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Abstract:
The Associations between Norovirus Outbreak Transmission Mechanisms and Vehicles with
Attack Rate, Genogroup Distribution, and GI1.4 Strain Distribution: An Outbreak Meta-Analysis

By Elizabeth Bitler

Norovirus outbreaks are responsible for significant morbidity and mortality worldwide.
Norovirus outbreaks can result from foodborne, waterborne, and environmental transmission,
with commonly implicated food vehicles including shellfish, produce, and ready-to-eat (RTE)
prepared foods, and commonly implicated water vehicles including tap, ground, surface, and
recreational water. Attack rate, genogroup distribution, and Gl1.4 strain are important outbreak
outcomes, and may assist in implicating a particular transmission mechanism or vehicle. The goal
of this study was to assess the association between outbreak transmission mechanisms and
vehicles with attack rate, genogroup distribution, and Gl1.4 strain distribution. We used bivariate
and multivariate techniques to control for other outbreak characteristics. We observed that attack
rate did not vary by transmission or food vehicles, upon controlling for other outbreak
characteristics, but it did vary by water vehicle. In contrast, genogroup distribution did
significantly vary by transmission and food vehicles upon controlling for other outbreak
characteristics, but it did not vary by water vehicle. GI1.4 strain did not vary by transmission,
food vehicles, or water vehicles. We also observed other significant associations between
outbreak characteristics (e.g. setting, season, and hemisphere) and outbreak outcomes. Taken
together, these results suggest that attack rate may be useful for implicating water vehicles, and
genogroup may be useful for implicating transmission mechanisms or food vehicles, however
GI1.4 strain distribution may not be useful for implicating transmission mechanisms or vehicles
during an outbreak investigation. Knowledge of these relationships may help public health
workers to more rapidly identify transmission mechanisms or vehicles during norovirus outbreak

investigations to reduce morbidity and mortality.
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Chapter I: Literature Review

Norovirus Incidence and Prevalence

Norovirus is responsible for outbreaks of significant morbidity and mortality that sicken
millions of humans in both developed and developing countries. These outbreaks alone account
for as many as 60% to 90% of all nonbacterial acute infectious diarrhea outbreaks, making
norovirus the most common cause of acute non-bacterial gastroenteritis worldwide.(1)(reviewed
in 2-5) Global estimates of norovirus exposure, based on antibody prevalence, indicate that
greater than 90% of adults have been exposed to norovirus.(6, 7)(reviewed in 8) In addition to a
high incidence and widespread exposure, the number of outbreaks rises as new variants emerge.
The characteristics of outbreaks (e.g. seasonality and frequency of outbreaks) also change over
time due to rising epidemic prevalence of specific norovirus strains.(9) By better understanding
the characteristics of norovirus outbreaks, effective interventions may be employed to minimize
associated morbidity and mortality. Due to the extensive occurrence of norovirus outbreaks, and
changing outbreak epidemiology, describing outbreak characteristics is critical to reducing

norovirus outbreak burdens.

Due to the high prevalence of norovirus infection, and the typically self-resolving and
short-term symptoms, individuals often disregard norovirus outbreaks as an important public
health issue. However, morbidity and mortality of norovirus are significant.(reviewed in 10)
Among foodborne illnesses in the United States, norovirus caused 58% of all illnesses, with 5.5
million cases annually.(11) In addition to debilitating symptoms, the disease may cause
complications in high-risk groups. Those with increased risk of complication include infants, the
elderly, and immuno-compromised individuals.(reviewed in 12) As a result, norovirus is the
second leading cause of hospitalization and the third leading cause of death among US foodborne

illnesses.(11)



Historical Perspective

Norovirus disease outbreaks were first observed as part of a common seasonal influx of
acute gastrointestinal illness outbreaks termed “winter vomiting disease.”(13) In 1969, Adler and
Zickl described the epidemiology of one such outbreak in Norwalk, Ohio, and were unable to
implicate a bacterial source.(14) At that time, they hypothesized that a viral agent was responsible
for the illness. Samples from this outbreak were later studied by immune electron microscopy,
and the a virus particle was visualized and named after the location of the outbreak — Norwalk
virus.(15) Subsequent outbreak viral agents with epidemiological characteristics similar to the
Norwalk outbreak were named Norwalk-like viruses (NLV), caliciviruses, or small round-
structured viruses. In the 1990s, reverse transcription polymerase chain reaction (RT-PCR)
techniques enabled the amplification, detection, and classification of distinct norovirus strains

which belong to the genus Norovirus and family Caliciviridae.(16)

Clinical Presentation

Norovirus infectivity is high, although not all infected individuals become
symptomatic.(17) Among those that develop symptoms, the incubation period is 2-61 hours, with
a median of 34 hours for outbreaks.(reviewed in 18) Symptom presentation also varies by
individual.(19) The disease typically manifests with symptoms of diarrhea, vomiting, abdominal
pain, abdominal cramps, nausea, fever, chills, and mylagia.(14)(reviewed in 2, 20, 21) Symptoms

cease in approximately 1-8 days for outbreaks.(reviewed in 18)

While infected, individuals shed the virus in stools and vomitus.(reviewed in 4)

Norovirus is shed not only by those with clinical disease, but also by those recovering from



disease and by infected individuals who do not manifest symptoms.(15, 17)(reviewed in 22) The
viral particles are stable in the environment, persisting for extended periods of time and in
extreme conditions (viral particles are stable across a pH range of 3-7, and in temperatures up to
55 degrees Celsius).(23) Only a few viral particles are required for infection, with a 50%
infectious dose (IDs) of 18 virions.(24, 25)(reviewed in 12)Additionally, individuals may have
multiple infections in their lifetime.(17) As a result, infected individuals readily propagate

norovirus.

