVID-19 pandemic.”* The national laboratory guidelines explicitly
outlines an approach to “unknown virus infection” with algorithms and protocols.
The Standard Operating Procedures for Potential Infectious Disease includes

753

unexplained deaths and “emerging or unknown infections” but does not provide
further detail.”*

105. Maldives: The data obtained included information from the Ministry of Health,
the country’s published WHO Joint External Evaluation report,”® the Public Health
Protection Act,”’ and national health guidelines.””® No complete nationally notifiable
disease list was publicly accessible. No nationally published disease surveillance data
were available.

106. Mali: The data obtained included information from the country’s published WHO
Joint External Evaluation report,”® and the decree Operation Of The Institute
National Health Research Public.”®® The Ministry of Health and Public Hygiene
website was inaccessible at time of research.”®! No complete nationally notifiable
disease list was publicly accessible.No nationally published disease surveillance data
were available.

107. Malta: The data obtained included information from the Ministry of Health,®
communicable disease guidelines,’” the nationally notifiable disease list,”** the Public
Health Act,’®” and latest published national disease surveillance data.”® No Joint
External Evaluation has been undertaken as of 31 December 2022.°%

108.  Marshall Islands: The data obtained included information from the Ministry of
Health and Human Services,”’ the country’s published WHO Joint External
Evaluation report,’® and the Public Health, Safety and Welfare Act.”’ No nationally
published disease surveillance data were available. No complete nationally notifiable
disease list was publicly accessible, but the WHO Joint External Evaluation report
specifies the number of diseases under surveillance.”®®
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109. Mauritania: The data obtained included information from the Ministry of
Health,’® the country’s published WHO Joint External Evaluation report,”” the latest
published national disease surveillance data,”’! and the decree Setting the powers of
the Minister of Health and the organisation of the central administration of his
department.”” No complete nationally notifiable disease list was publicly accessible.
No nationally published disease surveillance data were available.

110. Mauritius: The data obtained included information from the Ministry of Health
and Wellness,’” the country’s published WHO Joint External Evaluation report,””* the
Public Health Act,”” and the latest published national disease surveillance data.”’® No
complete nationally notifiable disease list was publicly accessible.

111.  Mexico: The data obtained included information from the Ministry of Health,””’
and the latest published national disease surveillance data.””® The Standard for
Epidemiological Surveillance, which contains the nationally notifiable disease list,
also includes new emerging diseases and events.””” The Disaster Health Care Manual
briefly mentions outbreaks caused by previously unknown diseases.” Laboratory
guidance for novel pathogens exists in the national influenza pandemic plan but only
for influenza.”' No Joint External Evaluation has been undertaken as of 31 December
2022.°%

112. Micronesia, Federated States of: The data obtained included information from
the Department of Health and Social Affairs,”** Government Of The Federated States
Of Micronesia,”™ the country’s published WHO Joint External Evaluation report,’®*
Title 41 Public Health, Safety and Welfare,” and the national COVID-19 Response
Framework.” No complete nationally notifiable disease list was publicly accessible.
No nationally published disease surveillance data were available.

113.  Moldova: The data obtained included information from the Ministry of Health,”®’
the country’s published WHO Joint External Evaluation report,”®® the latest published
national disease surveillance data,”’
Public Health.”® No nationally published disease surveillance data were available. No
complete nationally notifiable disease list was publicly accessible, but the WHO Joint
External Evaluation report specifies the number of diseases under surveillance.”®®

and the law Regarding State Supervision Of

114.  Monaco: The data obtained included information from the Ministry of Health and
Social Affairs,”! and public health system.”* The Ordinance no. 3.153 includes
unexpected or unusual events regardless of source.”” No complete nationally
notifiable disease list was publicly accessible. No nationally published disease
surveillance data were available. No Joint External Evaluation has been undertaken as
of 31 December 2022.3%
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115. Mongolia: The data obtained included information from the Ministry of Health,**
the country’s published WHO Joint External Evaluation report,” the National Centre
for Communicable Disease,’*® the Law on Health, and the latest published national
disease surveillance data.”” No complete nationally notifiable disease list was
publicly accessible, but the WHO Joint External Evaluation report specifies the
number of diseases under surveillance.”

116. Montenegro: The data obtained included information from the Ministry of
Health,”® Institute for Public Health,” the country’s published WHO Joint External
Evaluation report,®® the Health Statistical Yearbook,*’! and the latest published
national disease surveillance data.’ The law on the Protection of the Population from
Infectious Diseases which contains the nationally notifiable disease list includes
unknown diseases and outbreaks of unknown aetiology, but not on the list itself.*”®

117.  Morocco: The data obtained included information from the Ministry of Health
and Social Protection,®” the country’s published WHO Joint External Evaluation
report,*® the latest published national disease surveillance data,*” and the Institut
Pasteur Morocco.*” The Order of the Minister of Public Health No. 683-95, which
contains the nationally notifiable disease list, includes illnesses of unknown cause, but

not on the list itself %%

118. Mozambique: The data obtained included information from the Ministry of
Health,*” the country’s published WHO Joint External Evaluation report,*° the
Strategic Plan for the Health Sector,*'! and the latest published national disease
surveillance data which contains the nationally notifiable disease list."'

119.  Myanmar: The data obtained included information from the Ministry of
Health,*" the country’s published WHO Joint External Evaluation report,®'* the
national action plan for health security,*” the law on Prevention and Control of
Communicable Diseases,*° and its 2011 amendment,*' the latest published national

disease surveillance data which contains the nationally notifiable disease list.*'®

120. Namibia: The data obtained included information from the Ministry of Health,"
the country’s published WHO Joint External Evaluation report,** and the Public and
Environmental Health Act which contains the nationally notifiable disease list.*! No
nationally published disease surveillance data were available.

