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Abstract

Abstract

Existing estimates of the incidence of infectious intestinal disease (lID) caused by
norovirus in the community are based on electron microscopy or reverse transcription-
polymerase chain reaction (RT-PCR). Neither method accurately represents norovirus
disease burden: electron microscopy has poor diagnostic sensitivity, RT-PCR has poor
diagnostic specificity.

In this thesis, for the first time, viral load measurements were used to identify cases of
norovirus-associated lID, to update the existing, electron microscopy-based estimates
of norovirus disease burden in the community in England and to conduct a
comprehensive analysis of risk factors for sporadic norovirus-associated [ID. The
prevalence and characteristics of asymptomatic norovirus infection in England were
also described. Data for this work were taken from the Study of Infectious Intestinal
Disease faecal specimen archive, which had been subject to semi-quantitative real-
time RT-PCR norovirus testing. Finally, routine surveillance data and time-series
regression modelling were used to produce an additional and independent estimate of
the incidence of general practice consultations for norovirus-associated 11D in England
and Wales.

Using viral load for norovirus diagnosis, the age-adjusted community incidence of
norovirus-associated lID in England was 4.5 per 100 person-years (95% credibility
interval: 3.8, 5.2), equating to 2 million episodes per year between 1993 and 1996.
Amongst children aged less than five years, the community incidence was 21.4 per 100
person-years (95% credibility interval: 15.9, 27.7) and the incidence of consultations to
general practitioners for norovirus-associated |ID was 3.2 per 100 person-years (95%
credibility interval: 2.6, 3.8), with 100 000 children visiting their GP for norovirus-
associated lID each year.

The main risk factor for sporadic, community-acquired norovirus-associated IID was
contact with a person with {ID symptoms. This result indicates that reduction of person-
to-person transmission would substantially decrease the burden of norovirus-
associated lID in the community in England, e.g. through good hand hygiene and
appropriate cleaning of environmental surfaces.
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Chapter 1

Chapter 1: Introduction

Norovirus is the most common cause of both sporadic cases and outbreaks of
infectious intestinal disease (lID) in high income countries’®. In the past decade,
electron microscopy, which was used to first identify norovirus as a pathogen in the
1970s'°, has been replaced by reverse transcription-polymerase chain reaction (RT-

PCR) as the method of choice for routine diagnosis of norovirus-associated 11D"""",

However, the only existing estimates of the incidence of sporadic norovirus-associated
1D in the community in England are based on electron microscopy diagnosis®. These
estimates therefore need to be updated, to reflect the burden of norovirus disease
identified by the more sensitive RT-PCR diagnostic methods.

Accurate estimates of norovirus-associated 11D incidence in the community are
essential for understanding the epidemiology and transmission of norovirus, especially
in relation to the introduction of norovirus into hospitals and other healthcare
environments, where norovirus outbreaks cause substantial disruption to service
provision and can worsen patient prognosis'**®. If norovirus vaccines are further

developed, beyond the phase | trials already completed®, estimates of norovirus-
associated 11D incidence in the community will also be essential for planning and

assessing the effects of vaccination, and indeed of any other public health interventions
designed to reduce the burden of norovirus infection and disease.

RT-PCR methods have much higher diagnostic sensitivity than electron microscopy:
RT-PCR detects many more norovirus infections amongst exposed individuals than
electron microscopy''*>. However RT-PCR has much poorer diagnostic specificity for
norovirus-associated IID than electron microscopy: a substantial proportion of healthy
individuals without 1D symptoms, who therefore do not have norovirus-associated liD,
are positive for norovirus by RT-PCR in population-based surveys® 2?4, If healthy
individuals are frequently infected with norovirus and positive by RT-PCR, it is possible
that some individuals with 11D, who are norovirus RT-PCR positive at the time of their
illness, do not actually have disease caused by norovirus; another pathogen, detected
or undetected, may be the true underlying cause of their ililness. Estimates of norovirus
disease burden should only include individuals with disease caused by norovirus.

This thesis therefore focuses on the appropriate interpretation of the diagnostic
methods available for norovirus, to facilitate the production of updated, accurate
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estimates of norovirus disease burden in England. Specifically, a quantitative approach
to diagnosing norovirus-associated |ID is developed, to replace the current qualitative
classification of norovirus aetiology using RT-PCR. In this new method, norovirus
diagnosis will involve consideration of the amount of norovirus being shed by
individuals with 11D, rather than assigning norovirus aetiology based only on detection
of norovirus in clinical specimens. The new estimates of norovirus-associated 1D
incidence will have important uses in public health action against norovirus infection in
England, as described above, but the quantitative methods developed for diagnosing
norovirus-associated IID will have wider relevance to the diagnosis of sporadic disease
caused by other enteric viruses, respiratory viruses and any other pathogens that are
found at notable prevalence in healthy individuals in the general population.