Epidemiology

Understanding factors associated with norovirus outbreaks is important for understanding
how to best prevent future outbreaks and successfully intervene to mitigate and halt ongoing
outbreaks. To develop effective interventions, it is necessary to understand the manner in which
norovirus particles are spread and how people become exposed. In addition to transmission, it is
also important to understand other outbreak characteristics that are meaningful for outbreak
prevention, investigation, and intervention. Important outbreak characteristics include attack rate,

genotype distribution, season, setting, size, and duration, which will be considered here.

Transmission Routes and Common Vehicles

Norovirus is spread by oral contact with infected feces or emesis (vomitus). Some of the
most common modes of transmission include foodborne, waterborne, and environmental
transmission. Although person-to-person transmission is an important mode of transmission in
norovirus outbreaks, and occurs relatively frequently in healthcare settings, it poses unique

considerations and challenges warranting separate investigation, and as such will not be



considered in the present analysis.(reviewed in 26) Foodborne, waterborne, and environmental
disease transmission each result from contamination of a common source.(reviewed in 8) They
are also similar in that these transmission modes are likely to occur in both developed and

developing countries, and among individuals of all ages.

Foodborne transmission occurs by the ingestion of viral particles with food products.
Contaminated food products may result in a focal outbreak if the foods are distributed only in an
immediate area, such as at a picnic, or they may result in a dispersed outbreak if the foods are
distributed regionally or internationally. Foods can become contaminated at any point prior to
consumption, and specific food items are more likely to become contaminated. Shellfish,
produce, and ready-to-eat (RTE) foods are common culprits as norovirus transmission vehicles.
These vehicles are responsible for a large number of foodborne associated norovirus outbreaks,
and each represent unique means of food contamination.(reviewed in 8) Because these vehicles
become contaminated through different routes, intervention methods must vary accordingly to

prevent norovirus transmission.

Filter-feeding bivalve molluscan shellfish are a common transmission vehicle.(reviewed
in 8) Among seafood, the filter-feeding shellfish are uniquely capable of transmitting norovirus.
Their physiology results in selective concentration of viruses, including norovirus, in a way that
other seafood items (e.g. fish or arthropods such as lobsters and crabs) do not. When shellfish
intake contaminated water (e.g. water contaminated by sewage, polluted runoff, or dumping of
infected boaters’ vomitus or stools), norovirus particles present in the water adhere to the
shellfish digestive tissues.(27-30) Subsequent preparation and cooking of shellfish may not be
sufficient to inactivate the norovirus prior to consumption.(31) Thus prevention of shellfish
contamination may occur by monitoring harvesting waters for sewage pollution, treating

contaminated shellfish, and relocating growing beds.(reviewed in 8, 26)



Produce also represents an important vehicle for foodborne norovirus
transmission.(reviewed in 4) There are several means by which fresh and fresh-frozen produce
may become contaminated. For example, produce may be contaminated in the field if
contaminated water is used for irrigation (reviewed in 32) or if farm workers defecate in the open.
In addition to the fields, several other opportunities exist for produce contamination during the
production stages. Produce may be contaminated during picking, packing, or any other manual
handling.(reviewed in 8) It may also become contaminated if washed with contaminated
water.(33)(reviewed in 26)Contaminated produce that is consumed without sufficient cooking
exposes individuals to norovirus. Because fresh produce may become contaminated by a variety
of means, control measures first require accurate identification of the contamination route. Efforts

may then target the implicated source, such as worker behavior or water treatment.(reviewed in 8)

RTE foods also present a significant risk for norovirus transmission.(reviewed in 4) RTE
products are any food products that do not require additional preparation before consumption.
Food preparation includes washing, cooking, or other processing.(34) Prepared (versus
homemade) potato salad, deli sandwiches, and packaged fruit cups are examples of RTE foods.
RTE foods pose a unique means of contamination because food workers handle ingredients.
Thus, an ill or asymptomatic food worker may pass norovirus onto food items if they lack
sufficient personal hygiene to prevent transfer.(35)(reviewed in 26, 32) Consumers are then
exposed to any contamination that may have occurred during processing, as RTE items are not
cooked any further after preparation.(reviewed in 4) Control of RTE foodborne transmission
relies primarily on safe food worker practices, including staying home from work while ill or

while caring for ill family members.(reviewed in 26)

Waterborne transmission may occur after ingestion of contaminated water. This may

happen by coming into contact with surface water, while navigating through accumulated



floodwaters, or while swimming in lakes and rivers. Contaminated ground water may result in
norovirus transmission via wells used to provide household water. Additionally, if municipal
water supplies or bottled water become contaminated and are not treated appropriately, drinking
water may also spread norovirus and result in an outbreak.(reviewed in 2, 26, 36) Similar to
foodborne transmission outbreaks, waterborne outbreaks may result in focal or dispersed
outbreaks depending on the distribution of contaminated water. For example, contaminated
recreational water will result in a focal outbreak, extending only to those that are exposed at the
site of contamination, while municipal water contamination may result in a dispersed outbreak
that spans the water supply. Once water sources have been implicated in an outbreak, effective
control measures include repairing drinking water delivery systems to prevent contamination or

chemically treating recreational water.(reviewed in 26)