121.  Nauru: The data obtained included information from the Government of the
Republic of Nauru,*” the Health Sector Strategic Plan 2010-2015,** and the
Notification of Infectious and Contagious Diseases Ordinance which mandates all
infectious diseases must be reported without a list provided.*?* No nationally
published disease surveillance data were available. No Joint External Evaluation has
been undertaken as of 31 December 2022.°%
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122.  Nepal: The data obtained included information from the Ministry of Health and
Population,® the Surveillance Of Communicable Disease Program,* the latest
published national disease surveillance data,**” the Infectious Diseases Act,**® A
surveillance system review publication states the number of diseases under national
surveillance but a complete list is not publicly accessible.*”

123.  Netherlands: The data obtained included information from the Ministry of
Health, Welfare and Sport,* the nationally notifiable disease list,**! and the latest
published national disease surveillance data.**> The Scenario management of
infectious disease playbook includes unknown infectious diseases.®* The Public
Health Act includes new and unknown diseases.®* No Joint External Evaluation has
been undertaken as of 31 December 2022.°%

124. New Zealand: The data obtained included information from the Ministry of
Health,* the country’s published WHO Joint External Evaluation report,* list of
nationally notifiable diseases,*’ the Health Act 1956,** and the latest published
national disease surveillance data.*** The Guidelines for the Investigation and Control
of Disease Outbreaks includes guidance for health professionals on diseases of
unknown cause and provides a form. 3*° The role of the laboratory is briefly
mentioned but no detailed laboratory guidance is provided.

125. Nicaragua: The data obtained included information from the Ministry of
Health,*' the latest published national disease surveillance data,’* and General
Health Law.** No complete nationally notifiable disease list was publicly accessible.

No Joint External Evaluation has been undertaken as of 31 December 2022.3%

126.  Niger: The data obtained included information from the Ministry of Public
Health, Population and Social Affairs,*** the country’s published WHO Joint External
Evaluation report,*” and an overview of the Ministry of Public Health.**¢ No complete
nationally notifiable disease list was publicly accessible, but the WHO Joint External
Evaluation report specifies the number of diseases under surveillance.**® There is no
relevant public health legislation available, and this was also confirmed in the WHO
Joint External Evaluation report.

127. Nigeria: The data obtained included information from the Federal Ministry of
Health,*’ the country’s published WHO Joint External Evaluation report,**® the
Nigeria Centre for Disease Control,* the latest published national disease
surveillance data,* a published article on the disease surveillance system,*' and the
National Health Act 2014.%* The national surveillance guidelines, which contains the
nationally notifiable disease list, includes new and unknown infectious disease threat
guidance and a form, but unknown diseases are not on the list itself.**
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128. Niue: The data obtained included information from the Government of Niue,***
the Public Health Act which includes a list of nationally notifiable diseases,*> and the
Health Strategic Plan 2011-2021.%°¢ No nationally published disease surveillance data
were available. No Joint External Evaluation has been undertaken as of 31 December
20223

129. North Korea: The data obtained included information from a published
systematic review on the national public health system,*’ and the People's Public
Health Law of the Democratic People's Republic of Korea 2012.°* No complete
nationally notifiable disease list was publicly accessible. No nationally published
disease surveillance data were available. No Joint External Evaluation has been
undertaken as of 31 December 20223

130. North Macedonia: The data obtained included information from the Ministry of
Health,*” the country’s published WHO Joint External Evaluation report,* and the
latest published national disease surveillance data.*' The Law On The Protection Of
The Population Against Infectious Diseases which contains the nationally notifiable
disease list, has listed “unknown diseases” and mentions new unknown diseases
outside of the list as well.*®

131. Norway: The data obtained included information from the Ministry of Health and
Care Services,*” the National Health Preparedness Plan,* the Act on Protection
against Infectious Diseases,*® the nationally notifiable disease list,**® and the latest
published national disease surveillance data.*” Guidance is provided on “infectious
disease that may be of importance to international public health” but new diseases and
unknown pathogens are not specified.®®®

132.  Oman: The data obtained included information from the Ministry of Health,*® the
country’s published WHO Joint External Evaluation report,*” the latest published
national disease surveillance data which contains the nationally notifiable disease
list,*”" and The Law on the Control of Communicable Diseases.*”* The Manual on
Communicable Diseases includes reporting requirements for diseases of unknown
aetiology, and defines clusters as “3 cases or more of a disease of unknown aetiology
in a health care facility, village, community, construction site, mine, school or other
institution over a period of 2 weeks” and provides reporting guidance.'>

133.  Pakistan: The data obtained included information from the Ministry of National
Health Services Regulations & Coordination,*” the National Institutes of Health,**
the country’s published WHO Joint External Evaluation report,*” the nationally
notifiable disease list,*’® the Epidemic Diseases Act,*”” and the latest published

national disease surveillance data.’’®
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134. Palau: The data obtained included information from the Ministry of Health and
Human Services,*” the country’s published WHO Joint External Evaluation report,*
the National Health Profile,®' and the latest published national disease surveillance
data.® No complete nationally notifiable disease list was publicly accessible, but the
WHO Joint External Evaluation report specifies the number of diseases under
surveillance.* There is no relevant public health legislation available, and this was
also confirmed in the WHO Joint External Evaluation report.

135.  Panama: The data obtained included information from the Ministry of Health,*
the latest published national disease surveillance data,** The Executive Decree That
Determines Mandatory Notification Health Problems, Points Out The Procedures for
Notification and Establish Sanctions contains the nationally notifiable disease list and
includes emerging diseases.*®

136. Papua New Guinea: The data obtained included information from the Ministry of
Health,* and the Public Health Act which contains the nationally notifiable disease
list.®” The latest National Health Plan mentions emerging infections but does not
provide further guidance.®® No nationally published disease surveillance data were
available. No Joint External Evaluation has been undertaken as of 31 December
202239

137. Paraguay: The data obtained included information from the Ministry of Health
and Social Welfare,*® the latest published national disease surveillance data,*”° the
National surveillance Guide which contains the nationally notifiable disease list,*"!

and the Sanitary Code.** The national surveillance guide includes guidance on

“emerging or unknown diseases” and provides a specific form for reporting and

investigating.*”! No Joint External Evaluation has been undertaken as of 31 December

2022

138.  Peru: The data obtained included information from the Ministry of Health,** the
National Institute of Health,** outbreak notification guidelines,*” tools for
epidemiological surveillance,*® the nationally notifiable disease list,*”’ the General

Health Law,*® and the latest published national disease surveillance data.®”

139. Philippines: The data obtained included information from the Department of
Health,”® the country’s published WHO Joint External Evaluation report,”" the
Mandatory Reporting of Notifiable Diseases and Health Events of Public Health
Concern Act which contains the nationally notifiable disease list,””* and the latest
published national disease surveillance data.””® Legislation includes diseases “caused
by previously undetected or unknown infectious agents” but not in the nationally
notifiable list itself.”