1.1. Aims and objectives

The aims of the research presented in this thesis were to obtain new estimates of the
incidence of |ID caused by norovirus in England, based on current RT-PCR diagnostic

methods, and to examine the transmission of norovirus in the community setting.
Specific objectives of the work were to:

I.  Develop a method for interpreting the results of a semi-quantitative RT-PCR
assay to diagnose norovirus aetiology in episodes of IID:

.  Estimate the incidence of norovirus-associated IID in the community and of
consultations to general practitioners, through application of this new method
for interpreting semi-quantitative RT-PCR diagnostic results;

iii.  Estimate the incidence of general practice consultations for norovirus-
associated lID in England and Wales, using routine surveillance data on
laboratory diagnoses of gastrointestinal pathogens and general practice
consultations for lID;

iv.  Investigate risk factors for norovirus-associated |ID and asymptomatic norovirus

infection occurring in the community.
1.2. Thesis outline

This thesis contains eight further chapters in which the background to the work is
described, each of the research objectives is addressed and the results and outputs
from the work are discussed.
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Chapter 2 provides a review of diagnostic methods used for norovirus, current
estimates of the incidence of disease caused by norovirus globally and in high income
countries, and the current evidence on routes of norovirus transmission. {n addition, an
overview of other important information about norovirus is presented, including the
pathogenesis, symptoms, viral shedding and immune response during human
norovirus infection and a description of norovirus virology, genetic diversity and
molecular evolution.

Chapter 3 provides a description of the datasets used for the analyses presented in
subsequent chapters. The majority of the work is based on the Study of Infectious
Intestinal Disease in England. Additional datasets from routine surveillance of
gastrointestinal pathogen laboratory diagnoses and of general practice consultations
for 11D in England and Wales are also described, which are used in Chapter 7.

In Chapter 4, norovirus faecal viral load measurements from individuals with 11D and
healthy individuals are compared, to develop a quantitative method for accurately
diagnosing norovirus-associated [ID.

In Chapter 5, cases of norovirus-associated IID are identified using the new
quantitative diagnostic method developed in Chapter 4. The characteristics of
norovirus-associated 11D cases and healthy individuals with norovirus infection are
described, the prevalence of mixed pathogen infections in these two groups is
presented and the significance of these mixed infections is investigated.

In Chapter 6, risk factors for norovirus-associated 11D (defined using the quantitative

diagnostic method developed in Chapter 4) and for asymptomatic norovirus infection
are investigated, using multivariable logistic regression.

In Chapter 7, time-series adapted Poisson regression is used to estimate the incidence
of general practice consultations for norovirus-associated IID in England and Wales,
based on routine surveillance data on gastrointestinal pathogen laboratory diagnoses
and general practice consultations for IID. This statistical modelling provides a

completely independent estimate of general practice consultations caused by
norovirus, for comparison to the direct estimate provided in Chapter 8.

In Chapter 8, the quantitative approach to norovirus-associated |ID diagnosis is used to
generate updated and accurate estimates of the incidence of IID caused by norovirus

in the community and leading to general practice consultations in England, based on
data from the Study of Infectious Intestinal Disease.
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In the final chapter, the results from all of the presented analyses are summarised and
discussed, with consideration of the limitations of the work and recommendations for
future research and practice in the diagnosis of norovirus-associated liD and estimation

of norovirus disease burden.
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Chapter 2: Review of methods for norovirus diagnosis,
estimates of norovirus disease burden and current
evidence on norovirus transmission routes

2.1. The global burden of infectious intestinal disease

Infectious intestinal disease (IID) is a major cause of morbidity and mortality
worldwide®. In low and middle income countries 11D is among the ten most important
causes of mortality and disability adjusted life years (DALYs)?’. The great majority of
IID deaths in these countries occur in children aged less than five years, with current
estimates of between 1.87 and 2.5 million deaths per year globally in this age group**
27 Whilst the large loss of DALYs is mostly due to the high infant and child mortality
attributable to 11D, there is also evidence that frequent IID episodes in early life can

lead to impaired growth and development?.