Environmental transmission provides another means for contact with viral particles. This
typically occurs via individual contact with infectious fomites.(reviewed in 2, 26) Fomites are any
environmental object and these fomites may become contaminated with fecal or vomitus. For
example, an individual may be exposed to norovirus while using shared toilet facilities or
pressing elevator buttons after contamination by an infected individual.(37, 38) These fomites
will result in infection in those individuals that come into contact with the contaminated item,
resulting in a focal outbreak. Control of environmental transmission requires disinfection of the
contaminated surfaces. It may be difficult to sanitize contaminated fomites due to the
environmental stability of norovirus, and disinfection recommendations vary and may not be

completely effective.(reviewed in 26)



Attack Rate

Norovirus outbreaks are often described in terms of the attack rate. Attack rate is a
measure of the number of cases within a group of exposed individuals. The use of “rate” is
misleading, as it is not a measure of disease incidence over a period of time, and is instead a
measure of incidence. Thus attack rate indicates the efficacy of the virus to infect individuals,
enabling the spread of norovirus. In norovirus challenge studies, attack rates of 55% have been

observed.(39) It is not uncommon for outbreaks to have attack rates greater than 50%.(40)

Attack rates may vary by outbreak for a variety of reasons. Transmission mode and
particular vehicles may promote high attack rates if they encourage greater exposure to norovirus
or more efficient internalization of viral particles. It may be easier to ingest enough particles to
cause illness by eating contaminated foods than by coming into contact with contaminated
fomites in the environment. Likewise, a greater attack rate may be associated with a RTE item
prepared by a sick food worker (reviewed in 26) than with a produce item that was contaminated
by a sick field worker but was subsequently processed in a manner that reduced the number of

viral particles.

Genotype

Noroviruses are a member of the Caliciviridae family. They are categorized by
genogroup, genotype or cluster, and subgenotype or strain.(41) Noroviruses are currently
classified into five genogroups GI-GV, of which three cause disease in humans- GI, GlI, and
GIV.(reviewed in 42) The number of genotypes varies according to genotyping and nomenclature
strategy.(41, 43)(reviewed in 44) New strains of norovirus emerge as the viruses undergo
mutation and genetic recombination in response to population pressure.(reviewed in 42)

Recombinant noroviruses can be classified as intergenogroup, intergenotype, and



intersubgenotype. These recombinant viruses represent combinations of viruses from different
genogroups, different genotypes within the same genogroup, and different strains within the same
genotype, respectively.(43) Because recombinant noroviruses cannot be adequately grouped
using traditional nomenclature, the nomenclature strategies continue to change with better

understanding of norovirus phylogeny.(43)

GI1.4 strains are common in outbreaks, and have distinct epidemiological patterns. Gll.4
strains have been implicated in several global outbreaks and are more commonly associated with
norovirus outbreaks than strains of other clusters, accounting for 85.8% of outbreaks in one
study.(45)(reviewed in 26) Although the GII.4 cluster is the most commonly implicated in
outbreaks, this observation is likely confounded by transmission type and setting.(reviewed in 26)
GI1.4 strains are commonly implicated in institutional settings and person-to-person outbreaks,
which are more likely to be reported. In contrast, Gl and GlI strains, other than Gll.4, are
common in untreated and treated sewage (reviewed in 26), which may be implicated in
contamination of water, shellfish, or produce that lead to waterborne or foodborne outbreaks(46,
47). Gll.4 strains have a high mutation rate relative to other norovirus strains.(48) The evolution
rate of Gll.4 strains may promote epidemiological fitness, resulting in the dominance of this

cluster and continued circulation over the past several decades.(48-54)(reviewed in 42)

GI1.4 strains may result in different clinical presentations during an outbreak than non-
GlI1.4 strains. Among those infected by GII.4 norovirus strains, the occurrence of vomiting is
greater than among those infected by other norovirus genotypes.(55) GIl.4 strains are also
associated with prolonged illness versus non-Gll.4 strains.(56) Strains that result in increased
vomiting or duration of illness also have increased potential for spreading more virions, which

may further propagate outbreaks. Gl1.4 outbreaks also appear to have higher attack rates than



non-Gll.4 outbreaks, and may have higher infectivity.(55) Virulence may also vary by strain, as

differences have been observed among GlIl.4 norovirus strains.(57)(reviewed in 42)

In summary, various strains, clusters, or genogroups may be associated with particular
outbreak transmission types, settings, vehicles, and even clinical presentation. The distribution of
genotypes is an important epidemiological outcome with regard to outbreaks. Early identification
of a genotype distribution during an outbreak may implicate one transmission route or vehicle
over others. Thus, better understanding of these distribution patterns may lead to quicker and

more efficient outbreak intervention.