297



Appendix B

140.  Poland: The data obtained included information from the Ministry of Health,**
Department of Epidemiology of Infectious Diseases and Surveillance,”® the latest
published national disease surveillance data,’®® and the Act On preventing and

combating infections and infectious diseases in humans which contains the nationally

notifiable disease list.”"’

141. Portugal: The data obtained included information from the Directorate-General
for Health,”*® the Public Health Emergency Center,’” the nationally notifiable disease
list,”' the latest published national disease surveillance data,’"' the Law n° 81/2009 of
21 August,’"* and the Order No. 15385-4/2016 of December 21st which contains the
nationally notifiable disease list.”"* No Joint External Evaluation has been undertaken
as of 31 December 2022 .3

142. Qatar: The data obtained included information from the Ministry of Public
Health,”' the country’s published WHO Joint External Evaluation report,’ the
Decree On Protection from Infectious Diseases which contains the nationally
notifiable disease list,”'® and the latest published national disease surveillance data.’"’

143.  Romania: The data obtained included information from the Ministry of Health,”'8
the National Institute Of Public Health,’"’ the National Center for Surveillance and
Control of Communicable Diseases,”” and the latest published national disease
surveillance data.”” The decision No 589 Regarding the establishment of the
reporting and data collection methodology for the surveillance of communicable
diseases contains the nationally notifiable disease list and diseases of “unknown
aetiology” are included.””* No Joint External Evaluation has been undertaken as of 31
December 2022

144. Russia: The data obtained included information from the Ministry of Health,”*
the latest published national disease surveillance data,”* and the On Approval Of
Forms Of Federal Statistical Observation With Instructions For Completing Them
For The Federal Service For Supervision Of Consumer Rights Protection And Human
Welfare To Organise Federal Statistical Observation Of The Sanitary Condition Of A
Subject Of The Russian Federation order which contains the nationally notifiable
disease list.”” The regulations Prevention of Infectious Diseases includes health
professional guidelines and mentions diseases of unknown aetiology."”® The On The
Optimization Of Anti-epidemic Work And The Approval Of The Form Of The Act Of
The Epidemiological Investigation Of The Focus Of An Infectious (Parasitic) Disease
With The Establishment Of A Causal Relationship briefly mentions the role of the
laboratory, including updating laboratories with modern equipment for enzyme
immunoassay and molecular genetic analysis, but does not provide further details for
new diseases.””
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145.  Rwanda: The data obtained included information from the Ministry of Health,””’
the country’s published WHO Joint External Evaluation report,’® the latest Health
Sector Strategic Plan,’®’ and the latest published national disease surveillance data
which contains the nationally notifiable disease list.”*° There is no relevant public
health legislation available.”'

146.  Samoa: The data obtained included information from the Ministry of Health,”*? a
Pacific Health Security scoping mission report,”** the Ministry of Health Act,”** a
published article on national surveillance,”® and the latest published national disease
surveillance data.’*® The National Pandemic Plan briefly mentions emerging disease
threats.”®” No Joint External Evaluation has been undertaken as of 31 December
2022.3%

147. San Marino: The data obtained included information from the Secretariat of State
for Health and Social Security,”® the Social Security Institute,”® the Ordinances of the
Secretary of State for Health and Social Security,’*” the nationally notifiable disease
list,”*! and the latest published national disease surveillance data.”** No Joint External
Evaluation has been undertaken as of 31 December 2022.°%

148. Sao Tomé and Principe: The data obtained included information from the
Ministry of Health,’* the country’s published WHO Joint External Evaluation
report,”* the latest published national disease surveillance data,”” the Basic Health
Law,”*® and the Procedures Manual for the National Health Service.”*” No complete
nationally notifiable disease list was publicly accessible, but the WHO Joint External
Evaluation states there is one that exists internally.’**

149. Saudi Arabia: The data obtained included information from the Ministry of
Health,”* the country’s published WHO Joint External Evaluation report,’® the latest
published national disease surveillance data,” and the Health System Royal
Decree.””! The public health surveillance technical guidelines contains the nationally
notifiable disease list, which requires reporting of any emerging disease.”

150. Senegal: The data obtained included information from the Ministry of Health and
Social Action,” the country’s published WHO Joint External Evaluation report,”* the
latest published national disease surveillance data,’”* and the Decree on the
organization of the Ministry of Health and Social Action.”*® The national guide for
integrated monitoring disease and response which contains the nationally notifiable
disease list includes emerging diseases, clusters of unknown disease outbreaks and
unexplained deaths and provides guidance and a form.'>

151.  Serbia: The data obtained included information from the Ministry of Health,”’
the country’s published WHO Joint External Evaluation report,”® and the latest
published national disease surveillance data.”® The Law on the Protection of the
Population from Infectious Diseases contains the nationally notifiable disease list and
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includes emerging infectious diseases and unknown causative agents and briefly
mentions the role of the laboratory. *° There is a rulebook on reporting infectious
diseases which includes unknown diseases,”®' and there is a specific reporting form.’®

152.  Seychelles: The data obtained included information from the Ministry of
Health,” the country’s published WHO Joint External Evaluation report,”* the Public
Health Act,’® the National Health Strategic Plan 2022-2026 which contains the
nationally notifiable disease list,”*® and the latest published national disease

surveillance data.”®’

153. Sierra Leone: The data obtained included information from the Ministry of
Health and Sanitation,’®® the country’s published WHO Joint External Evaluation
report,’ the Public Health Ordinance which contains the nationally notifiable disease
list,””® The Public Health (Amendment) Act,’’" the latest National Health Sector
Strategic Plan,””* and the latest published national disease surveillance data.”” The
National Community Health Worker Policy briefly mentions reporting requirements
for any unusual events and clustered deaths.”’™

154. Singapore: The data obtained included information from the Ministry of
Health,’” the country’s published WHO Joint External Evaluation report,”’® the latest
published national disease surveillance data,””” the nationally notifiable disease list,””®
and the Infectious Disease Act.”” The Pandemic readiness and response plan
considers laboratory testing for novel respiratory pathogens but does not provide a
protocol or cover other unknown diseases.” Singapore requires notification of
“clusters of infectious diseases, suspected bioterrorism agents, suspect cases of
emerging infectious diseases” but does not include these directly in the nationally
notifiable disease list.””® As detailed in the national Communicable Diseases
Surveillance guidelines, Singapore operates a Severe Illness and Death from Possibly
Infectious Causes programme to detect unexplained deaths and identify novel,

emerging diseases, providing health professional guidance.’!