In high income countries, [ID is not a major cause of mortality or DALYs®, but still
represents a significant disease burden, with incidence estimates ranging from 194 to
800 episodes per 1000 person years in prospective cohort studies> * %, and up to 1400
episodes per 1000 person years in retrospective surveys®>*. This disease burden is
associated with substantial economic costs from healthcare service utilisation and loss
of economic productivity®™ ***°, In addition to the burden of illness in the general
population, particular gastrointestinal pathogens, such as Listeria spp., Clostridium
difficile and norovirus, also have a substantial impact on populations in health and long-

term care facilities'* 18- 3742,

Population-based studies show that enteric viruses are amongst the most common
causes of sporadic 11D across all ages in the community in high income countries™ ',
and they are also associated with a significant proportion of more severe lID cases

presenting to primary care services® 444 448,

and hospital emergency services
Rotavirus in particular is associated with severe childhood gastroenteritis and is the
leading cause of general practice and hospital visits for 1D amongst children aged less
than five years in high income countries*> "2, Astrovirus, Sapovirus and Adenovirus
types 40 and 41 cause milder, predominantly paediatric IID*, In contrast to these other
viruses, humans do not develop long-lasting protective immunity after norovirus

>3 meaning that older children and adults experience repeated symptomatic

infection
infections throughout life. Norovirus is therefore the most common viral cause of

sporadic community-acquired 11D in high income countries, in addition to being the
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most frequently reported causative pathogen in IID outbreaks in a range of settings® ™
38, 40

2.2. Norovirus-associated lID characteristics and immunity

2.2.1. Pathogenesis

Knowledge of the pathogenesis of norovirus infection comes mainly from adult
volunteer studies®®®'. These volunteer studies demonstrated cellular and structural

abnormalities in the proximal small intestine (the jejunum) during symptomatic
norovirus infection®®**!, These histological changes were predominantly present in
symptomatic volunteers, although a small number of volunteers who remained
asymptomatic after inoculation developed similar jejunal lesions™ *°. The lesions were
present during incubation, acute illness and for a limited number of days after symptom
resolution®™ ®, but convalescent biopsies taken at two weeks post-inoculation showed
normal histology®® ®*®. Studies of experimentally inoculated gnotobiotic calves and
pigs found similar histopathological changes and, importantly, demonstrated
localisation of norovirus antigen to the affected areas of the jejunum and duodenum,
but with very little norovirus detected in more distal parts of the intestine (ileum and
colon)®* %, A more recent study of individuals presenting to hospital with IID, and
diagnosed with norovirus infection, indicated that similar damage occurs in the
epithelium of the duodenum (which joins the stomach and jejunum), with increased cell
apoptosis in the areas of the epithelium covered by these lesions®. However, a major
disadvantage of studying natural norovirus infection is the lack of documentation of pre-
infection intestinal physiology in participants and uncertainty over the microbiological
aetiology of the 1ID.

Whilst delayed gastric emptying, which has been documented in norovirus-inoculated
volunteers who develop symptomatic infection, may contribute to the vomiting
mechanism in norovirus-associated IID*, the biochemical pathways leading to
diarrhoea and vomiting have not been identified®”. However, the existing
histopathological evidence from the volunteer and animal studies, and the lack of any
readily identifiable secretory toxin genes in the norovirus genome®, indicate that viral
replication probably plays a significant role in the pathogenesis of norovirus disease.

2.2.2. Symptom profile

Norovirus-associated IID was first described as ‘winter vomiting disease’ by Zahorsky,
in 1929°°, When outbreaks of norovirus-associated IID were first investigated in the late

18



Chapter 2

1960s and 1970s'°, the high prevalence of vomiting amongst cases was a key
epidemiological characteristic used to attribute outbreaks to norovirus, in the absence
of any routinely available microbiological diagnostic tests (the Kaplan criteria)®.
Subsequently, identification and isolation of norovirus from stool specimens collected

during outbreaks facilitated a number of volunteer inoculation studies, which examined

58-60, 71
'

the infectiousness, pathogenesis and disease syndrome of norovirus infection in

addition to many more volunteer studies investigating the immune response to

norovirus and the degree of immunological cross-protection between norovirus isolates
56, 72-79

The volunteer studies, during which otherwise healthy adults were experimentally
inoculated with norovirus isolated from outbreak stool specimens, confirmed the
symptom profile reported in the early outbreak investigations. Volunteers who became
infected and symptomatic after inoculation developed a range of symptoms,
predominantly diarrhoea and vomiting, or vomiting without diarrhoea, and, in addition,
headache, nausea, muscle ache, fever and chills, abdominal pain, and loss of

58-60, 75, 80, . . . ‘ . . .
*%%, The incubation period of experimental norovirus infection ranged

appetite
from 10 to 48 hours and symptoms lasted between 16 and 48 hours3®%%7%7% A number
of the volunteers did not develop diarrhoea or vomiting after inoculation, although some
were shown to be infected by the detection of norovirus in their stools and of a
norovirus-specific serum antibody response °% 7% 7-89.82 Thege norovirus-infected
volunteers with no diarrhoea or vomiting did report other symptoms, including
abdominal pain, nausea and some non-gastrointestinal symptoms such as headache,

fever and muscle ache.