Distinct genogroup or genotype patterns may also reflect how a vehicle becomes
contaminated. One would expect to observe a different pattern if contamination occurs by one
person (i.e. one or few strains), such as an ill food-worker preparing RTE items, than if
contamination occurs by many people (i.e. multiple strains), such as sewage contamination of a
water supply. Sewage contains noroviruses circulating in the population, and contamination with
sewage is likely to result in outbreaks with multiple strains.(58, 59) Therefore, it is likely that
foods contaminated by sewage (e.g. early in the processing chain) compared to foods
contaminated by food-handler (e.g. late in the processing chain) will vary in their norovirus
genotype distribution. As a result, shellfish or produce contaminated by sewage (e.g. early in the
processing chain) are likely to have multiple norovirus genotypes present that differ from RTE
foods that become contaminated by an infected food worker (e.g. late in the processing

chain).(59, 60)(reviewed in 32)

Various means of contamination and environmental conditions may result in distinct
patterns of norovirus genogroup or genotype distribution among different transmission routes or
vehicles. For example, the proportion of non-GlI1.4 norovirus strains to Gl1.4 strains is greater for

foodborne outbreaks than for person-to-person outbreaks.(61) Waterborne transmission is also
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likely to result in outbreaks with multiple norovirus strains especially when contaminated by
sewage.(58, 62) Additionally, Gl strains are more often associated with waterborne outbreaks,
while Gl strains are more often associated with foodborne outbreaks, and this may be due to the
stability of Gl strains in water.(46, 63, 64) Similarly, Gl strains are more often associated with
shellfish outbreaks, while GlI strains are more often associated with foodborne outbreaks.(60) For
shellfish in particular, bioaccumulation of norovirus in shellfish tissues fluctuates by strain,
further differentiating the genotype profile of shellfish-related outbreaks.(65) Shellfish
contaminated with multiple virus strains also provide opportunities for genetic recombination,

and the emergence of novel norovirus strains.(reviewed in 32)

Additional epidemiological characteristics

Norovirus outbreaks are marked with a distinct seasonality, with an increase in cases
during the winter months. The winter increase was first noted in the original account of “winter
vomiting disease.”(13) The winter seasonality may be due to the increased stability of norovirus
virions in winter climates (66), and indoor activities may promote the spread of norovirus.(67)
Supporting the hypothesis that indoor activities and the winter climate promote norovirus spread,
a study of environmental samples taken at food catering locations observed the same trends in
seasonality for contaminated surfaces as seasonal infections.(68) There continues to be a
wintertime peak for norovirus outbreaks, although outbreaks occur year-round with smaller
spring and summer outbreaks.(53, 69-72)(reviewed in 73) Interestingly, outbreaks are most
common in the spring and summer months in the Southern hemisphere.(74, 75)(reviewed in 20)
Spring and summer outbreaks tend to have greater genetic diversity than outbreaks during the
winter season.(70, 76) It has been proposed that this genetic seasonality promotes the selection,

during the spring and summer, of the strains that will predominate the remainder of the season.
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As new strains emerge, they are often associated with increased attack rate or out of season
infections, which may explain the summertime outbreaks.(53) Genetic diversity of norovirus
strains decreases throughout the season, as favorable strains dominate.(54)(reviewed in 42)
Specific strains seem to differ in their seasonality. For example, a study of long-term care
facilities observed that Gll.4 strains displayed the typical seasonality with an increase during
winter months, while non-Gll1.4 strains did not.(56) The relationship between seasonality and
strain extends to contamination of shellfish, as well. GI.1 accumulates in shellfish tissues with a
seasonal pattern, while GIl1.4 and GII.3 do not.(65) In addition to norovirus strains, seasonality
also varies by outbreak setting. Outbreaks in healthcare settings follow the seasonal fluctuation
with a winter-time peak, while outbreaks in non-healthcare settings do not.(77) This observation

may be due to the seasonality of different genotypes, which also vary by setting.(78)

Attack rate and genotype distribution of norovirus outbreaks are associated with the
setting of the outbreak.(40)(reviewed in 20) For example, Harris et al. observed greater attack
rates for outbreaks healthcare settings, hospitals, and nursing homes than for other semi-enclosed
settings, although there were few outbreaks in other settings and the observed difference is not
significant. With regard to genotype distribution, Bruggink and Marshall found that Gll.4 to be
more common in healthcare settings while G1.2 and Gllb genotypes were more common in non-
healthcare settings.(78) Because of the observation of numerous Gll1.4 strains circulating in
hospital environments, it has been hypothesized that G11.4 strains have a competitive advantage

in healthcare settings.(79)

Outbreak size and duration are important markers of the impact of an outbreak.
Outbreaks may range in size from a group of fewer than ten people to tens of thousands of
people.(80, 81) The total number of people affected in an outbreak varies by setting. For example

more people were affected in outbreaks on ships than in healthcare, education, or other
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recreational settings.(40) Size also varies by transmission. Outbreaks involving a common source,
such as contaminated food or water, result in more cases than those involving person-to-person
transmission.(reviewed in 73) Duration is also an important outbreak characteristic. Outbreak
duration may vary from one day to several months.(reviewed in 73) Longer outbreaks are
associated with continued exposure to a contaminated common source or continual introduction
of susceptible people to those infected.(reviewed in 73) Rosenthal et al. observed that duration
was longer in larger, long-term care facilities with increased potential for continual introduction
than in smaller facilities.(56) Outbreak duration is significantly longer for healthcare settings than

for non-healthcare settings, displaying variety by setting, as well.(40)

Analysis of multi-outbreak data

Previous research has attempted to characterize risk determinants for particular norovirus
outbreak outcomes. For example, the Centers for Disease Control and Prevention compiled data
from norovirus outbreaks reported in the United States between July 1997 and June 2000 and
analyzed it to describe epidemiologic and molecular trends. Bivariate analyses were employed to
assess the relationship between setting, transmission, and severity with norovirus strain type;
however only a significant association between setting and genotype was observed.(1) Similar
methods were used in conjunction with the Foodborne Viruses in Europe (FBVE) surveillance
network to observe associations between genotype profiles and contamination sources.(60)
Multivariate modeling was used with data from the FBVE network to assess the relationship
between genotype and setting, transmission mode, and seasonality for reported norovirus
outbreaks. Transmission and seasonality significantly predicted genotypes among reported
outbreaks in the FBVE network. For example, person-to-person transmission was associated with