155.  Slovakia: The data obtained included information from the Ministry of Health,?*?
and the latest published national disease surveillance data.”® The Act on the
Protection, Support and Development of Public Health which contains the nationally
notifiable disease list and includes unknown diseases.’® The pandemic plan includes
guidance for new viruses for health professionals and laboratories but only provides a
laboratory protocol for COVID-19 and influenza, not novel pathogens.”®* No Joint
External Evaluation has been undertaken as of 31 December 2022 .7

156. Slovenia: The data obtained included information from the Ministry of Health,’*
the country’s published WHO Joint External Evaluation report,”’ the nationally
notifiable disease list,”®® the latest published national disease surveillance data through
the data portal,”® the Epidemiological monitoring of infectious diseases in Slovenia in
2019 and 2020 report,” the latest annual health statistical yearbook,”" and the
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Infectious Diseases Act.”* The national plan for epidemics and pandemics provides
guidelines on new diseases for health professionals and laboratories.””

157.  Solomon Islands: The data obtained included information from the Ministry of
Health and Medical Services,”” a published article on the syndromic surveillance
system,”* the latest National Health Strategic Plan,”” a Health Security Scoping
Mission report detailing the syndromic surveillance system,”® and the latest Statistical
Health Core Indicator Report from 2018.%7 No complete nationally notifiable disease
list was publicly accessible. There is no relevant public health legislation available.

No Joint External Evaluation has been undertaken as of 31 December 2022.3%

158. Somalia: The data obtained included information from the Ministry of Health,”®
the country’s published WHO Joint External Evaluation report,” a published article
which contains the nationally notifiable disease list,'*” and the latest national health
sector strategic plan,'®' No nationally published disease surveillance data were
available. There is no relevant public health legislation available, and this was
confirmed also in the WHO Joint External Evaluation report.”””

159. South Africa: The data obtained included information from the National
Department of Health,'® the country’s published WHO Joint External Evaluation
report,'®” and the latest published national disease surveillance data.'®* The National
Health Act, which contains the nationally notifiable disease list, requires reporting of
unusual cases and disease clusters and novel respiratory pathogens.'®” Guidelines
provide detailed health professional guidance for reporting novel respiratory
pathogens and previously unrecognised pathogens and mention the role of the
laboratory.'*%

160. South Korea: The data obtained included information from the Ministry of
Health and Welfare,'®” the country’s published WHO Joint External Evaluation
report,'®® the latest published national disease surveillance data,'*”
notifiable disease list.''® The Infectious Disease Control and Prevention Act includes
coverage of new pathogens.'”"" The latest Infectious Disease Prevention and
Management Basic Plan includes guidelines for health professionals and laboratories
on new and unknown diseases.'""?

and the nationally

161. South Sudan: The data obtained included information from the Ministry of
Health,'®" the country’s published WHO Joint External Evaluation report,'”'* and the
latest National Health Policy.'’"” No complete nationally notifiable disease list was
publicly accessible. No nationally published disease surveillance data were available.
There is no relevant public health legislation available, and this was confirmed also in
the WHO Joint External Evaluation report.'*!*
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162.  Spain: The data obtained included information from the Ministry of Health,'*'¢
the National Early Warning and Rapid Response System,'”'” the Order which creates
the National Epidemiological Surveillance Network, relating to the list of notifiable
diseases, methods of notification and regional endemic diseases which contains the
nationally notifiable disease list,'”'® and the latest published national disease
surveillance data.'®"” The Carlos III Institute mentions reporting requirements for
outbreaks of any aetiology.'**

163.  Sri Lanka: The data obtained included information from the Ministry of
Health,'”! the country’s published WHO Joint External Evaluation report,'*** the
latest published national disease surveillance data,'"* the Quarantine and Prevention

1924 and the nationally notifiable disease list.'®

of Diseases,

164. St Kitts & Nevis: The data obtained included information from the Ministry of
Health,'"* the Public Health Act,""” and the Public Health (Quarantine) Regulations
which contains the nationally notifiable disease list.'"® No Joint External Evaluation
has been undertaken as of 31 December 20227

165. St Lucia: The data obtained included information from the Ministry of Health,
Wellness and Elderly Affairs,'” the Public Health Act,'”® and the Public Health
(Communicable and Notifiable Diseases) regulations which contains the nationally
notifiable disease list.'”! The National Communicable Disease Surveillance Manual
includes guidelines for health professionals on outbreaks with unknown aetiology,
providing guidance, a flow chart and forms, and mentions the role of the
laboratory.'® No Joint External Evaluation has been undertaken as of 31 December
2022.3%

166. St Vincent & The Grenadines: The data obtained included information from the
Ministry of Health, Wellness and the Environment,'® a Health Systems
assessment,'™* and the Public Health (Public Bodies Special Measures) Rules.'"” No
complete nationally notifiable disease list was publicly accessible. No nationally
published disease surveillance data were available. No Joint External Evaluation has
been undertaken as of 31 December 2022 .3

167. Sudan: The data obtained included information from the Federal Ministry of
Health,'®¢ the country’s published WHO Joint External Evaluation report,'®’ the
National Public Health Act,'*® the nationally notifiable disease list,'® and the latest
published national disease surveillance data.

168.  Suriname: The data obtained included information from the Ministry of

Health,'™ the National Pandemic Preparedness Plan,'*' and the Law Of Public
Health.""* No complete nationally notifiable disease list was publicly accessible. No
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nationally published disease surveillance data were available. No Joint External
Evaluation has been undertaken as of 31 December 2022.°%

169. Sweden: The data obtained included information from the Ministry of Health and
Social Affairs,'™ the Public Health Agency,'** the nationally notifiable disease
list,'™ the latest published national disease surveillance data,'**® and the Infection
Prevention Act."™

170. Switzerland: The data obtained included information from the Federal Office of
Public Health,” the country’s published WHO Joint External Evaluation report,’> the
Influenza Pandemic Plan,” the latest published national disease surveillance data,””
and the Ordinance on the reporting of observations of communicable diseases in
humans which contains the nationally notifiable disease list and reporting
requirements for unusual and unexpected infectious diseases.” Reporting guidelines
for health professionals and laboratories include new, unusual or unexpected health
threats and new, unknown pathogens.”” Switzerland collaborates with Liechtenstein
for public health functions and shares infectious disease reporting structures and
guidelines.”