The characteristics of natural norovirus infection have been studied in both sporadic
community cases, ascertained during prospective research studies, and also in cases
identified during norovirus outbreak investigations. The reported prevalence of

diarrhoea amongst sporadic community cases is high, at 70% or more, with some
indication that diarrhoea might be slightly more common in adult cases compared to
child cases” %, The converse pattern has been reported for vomiting during
norovirus-associated IID; whilst the prevalence is high, at 60% or more’ ***, vomiting
is more frequently reported in child cases compared to adult cases® 4. The average
symptom duration in adult community cases matches that observed in the volunteer
studies (two days) but longer symptom duration has been reported in child community
cases (median up to six days) ***, The prevalence of fever in community cases
ranges from 30 to 70%, although differences in the definition of fever and the way in
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which information about this symptom is captured in epidemiological questionnaires
may account for some of the variability between studies’ ***°, Muscle ache, headache,
abdominal pain and nausea have also been reported by community cases. A number
of studies have reported disease severity comparable to rotavirus-associated 11D

amongst children presenting to hospital emergency services with norovirus-associated
ID%*®%, with a few reports of more severe manifestations of infection such as
encephalopathy, seizures and viraemia®>*'. Descriptions of symptoms in the elderly
come mainly from norovirus outbreaks in hospitals and nursing homes. In the elderly,
symptoms tend to last longer than amongst younger adults, with the median duration at

92, 93

3 days™ *°, and the prevalence of vomiting is lower. Hospitalisations (amongst nursing

home residents) and deaths are occasionally reported from norovirus outbreaks in

elderly populations'>*?,

The incubation period of norovirus after natural infection has been estimated in a small
number of point-source foodborne outbreaks, with estimates mostly towards the upper
range of that reported in the volunteer studies (median incubation approximately 36
hours, ranging from 2 to 61 hours)® %, However, it is possible that the biology of
experimental inoculation and foodborne outbreaks may differ from sporadic infection
acquired by direct person-to-person transmission, if the size of the inoculum is
significantly different®; a recent volunteer study has demonstrated that the probability
of developing illness after norovirus infection may increase with the size of the infecting
dose™.

Current evidence indicates that norovirus-associated lID is a largely mild and self-
limiting iliness in otherwise healthy adults in the community, with some slight
differences in clinical manifestation in children and the elderly. However, amongst
children and the elderly, the duration of symptoms is longer and disease may be more
severe, with some serious clinical outcomes reported.

2.2.3. Viral shedding

Faecal norovirus shedding peaks at or just prior to the onset of symptoms in
experimentally inoculated volunteers’™ ® %, Peak viral loads of between 10" and 10"
viral genomes per gram of stool, measured by quantitative real-time RT-PCR, have
been reported in both experimentally inoculated and naturally infected individuals® '®
192, Faecal norovirus load remains at this high level throughout the duration of
symptomatic iliness and then begins to decrease at, or just after, resolution of

80, 99, 103

symptoms , returning to levels seen in asymptomatically infected individuals by
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five to 12 days after symptom onset® (Figure 2.1). In the one volunteer study that has
systematically measured the duration of norovirus shedding detectable by RT-PCR,
volunteers shed norovirus for between 7 and 54 days after symptom resolution.

Although this volunteer study was not specifically designed to examine the relationship
between the inoculum dose and the duration of viral shedding, there was no apparent
correlation between them®.

In studies of norovirus shedding during and after naturally acquired norovirus-
associated lID, specimen collection is not as regular or comprehensive as in volunteer
studies, with study participants dropping out or sampling finishing before norovirus
shedding has stopped. Despite these limitations, the studies of natural norovirus
infections indicate that shedding frequently lasts for at least one or two weeks after
symptom resolution, in norovirus cases of all ages®: 'Y, with a tendency for longer
shedding in young children (both in the community and those presenting to hospital
emergency services) and the elderly®* 1% 19818 Qne study has provided limited
evidence that symptoms m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>