GI1.4 outbreaks but not other GlI outbreaks. Additionally, winter seasonality was clearest for
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outbreaks caused by Gl1.4 strains, with greater peaks in outbreak incidence during the winter
months. A weaker seasonality pattern was observed for Gl strains that are not Gll.4, and no
seasonality pattern was observed for non-GllI strains. Although the data did describe genotype
trends, the researchers did not observe previously described associations between genotype and
setting.(82) Verhoef et al. also used FBVE network data and multivariate strategies to calculate
the potential of an outbreak to be related to food contaminated early in the processing chain as
opposed to a food-handler or person-to-person transmission.(61) Verfhoef et al.’s multivariate
modeling is important for considering numerous outbreak characteristics; however these data are
limited to passive surveillance efforts in Europe and contain information only for suspected
foodborne outbreaks, preventing the extension of findings to other transmission types, such as
waterborne or environmental transmission outbreaks.(60, 61, 82) Recently, Harris et al.
conducted a meta-analysis of outbreaks published in peer-reviewed articles. They analyzed data
from 72 outbreaks described in 47 papers related to semi-enclosed settings, such as nursing
homes, cruise ships, and schools. Attack rate, duration, and number of cases by setting were
compared for outbreaks in which infection control measures were used and those for which they
were not. Attack rate and duration of outbreak did vary by setting, however the authors did not
employ multivariate techniques to control for confounding.(40) Previous studies highlighted the
importance of multivariate modeling to assess the relationships between outbreak characteristics
and outcomes such as attack rate and genotype. Recently, our group employed multivariate
techniques to describe the relationships for transmission and setting outcomes with attack rates
and genogroup distribution for all published norovirus outbreaks since 1992, but did not assess
GI1.4 strain distribution or commonly implicated vehicles.(83) At present, the norovirus outbreak
literature lacks a comprehensive analysis of the relationships for attack rate, genogroup
distribution, and GI1.4 strain distribution with foodborne, waterborne, and environmental

transmission, or with commonly implicated food and water vehicles, while controlling for other
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outbreak characteristics. Thus, an analysis of all published norovirus outbreaks would support the
existing literature and would enable multivariate modeling for several transmission types and

commonly implicated vehicles.

Goal and aims

To address this need, the goal of this thesis is to assess the association between outbreak
transmission mechanisms and vehicles with attack rates, genogroup distribution, and Gl1.4 strain
distribution, while controlling for other outbreak characteristics (e.g. setting, season, and
hemisphere) for published worldwide foodborne, waterborne, and environmental norovirus
outbreaks published between December, 1993 and May, 2011, that meet inclusion criteria for

analysis.

To address this goal the following aims are proposed:

Aim 1. To assess the relationships between risk determinants and attack rate and
genotype distribution between foodborne, waterborne, and environmental transmission norovirus

outbreaks.

Aim 2. To assess the relationships between risk determinants and attack rate and
genogroup distribution for foodborne norovirus outbreaks overall, and those associated with

particular food products- specifically, shellfish, produce, and ready-to-eat prepared foods.

Aim 3. To assess relationships between risk determinants and attack rate and genogroup
distribution for waterborne norovirus outbreaks overall, and those associated with particular

transmission vehicles- specifically, contaminated groundwater, surface water, and drinking water.
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Public health significance

The large dataset provides a unique opportunity for data analysis not previously possible.
This present study will provide novel insights into the overarching trends of norovirus outbreaks,
with a large volume of data allowing detailed analysis. This detailed analysis will help to inform
the predictors of attack rate and genogroup for specific norovirus transmission modes and
vehicles. By analyzing a large, worldwide database of norovirus outbreaks according to
transmission type, we can inform public health practitioners of significant relationships between
outbreak characteristics and norovirus outcomes. This analysis will provide a better
understanding of the different predictors for foodborne, waterborne, and environmental
transmission norovirus outbreaks, with an emphasis on the predictors that remain significant
while controlling for other associated variables. Findings regarding risk determinants associated
with increased norovirus outbreak attack rates or genogroup patterns will be communicated in a
manner that is useful for prevention efforts or informing outbreak investigations by public health
field workers. The findings may enable more rapid identification of outbreak sources, and
indicate the most appropriate intervention techniques given a set of outbreak characteristics

distinctive of foodborne, waterborne, or environmental norovirus outbreaks.
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Chapter I1: Manuscript

Title

The Associations between Norovirus Outbreak Transmission Mechanisms and Vehicles
with Attack Rate, Genogroup Distribution, and Gll.4 Strain Distribution: An Outbreak Meta-

Analysis

Authors

E. J. Bitler, J. E. Matthews, B. W. Dickey, J. N. S. Eisenberg, C. L. Moe, J. S. Leon

(subject to change)