171.  Syria: The data obtained included information from the Ministry of Health,'™® the
latest published national disease surveillance data,'™® and latest WHO national
epidemiological bulletin.'” No complete nationally notifiable disease list was
publicly accessible. There is no relevant public health legislation available. No Joint
External Evaluation has been undertaken as of 31 December 2022 .

172.  Tajikistan: The data obtained included information from the Ministry of Health
and Social Protection of Population,'®! the country’s published WHO Joint External
Evaluation report,'*? the Health Code,'" and the latest published national disease
surveillance data.'”* No complete nationally notifiable disease list was publicly
accessible, but the WHO Joint External Evaluation report specifies the number of

diseases under surveillance.'%>

173. Tanzania: The data obtained included information from the Ministry of
Health,'* the country’s published WHO Joint External Evaluation report,'®° the
published WHO Joint External Evaluation report for Zanzibar,'”” and the Public
Health Act which contains the nationally notifiable disease list.'®® No nationally
published disease surveillance data were available.

174. Thailand: The data obtained included information from the Ministry of Public
Health,'* the country’s published WHO Joint External Evaluation report,'* the

161 and the Communicable Diseases

latest published national disease surveillance data,
Act,"™* and reporting guidelines which contains the nationally notifiable disease

list.'® There are health professional guidelines,'* and laboratory guidelines,'*® for
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emerging infectious diseases, although these mostly focus on known pathogens and
only briefly cover guidance on new diseases.

175. Timor-Leste: The data obtained included information from the Ministry of
Health,'*¢ the country’s published WHO Joint External Evaluation report,'®” and the
latest National Health Sector Plan.'°® The Decree law System of Epidemiological
Surveillance includes surveillance requirements for new diseases.'* No nationally
published disease surveillance data were available. No complete nationally notifiable
disease list was publicly accessible, but the WHO Joint External Evaluation report

specifies the number of diseases under surveillance.'*’

176. Togo: The data obtained included information from the Ministry Of Health,
Public Hygiene And Universal Access To Healthcare,'*” the country’s published
WHO Joint External Evaluation report,'””" and the Public Health Code.""”* No
complete nationally notifiable disease list was publicly accessible. No nationally
published disease surveillance data were available.

177. Tonga: The data obtained included information from the Ministry Of Health,'*”?
and the latest published national disease surveillance data which contains the
nationally notifiable disease list.'"”* The Public Health Act includes notification
requirements for unknown infectious diseases.'”” No Joint External Evaluation has
been undertaken as of 31 December 2022.%°

178. Trinidad and Tobago: The data obtained included information from the Ministry
Of Health,'"’® and the Quarantine Act."”’’ No nationally published disease surveillance
data were available. No Joint External Evaluation has been undertaken as of 31
December 2022.3%

179. Tunisia: The data obtained included information from the Ministry Of Health,'"”®
the country’s published WHO Joint External Evaluation report,'”” and the Order of
the Minister of Health fixing the list of communicable diseases subject to compulsory
notification which contains the nationally notifiable disease list.'"®®" No nationally
published disease surveillance data were available.

180. Turkey: The data obtained included information from the Ministry Of Health,'%!
the Communicable Diseases Surveillance And Control Principles Regulation with
annexes which contains the nationally notifiable disease list,'* and the latest
published national disease surveillance data.'™ The List Of Communicable Diseases
Based On Notification RG-22/4/2020-31107 includes Public health emergencies of
international importance in the disease list and elaborates in guidance for health
professionals with a flow chart including diseases of unknown cause.'*** No Joint
External Evaluation has been undertaken as of 31 December 2022 .
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181. Turkmenistan: The data obtained included information from the Ministry of
Health and Medical Industry,'® the country’s published WHO Joint External
Evaluation report,'®¢ and the law on the Prevention of Infectious Diseases."”” No
complete nationally notifiable disease list was publicly accessible. No nationally
published disease surveillance data were available.

182.  Tuvalu: The data obtained included information from the Ministry of Health,
Social Welfare and Gender Affairs,'®® and the Public Health Regulations.””® The
Regulations require households to report infectious disease but no nationally
notifiable disease list was publicly accessible. No nationally published disease
surveillance data were available. No Joint External Evaluation has been undertaken as
of 31 December 20223

183. Uganda: The data obtained included information from the Ministry of Health,'**
the country’s published WHO Joint External Evaluation report,'®' the latest published
national disease surveillance data,'®? and the Public Health Act with Public Health
(Control of COVID-19) Rules."”* The National Technical Guidelines for Integrated
Disease Surveillance and Response contains the nationally notifiable disease list and

includes diseases with an unknown cause.'*

184.  Ukraine: The data obtained included information from the Ministry of Health,'®*
the latest published national disease surveillance data which contains the nationally
notifiable disease list,'””® and the law On Protection of Population against Infectious
Diseases."”” The Ukraine completed a WHO Joint External Evaluation in December
2021, but there has not been a published report as of 31 December 2022.°%

185. United Arab Emirates: The data obtained included information from the
Ministry of Health and Prevention,'®® the country’s published WHO Joint External
Evaluation report,'™” the latest published national disease surveillance data,''® and the
Public Health law."""' The Prevention of Communicable Diseases law, which contains
the nationally notifiable disease list, includes unusual and emerging diseases, but only
after they have been identified and specified by the government.''*

186. United Kingdom: The data obtained included information from the Department
of Health & Social Care,"® the latest published national disease surveillance data,''%
and the Public Health (Control of Disease) Act."'® The nationally notifiable disease
list has an add on requirement to report “other significant disease” but does not
specify new diseases or unknown pathogens,''? and this is not on the list itself in
legislation."'”” The UK operates a horizon scanning monitoring system which
publishes reports on incidents of public health significance, including novel pathogens
and diseases.""”® The UK operates several syndromic surveillance systems and
publishes weekly data reports.''” There is a foresight report on infectious diseases
which mentions novel pathogens.""'* There is a laboratory diagnostic guide for
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laboratories that mentions new diseases without further guidance.""! No Joint
External Evaluation has been undertaken as of 31 December 2022 .3

187. United States of America: The data obtained included information from the
Centers for Disease Control and Prevention,''* the country’s published WHO Joint
External Evaluation report,'!* the National Notifiable Diseases Surveillance
System,'''* the nationally notifiable disease list,''!* the latest published national
disease surveillance data,'''® and the Public Health Service Act."''” The Public Health
Emergency Preparedness and Response Capabilities report includes mention of novel
viruses and emerging diseases for health professionals and laboratories but does not

provide detailed guidance."'®

188.  Uruguay: The data obtained included information from the Ministry of Public
Health,""” and the latest published national disease surveillance data.'"* The Decree
41/012,"?" and the nationally notifiable list of diseases,'** include significant public
health events or diseases but do not specify further. No Joint External Evaluation has
been undertaken as of 31 December 20227