Abstract

Norovirus outbreaks are responsible for significant morbidity and mortality worldwide.
Norovirus outbreaks can result from foodborne, waterborne, and environmental transmission,
with commonly implicated food vehicles including shellfish, produce, and ready-to-eat (RTE)
prepared foods, and commonly implicated water vehicles including tap, ground, surface, and
recreational water. Attack rate, genogroup distribution, and Gl1.4 strain are important outbreak
outcomes, and may assist in implicating a particular transmission mechanism or vehicle. The goal
of this study was to assess the association between outbreak transmission mechanisms and
vehicles with attack rate, genogroup distribution, and Gl1.4 strain distribution. We used bivariate
and multivariate techniques to control for other outbreak characteristics. We observed that attack
rate did not vary by transmission or food vehicles, upon controlling for other outbreak

characteristics, but it did vary by water vehicle. In contrast, genogroup distribution did
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significantly vary by transmission and food vehicles upon controlling for other outbreak
characteristics, but it did not vary by water vehicle. Gl1.4 strain did not vary by transmission,
food vehicles, or water vehicles. We also observed other significant associations between
outbreak characteristics (e.g. setting, season, and hemisphere) and outbreak outcomes. Taken
together, these results suggest that attack rate may be useful for implicating water vehicles, and
genogroup may be useful for implicating transmission mechanisms or food vehicles, however
GI1.4 strain distribution may not be useful for implicating transmission mechanisms or vehicles
during an outbreak investigation. Knowledge of these relationships may help public health
workers to more rapidly identify transmission mechanisms or vehicles during norovirus outbreak

investigations to reduce morbidity and mortality.
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Introduction

Norovirus is responsible for outbreaks of significant morbidity and mortality that sicken
millions of humans, and is the most common cause of acute non-bacterial gastroenteritis
worldwide.(1)(reviewed in 2-5, 10) The disease typically manifests with symptoms of diarrhea,
vomiting, abdominal pain, abdominal cramps, nausea, fever, chills, and mylagia.(14)(reviewed in
2, 20, 21) Symptoms cease in approximately 1-8 days for outbreaks.(reviewed in 18) Norovirus
infection may cause severe complications in high-risk groups, and morbidity and mortality of
norovirus are significant.(reviewed in 10, 12) To develop effective interventions and reduce
morbidity and mortality of norovirus outbreaks, it is necessary to understand the manner in which

norovirus particles are spread and how people become exposed.

Norovirus is spread by oral contact with infected feces or vomitus. Oral-fecal contact can
occur by ingesting contaminated food or water, or by oral contact with a contaminated object in
the environment. Thus foodborne, waterborne, and environmental transmission outbreaks each
can result from contamination of a common source.(reviewed in 8) Although person-to-person
transmission is important (reviewed in 26), it poses unique considerations and challenges
warranting separate investigation, and will not be considered in the present analysis. Foodborne
transmission occurs by the ingestion of viral particles with food products. Foods can become
contaminated at any point prior to consumption, and specific food items are more likely to
become contaminated. Shellfish, produce, and ready-to-eat (RTE) prepared foods are common
culprits as norovirus transmission vehicles.(reviewed in 4, 8) When shellfish intake norovirus-
contaminated water, norovirus particles present in the water adhere to the shellfish digestive
tissues.(27-30) Produce may be contaminated if irrigated or washed by contaminated water,
exposed to feces by workers defecating in the field, or manually handled by an infected

worker.(33)(reviewed in 8, 26, 32) RTE food items (foods that do not require additional
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preparation before consumption) may become contaminated when handled by an infected food
worker.(35)(reviewed in 26, 32) Waterborne transmission may occur upon ingestion of
contaminated water. This may happen by ingesting contaminated municipal tap water,
contaminated ground and well water, surface water (e.g. floodwaters or lakes), or recreational
water (e.g. pool water).(reviewed in 2, 26) Environmental transmission occurs upon ingestion of
viral particles after contact with infectious fomites.(reviewed in 2, 26) Fomites are any
environmental object that becomes contaminated with fecal or vomitus (e.g. shared toilet facilities
or elevator buttons.)(37, 38) Taken together, contaminated food vehicles, water vehicles, and

environmental fomites result in numerous norovirus outbreaks.

Attack rate and genotype distribution are commonly described outbreak outcomes, with
implications for outbreak investigations.(55, 56) Attack rate is a measure of the number of cases
within a group of exposed individuals. The attack rate indicates the efficacy of the virus to infect
individuals, and may be higher for transmission modes or vehicles that encourage greater
exposure to norovirus or more efficient internalization of viral particles.(reviewed in 26) For
example, it may be easier to ingest enough particles to cause illness by eating contaminated foods
than by coming into contact with contaminated fomites in the environment. With regards to
genotype distribution, norovirus outbreaks are often characterized by genogroups or strains
present. Noroviruses are a member of the Caliciviridae family, and are categorized by genogroup,
genotype or cluster, and strain.(41) Noroviruses are classified into five genogroups GI-GV, of
which three cause disease in humans- Gl, Gll, and GIV.(reviewed in 42) GII.4 cluster strains are
the most common outbreak strains, accounting for 85.8% of outbreaks in one study.(45)(reviewed
in 26) Both genogroup and Gl1.4 strain distribution may be associated with different outbreak
exposure routes. For example, Gl strains are more often associated with waterborne
outbreaks, (63, 64) while Gl strains are more often associated with foodborne outbreaks, (46) and

this may be due to the stability of Gl strains in water.(46, 63) The presence of both Gl and Gl
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strains in fecal or vomit samples from an outbreak victim may indicate food or water
contamination by sewage, as sewage contains noroviruses circulating in the population, and is
likely to result in outbreaks with multiple strains.(58, 59) Additionally, Verhoef et al. suggested
that the proportion of non-Gl1.4 norovirus strains to Gll.4 strains is greater for foodborne
outbreaks than for person-to-person outbreaks.(61) As identification of attack rate or genotype
distribution during an outbreak may implicate one transmission route or vehicle over others, a
better understanding of the relationships between these outcomes with transmission modes and

vehicles may facilitate implication of one transmission mechanism or vehicle over another.

Other outbreak characteristics may confound the relationships between exposure routes
and outcomes (attack rate and genotype distribution). For example, both attack rate and genotype
distribution of norovirus outbreaks were associated with the setting of the outbreak.(40,
78)(reviewed in 20) Genotype distribution is also associated with season, as spring and summer
outbreaks tend to have greater genetic diversity than outbreaks during the winter season.(70, 76)
Outbreak patterns also varied by hemisphere.(74, 75)(reviewed in 20) In order to effectively
characterize the relationships between outbreak outcomes and particular modes of transmission or
vehicles, it is important to control for other outbreak characteristics that may confound the
relationships (e.g. setting, season, hemisphere). In one study, multivariate methods were
employed to distinguish between outbreaks associated with food contaminated early in the
processing chain, as opposed to a food-handler or person-to-person transmission, using genotype
profiles.(60) In another study, multivariate methods distinguished between foodborne and person-
to-person outbreaks using Gl1.4 strain, number of cases, and setting.(61) The two studies
described were performed with data from the Foodborne Viruses in Europe (FBVE) surveillance
network, limiting the data to surveillance efforts in Europe.(60, 61) Recently, our group
employed multivariate technigques to describe the relationships for transmission and setting

outcomes with attack rates and genogroup distribution for all published norovirus outbreaks since
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1992, but did not assess Gll.4 strain distribution or commonly implicated vehicles.(83) At
present, the norovirus outbreak literature lacks a comprehensive analysis of the relationships for
attack rate, genogroup distribution, and GI1.4 strain distribution with foodborne, waterborne, and
environmental transmission, or with commonly implicated food and water vehicles, while

controlling for other outbreak characteristics.

The goal of this study was to assess the association between outbreak transmission
mechanisms and vehicles with attack rates, genogroup distribution, and GI1.4 strain distribution,
while controlling for other outbreak characteristics (e.g. setting, season, and hemisphere). The
current study uses a large collection of worldwide-published data to enable both bivariate and
multivariate analysis. ldentifying the relationships between transmission mechanisms and
vehicles with outbreak outcomes (attack rates, genogroup distribution, and Gl1.4 strain
distribution) will enable public health workers to use outcomes as evidence for associated

transmission modes or vehicles during outbreak investigations.



22

Methods

IRB

This research did not require Institutional Review Board (IRB) review because it did not
meet the definition of research involving “human subjects” or the definition of “clinical

investigation” as set forth in Emory policies and procedures and federal rules.

Outbreak Data

Norovirus outbreak data were collected from peer-reviewed articles published between
December 1993 and May 2011. Data abstraction methods were discussed in depth in Matthews et
al.(83) Of 902 outbreaks included in the database, 435 contained information about norovirus
transmissions for vehicles of interest. Dichotomous variables were constructed for primary
transmission or vehicle identified in each outbreak. The transmission variables indicated
foodborne, waterborne, or environmental outbreaks. Food vehicles included were produce,
shellfish, and RTE-associated outbreaks. Water vehicles included were tap and municipal water,
ground water, surface water, and recreational water. In outbreaks where multiple vehicles were
implicated, the vehicle identified as most likely associated with the outbreak was used for
analysis. For example, a specific vehicle was implicated if the authors explicitly mentioned that
there was stronger circumstantial evidence in favor of that vehicle, or if stronger epidemiological
evidence (e.g. a higher significant odds ratio) was presented in favor of that vehicle. The outcome
variables of interest were attack rate, genogroup distribution, and strain. Attack rate was
determined as the number of cases out of all persons at risk for each outbreak. Genogroup was
categorized for each outbreak according to the presence of Gl strains only, Gl strains only, or
both GlI and Gl strains. Strain was categorized for each outbreak as either the presence of any

GI1.4 strain or the presence of only non-Gl1.4 strains.
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Data Analysis

Analyses were performed using Statistical Analysis Software 9.3 (SAS Institute, Carey,
N.C.). The relationships between predictors and attack rate (via ANOVA tests followed by
Tukey’s post hoc tests) or genogroup and strain (via chi-square tests followed by multiple
comparisons tests for proportions (84)) were assessed. Chi Square analysis was also performed
for subsets of the outbreak characteristic variables and outcome variables if the analysis on the
full dataset could not be performed (e.g. zero observations for any cell or expected counts less
than five). Multivariate analyses were performed using linear regression for continuous variable
attack rate, polytomous regression for the nominal, three-level variable for genogroup (GlI only,
Gl only, and both Gl and GI), and logistic regression for strain (Gl1.4 and non-Gll1.4 strains). An
interaction term for season and setting was included to assess effect modification, however data
were too sparse for this assessment. Data were analyzed to ensure that linear, polytomous, and
logistic regression model assumptions were met.(85, 86) Backward elimination was performed
with Partial F tests to determine which variables did not significantly improve prediction models
and did not confound the relationship between the predictors of interest and outbreak outcome
variables. Transmission, food vehicle, and water vehicle variables were not eligible for backward
elimination, because they must remain in the models to describe the relationships between these
predictors and outbreak outcome variables. In the instance of semi-complete separation of the
predictor of interest and the outcome, logistic regression modeling was supplemented with the
Firth option to obtain estimates.(87-90) An alpha level of 0.05 was used for all tests of