189. Uzbekistan: The data obtained included information from the Ministry of Public
Health,''> the law on State Sanitary Supervision,"** and decision On Additional
Measures To Prevent The Spread Of Infectious Diseases In The Republic Of
Uzbekistan."” No complete nationally notifiable disease list was publicly accessible.
No nationally published disease surveillance data were available. No Joint External
Evaluation has been undertaken as of 31 December 2022.°%

190.  Vanuatu: The data obtained included information from the Ministry of Health,%¢
the Public Health Act which contains the nationally notifiable disease list.""” No
nationally published disease surveillance data were available. No Joint External
Evaluation has been undertaken as of 31 December 2022.°%

191. Venezuela: The data obtained included information from the Ministry of Popular
Power for Health,''?® the National Institute of Hygiene,"'® the Organic Health Law,"*"
and published article on national epidemiological surveillance.'*! No complete
nationally notifiable disease list was publicly accessible. No nationally published
disease surveillance data were available. No Joint External Evaluation has been
undertaken as of 31 December 20223

192.  Vietnam: The data obtained included information from the Ministry of Health,'**
the country’s published WHO Joint External Evaluation report,'** and the National
Institute of Hygiene and Epidemiology.'"** The Prevention and Control of Infectious
Diseases law, which contains the nationally notifiable disease list, includes unknown
diseases.'"** No nationally published disease surveillance data were available.
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193.  Yemen: The data obtained included information from the Ministry of Public
Health and Population,''*® the latest National Primary Health Care Strategy,'*’ the
decree Regarding the regulations of the Ministry of Public Health and Population,
and the latest published national disease surveillance data.'** No complete nationally
notifiable disease list was publicly accessible, but a publication on the disease
surveillance system states the number of diseases under surveillance.'"*° No Joint
External Evaluation has been undertaken as of 31 December 2022 .7

1138

194.  Zambia: The data obtained included information from the Ministry of Health,'*!
the country’s published WHO Joint External Evaluation report,''** the Zambia
National Public Health Institute,'* the latest published national disease surveillance
data,'"* the Public Health Act which contains the nationally notifiable disease list,"'*
and The Public Health (Notifiable Infectious Disease) (Declaration) Notice."'*°

195. Zimbabwe: The data obtained included information from the Ministry of Health
and Child Care,'*” and the country’s published WHO Joint External Evaluation
report.''*® The Public Health Act, which contains the nationally notifiable disease list,
includes diseases of public health importance outside of the list itself and elaborates
that this can relate to any infectious disease or symptom which could lead to adverse
community health effects.!'* No nationally published disease surveillance data were
available.
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Appendix C: Chapter Two - Additional Results

C.1 Data Availability and Location

Out of the 195 countries included in the study, 176 (90.3%) had national public health laws
that met the search criteria enacted and accessible as of 31 December 2022. As shown in
Table S2, this varied by WHO region, from 35/47 (74.5%) in the African Region (AFRO) to
100% of the 54 countries in the European Region and 35 countries in the Region of the
Americas. A total of 136/195 countries (69.7%) had a full nationally notifiable disease list
publicly accessible, with a further 22 (11.3%) only specifying the number of diseases under
surveillance. The availability of a full nationally notifiable disease list varied by WHO
region, from 23/47 (48.9%) in the African Region to 46/54 (85.2%) in the European Region.
From the 136 countries with a full nationally notifiable disease list available, 58 (42.6%) had
the list present in national legislation, 33 (24.3%) had it present in a publicly accessible
government publication, 24 (17.6%) had it included in a national disease surveillance data
report, 18 (13.2%) had it published on a dedicated government webpage, and 3 (2.2%) had
the list present in a published peer-reviewed article.
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Table S2. Summary of public data by World Bank Income Strata and WHO region for the 195 included
countries. WHO: World Health Organisation; AFRO: African Region; AMRO: Region of the Americas; EMRO:
Eastern Mediterranean Region; EURO: European Region; SEARO: South-East Asian Region; WPRO: Western

Pacific Region.

Public Full Only the 1;1;;0:821 Completed
Health Law Nationally Number of Surveillance and
Number of Enacted Notifiable Nationally Data Published
Catesor Countries and Disease List Notifiable Published WHO Joint
gory Publicly Publicly Diseases and External
Accessible Available Available . Evaluation
Available
n n (%) n (%) n (%) n (%) n (%)
World Bank Income Strata*
High 58 57 (98.3) 54 (93.1) 1(1.7) 48 (82.8) 23 (39.7)
Upper 53 51(96.2) 35 (66.0) 9 (17.0) 34 (64.2) 21 (39.6)
Middle
Lower 54 47 (87.0) 30 (55.6) 9(6.7) 29 (53.7) 36 (66.7)
Middle
Low 27 18 (66.7) 15 (55.6) 3(11.1) 11 (40.7) 24 (88.9)
WHO Region
AFRO 47 35(74.5) 23 (48.9) 8 (17.0) 20 (42.6) 45 (95.7)
AMRO 35 35(100) 28 (80.0) 0(0) 22 (62.9) 2(5.7)
EMRO 21 17 (81.0) 15(71.4) 4 (19.0) 14 (66.7) 17 (81.0)
EURO 54 54 (100) 46 (85.2) 5(9.3) 45 (83.3) 17 (31.5)
SEARO 11 10 (90.9) 7 (63.6) 2 (18.2) 7 (63.6) 8 (72.7)
WPRO 27 25 (92.6) 17 (63.0) 3(11.1) 14 (51.9) 15 (55.6)
Global 195 176 (90.3) 136 (69.7) 22 (11.3) 122 (62.6) 104 (53.3)

* Data from the World Bank based on 2021 reported Gross National Income;''® unavailable for Venezuela, Cook
Islands and Niue

Out of the 195 countries included, a total of 122 (62.6%) had nationally published disease
surveillance data available. This varied by WHO region, from 20/47 (42.6%) in the African
Region to 45/54 (83.3%) in the European Region, as seen in Table S2. A cut-off of 31
December 2022 was used for national disease surveillance data. This was the latest date
covered by the surveillance period in the population and not necessarily the date of data

publication.

The latest published data date ranged from 31 December 2007 to 31 December 2022, with a
median date of 23 July 2022 (Interquartile Range: 10 Jan 2020 - 22 December 2022). From
the 122 countries with published national disease surveillance data, 38 (31.1%) countries had
data from within the last month of the cut-off date (1 - 31 December 2022), 72 (59.0%)
countries had surveillance data within the last year (31 December 2021 - 31 December 2022),
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92 (75.4%) had surveillance data published within the last three years (31 December 2019 -
31 December 2022), and 109 (89.3%) had surveillance data within the last five years (31
December 2017 - 31 December 2022).

A total of 104/195 countries (53.3%) had a complete and published WHO Joint External
Evaluation as of 31 December 2022. This varied by WHO region, as seen in Table S2, from
2/35 (5.7%) in the Region of the Americas to 45/47 (95.7%) in the African Region. Out of the
195 countries included, 142 (72.8%) had the frequency of data analysis carried out internally
at the national level specified in available resources. From these, 27 (19.0%) stated their
country conducted daily data analysis, and 102 (71.8%) specified weekly analysis.

Out of the 195 countries included, 55 (28.2%) stated they publicly released analysed data at
least on a weekly basis.

C.2 Additional Predictors of Novel Disease Consideration

Novel disease consideration was compared against the 2021 GHSI and SPAR. This included
one specific indicator in each that explicitly asked about unknown pathogens, the full text of
which is available in Appendix A. For GHSI Question 2.1.1b on whether countries had a
strategy for testing for novel pathogens, 41/67 countries (61.2%) which met some GHSI
criteria had evidence of novel disease consideration compared with 32/128 (25.0%) that did
not meet the GHSI criteria, with the relationship significant with X? (df = 1, N = 195) = 23.08,
p-value = <0.0001. For SPAR Capacity 4.4 on whether the country has access to laboratories
to identify unknown pathogens, 34/52 countries (65.4%) self-reporting “yes” had publicly
available evidence of novel pathogen consideration, compared with 36/132 countries (27.3%)
that reported “no.” This association was significant with X (df = 1, N = 184) = 21.40, p-value
=<0.0001.

For the WHO African Region, 8/8 (100%) of the countries with novel disease surveillance
had adopted the Integrated Disease Surveillance and Response (IDSR) Strategy, compared
with 36/39 (92.3%) of countries without evidence of novel disease surveillance, giving a
p-value 0.42. Overall, 4/8 (50.0%) of countries with novel disease surveillance had IDSR
training in >90% of districts between 2015-2017, compared with 9/35 (25.7%) in countries
without novel disease surveillance, with a p-value of 0.18.

Other predictors for any evidence of novel disease consideration in four resources (public

health law, the national notifiable disease list, health professional guidelines, and laboratory
guidelines) are shown in Table S3.
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national notifiable disease list, health professional guidelines, and laboratory guidelines) vs no evidence using
logistic regression. GDP: Gross Domestic Product; USD: United States Dollar; COVID-19: Coronavirus
Disease 2019; OR: Odds Ratio; CI: Confidence Interval.

il Countries Novel Disease Consideration
N OR (95% CI) p-value

2021 Human Development Index 189 1.05 (1.03 - 1.08) <0.0001
Latest Surveillance Data Release, As of the 31 December 2022

Within Last Month 38 Referent -

Within Last Year 34 0.66 (0.25 - 1.70) 0.39

Within Last Three Years 20 0.64 (0.21 - 1.94) 0.42

Within Last 15 Years 30 0.22 (0.076 - 0.61) 0.0043

No Public Data Available 73 0.073 (0.026 - 0.19) <0.0001
Surveillance Data Release Frequency, as Stated

At Least Weekly 55 Referent -

At Least Quarterly 26 0.67 (0.26 - 1.73) 0.40

Annually or Variably 41 0.33 (0.14 - 0.75) 0.0096

No Public Data 73 0.080 (0.031 - 0.19) <0.0001
Stated Internal Data Analysis Frequency

Daily 27 Referent -

Weekly 102 0.19 (0.069 - 0.48) 0.00065

Less than Weekly 13 0.11 (0.019 - 0.45) 0.0044

Unknown 53 0.13 (0.041 - 0.35) 0.00012
Event-based Surveillance System

None 106 Referent -

Yes, No Daily Analysis 71 2.40 (1.27 - 4.59) 0.0073

Yes, Daily Analysis 18 10.24 (3.35-38.61) 0.00013
COVID-19 Data Publicly Released

No 49 Referent -

Yes 146 3.47 (1.63 - 8.10) 0.0021
Number of Nationally Notifiable Diseases 158 1.04 (1.03 - 1.06) <0.0001

Evidence of novel disease consideration varied by national score on a range of different
indicators in the WHO Joint External Evaluation for the 104 countries who had one
completed and published, as shown in Figure S1.
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JEE Indicator Scores Novel Disease Consideration

- No
= ves

C1 Legal Instruments
C19 Radiation Emergencies C2 IHR Coordination

C18 Chemical Events C3 Antimicrobial Resistance

80- C17 Points of Entry C4 Zoonotic Disease
C16 Risk Communication
60-
C15 MCMs
40-

C5 Food Safety

JEE Score

C6 Biosafety and Biosecurity

C14 Public Health Security C7 Immunisation

C13 Emergency Response C8 Laboratory

N'o Y'es
C12 Preparedness C9 Surveillance
C11 Human Resources C10 Reporting

Figure S1. Novel disease consideration in any of the four examined resource types investigated (public health
law, the national notifiable disease list, health professional guidelines, and laboratory guidelines) compared
against WHO Joint External Evaluation for 104 countries with data available. Novel disease consideration in
one or more resource types in blue with no evidence of consideration in red. WHO: World Health Organisation;
JEE: Joint External Evaluation; IHR: International Health Regulations; MCMs: Medical Countermeasures.

Overall, 73/195 countries (37.4%) had any evidence of novel disease consideration in the
four resource types investigated, with the global distribution shown in Figure S2.

e
Rank .

Novel Disease Consideration

W ves B .
No

Figure S2. Global map depicting evidence of novel disease inclusion in any of the four resource types
investigated (public health law, the national notifiable disease list, health professional guidelines, and laboratory
guidelines) for 195 examined countries. Evidence of novel disease consideration in one or more of the four
resources is shown in blue, while countries with no evidence are depicted in red.
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Multiple metrics examined were shown to be highly correlated with one another, with linear
regressions of various indices shown in Figure S3.
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Figure S3. Linear regression and correlation scores for various indices. A: 2021 total GHSI score vs 2021 HDI
score for 189 countries with both available; B: 2021 SPAR score vs 2021 GHSI score for 184 countries with
both available; C: 2021 SPAR Score vs JEE score for 102 countries with both available; D: 2021 SPAR Score vs
the total number of nationally notifiable diseases for 148 countries with both available.

C.3 Ordinal Logistic Regression

An ordinal logistic regression on the same predictor variables as in Table 2.2 in the main
paper was carried out. The ordinal logistic regression assumes the odds of each category are
proportional, meaning the relationship between moving between a country having two or
more resources with evidence of novel disease consideration vs lower categories (zero or one
resource with evidence) is the same as the odds of a country having three or more resources
with evidence of novel disease consideration vs lower categories (zero, one or two resources
with evidence). The ordinal logistic regression results are shown in Table S4.
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Table S4. Predictors of any evidence of novel disease consideration in four resources (public health law, the
national notifiable disease list, health professional guidelines, and laboratory guidelines) using ordinal logistic
regression. WHO: World Health Organisation; AFRO: African Region; AMRO: Region of the Americas;
EMRO: Eastern Mediterranean Region; EURO: European Region; SEARO: South-East Asian Region; WPRO:
Western Pacific Region; USD: United States Dollar; SARS-CoV-1: Severe acute respiratory syndrome
coronavirus 1; MERS: Middle East Respiratory Syndrome; GHSI: Global Health Security Index; SPAR: State
Party Self-Assessment Annual Reporting; OR: Odds Ratio; CI: Confidence interval.

ey Novel Disease Consideration
n/N (%) OR (95% CI) p-value

World Bank Income Strata*

High 30/58 (51.7) Referent -

Upper Middle 24/53 (45.3) 0.99 (0.48 - 2.02) 0.98

Lower Middle 15/54 (27.8) 0.34 (0.16 - 0.71) 0.0050

Low 4/27 (14.8) 0.17 (0.046 - 0.50) 0.0029
WHO Region

EURO 30/54 (55.6) Referent -

AFRO 8/47 (17.0) 0.17 (0.066 - 0.41) 0.00015

AMRO 13/35 (37.1) 0.59 (0.25 - 1.34) 0.21

EMRO 3/21 (14.3) 0.13 (0.028 - 0.43) 0.0023

SEARO 6/11 (54.5) 0.68 (0.21 - 2.09) 0.51

WPRO 13/27 (48.1) 0.77 (0.32 - 1.81) 0.55
Health expenditure, $1000 USD per capita’ | 71/186 (38.2) 1.28 (1.10 - 1.50) 0.00097
National Disease Surveillance Data Available

Yes 64/122 (52.5) 8.06 (3.89 - 18.59) <0.0001

No 9/73 (12.3) Referent -
Completed and Published WHO Joint External Evaluation

Yes 37/104 (35.6) 0.86 (0.49 - 1.51) 0.59

No 36/91 (39.6) Referent -
WHO Joint External Evaluation Score 37/104 (35.6) 1.07 (1.04 - 1.10) <0.0001
Total Recorded Outbreaks' 73/194 (37.6) 1.03 (0.99 - 1.06) 0.095
One or more cases of SARS-CoV-1, MERS, or Nipah Virus

Yes 27/43 (62.8) 3.43 (1.81 - 6.52) 0.00016

No 46/152 (30.3) Referent -
2021 GHSI Score 73/195 (37.4) 1.10 (1.07 - 1.12) <0.0001
2021 SPAR Score® 70/184 (38.0) 1.06 (1.04 - 1.08) <0.0001

* Data from the World Bank based on 2021 reported Gross National Income;'”® unavailable for Venezuela, Cook
Islands and Niue

" Data from the World Bank based on latest national health expenditure estimates from 2019;'*° unavailable for
Albania, Cook Islands, Libya, Liechtenstein, Niue, North Korea, Somalia, Syria and Yemen

! Data based on a global outbreak dataset January 1996 - March 2022;'?! unavailable for Turkmenistan

$ Data based on country self-reports submitted as of 31 December 2022;"" unavailable for Andorra, Barbados,
Brunei, Grenada, Israel, Marshall Islands, Nauru, Niue, Papua New Guinea, Trinidad and Tobago, and Turkey
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Appendix D: Chapter Four - Estimating Prevalence

The following R code provides a simple estimate of SARS-CoV-2 infection prevalence on 20
April 2020 from a doubling time of 3.8 days without public health interventions.***

# Function to calculate the future prevalence of SARS-CoV-2 infection
future prevalence <- function(initial cases, doubling_time, start date, target date,
disease_duration) {
# Convert dates to date objects
start date <- as.Date(start_date, format = "%Y-%m-%d")
target date <- as.Date(target date, format = "%Y-%m-%d")
# Calculate the number of days between start date and target date
days passed <- as.numeric(difftime(target date, start date, units = "days"))
# Calculate the number of doubling periods
doubling periods <- days_passed / doubling_time
# Calculate the cumulative incidence
cumulative incidence <- initial cases * (2 * doubling_periods)
# Calculate the number of recovered cases
recovered start <- start date + disease duration
days since recovery <- as.numeric(difftime(target date, recovered_start,
units = "days"))

if (days_since recovery > 0) {
doubling_periods_since recovery <- days_since recovery / doubling time
recovered _cases <- initial _cases * (2 * doubling_periods_since recovery)
} else {
recovered cases <- 0

}

# Calculate the prevalence (active cases)
prevalence <- cumulative incidence - recovered cases

return(prevalence)

§
# Parameters
initial_cases <- 1 #Initial number of cases known in UK'*
doubling_time <- 3.8 # Doubling time of epidemic in days®*®
start date <- "2020-01-23" #First known case in the UK'"°
target date <- "2020-04-20" #First sampling test point
disease_duration <- 9.3 #Infectious period (days) for SARS-CoV-2'7
UK population <- 67081000 #UK 2020 population from World Bank''%

predicted prevalence <- future prevalence(initial cases, doubling time, start date,
target date, disease duration)

Prev_prop <- predicted prevalence/UK population

cat("Predicted prevalence on", target date, "is", round(Prev_prop*100,digits=2),"%")

Predicted prevalence on 2020-04-20 is 11.39 %
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