significance.
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Results

Bivariate Analysis

To determine which relationships between outbreak characteristics and the outcomes of
attack rate, genogroup distribution, and strain were significant, bivariate methods were employed
for each pair of predictors and outcomes (Table 1). 435 outbreaks with transmission or vehicle
information were included in the analysis. For attack rate, there was a significant overall effect of
transmission on attack rate (p=0.0214), however Tukey post hoc tests did not reveal any
significant pairwise mean differences. Shellfish outbreaks (mean=59.9, SD=26.8) had a
significantly higher attack rate than RTE outbreaks (mean=40.9, SD=26.8). Surface water
outbreaks (mean=69.8, SD=11.4) had a significantly higher attack rate than tap water outbreaks
(mean=26.9, SD=15.8), on average. Foodservice outbreaks (mean=55.1, SD=25.7) had a
significantly higher attack rate than either leisure setting outbreaks (mean=40.6, SD=22.1) or
hospital/nursing setting outbreaks (mean=30.4, SD=16.2). Neither season nor hemisphere was
significantly associated with attack rate. In summary, attack rate varied by transmission, food
vehicle, water vehicle, and setting, but not by season or hemisphere. For genogroup distribution,
there were associations between genogroup distribution with foodborne and waterborne
transmission, and between genogroup distribution with shellfish and RTE foods (p < 0.0001)
(data not shown). There was also a significant association between genogroup and season
(p=0.0114). However, post hoc analysis could not be performed as both genogroup and season
have more than two categories, and the multiple comparisons test necessitates that one variable
have only two categories. There was no significant association between Gl1.4 outbreak strain and
any of the outbreak characteristics. In conclusion, we observed significant associations for attack
rate with transmission, vehicles, and setting, and for genogroup with transmission, food vehicle,

and season.
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Multivariate Analysis

Transmission

To determine what relationships between transmission and the outcomes of attack rate,
genogroup distribution, and strain were significant upon controlling for other outbreak
characteristics, multivariate methods were employed for each outcome (Table 2). 432 outbreaks
with foodborne (n=352), waterborne (n=69), or environmental (n=11) transmission were eligible
for inclusion in models of attack rate, genogroup, and strain. Transmission was not associated
with attack rate or GI1.4 strain, but was associated with genogroup distribution. Season and Gll.4
strain could be eliminated without confounding the relationship between transmission and attack
rate. Fall outbreaks had 9.44 fewer cases per persons at risk than winter season outbreaks
(SE=4.55). Southern hemisphere outbreaks had 14.89 fewer cases per persons at risk than
Northern hemisphere outbreaks (SE=6.43). Fewer cases per persons at risk were observed with
leisure (18.88, SE=4.40) and hospital/nursing (25.63, SE=10.18) than foodservice setting
outbreaks. Genogroup distribution did significantly differ between waterborne and foodborne
outbreaks. Specifically, waterborne outbreaks, compared to foodborne outbreaks, were more
likely associated with Gl strains over Gll strains, and both Gl and Gl strains over GlI strains
only. Hemisphere could be eliminated without confounding the relationship between transmission
and genogroup distribution. Spring and fall outbreaks, compared to winter outbreaks, were more
likely associated with Gl strains over Gll strains. Gll.4 strain did not significantly vary by
transmission. Season and hemisphere could be eliminated without confounding the relationship
between transmission and G11.4 strain. Leisure and hospital/nursing setting outbreaks, compared

to foodservice setting outbreaks, were more likely associated with Gl1.4 strains over non-Gll.4
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strains. In summary, among all of the outcomes, transmission was only associated with

genogroup distribution.

Food Vehicles

To determine what relationships between food vehicles and the outcomes of attack rate,
genogroup distribution, and strain were significant upon controlling for other outbreak
characteristics, multivariate methods were employed for each outcome (Table 3). 206 outbreaks
with produce (n=28), shellfish (n=133), or RTE (n=45) food vehicles were eligible for inclusion
in models of attack rate and genogroup. Food vehicle was not associated with attack rate, but was
associated with genogroup distribution. Season could be eliminated without confounding the
relationship between food vehicles and attack rate. Southern hemisphere outbreaks had 39.8
fewer cases per persons at risk than Northern hemisphere outbreaks (SE=9.40). Genogroup
distribution did significantly differ between shellfish outbreaks and produce outbreaks.
Specifically, shellfish outbreaks, compared to produce outbreaks, were more likely associated
with both Gl and GlI strains over Gl strains only and GlI strains only over Gl strains. Southern,
compared to Northern, hemisphere outbreaks were more likely due to GlI over multiple strains.
Outbreak characteristics did not significantly predict strain (data not shown.) In summary, among
attack rate and genogroup outcomes, food vehicle was only associated with genogroup

distribution.

Water Vehicles

To determine what relationships between water vehicles and the outcomes of attack rate,

genogroup, and strain were significant upon controlling for other outbreak characteristics,
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multivariate methods were employed for each outcome (Table 4). 60 outbreaks with tap (n=24),
ground (n=26), surface (n=6), or recreation (n=4) water vehicles were eligible for inclusion in
models of attack rate and strain (Table 4). Water vehicle was associated with attack rate, but not
with GI1.4 strain. Surface water outbreaks had 41.97 more cases per persons at risk than tap water
outbreaks (SE=12.13). Outbreak characteristics did not significantly predict genogroup (data not
shown.) Surface and recreation water outbreaks could not be included in the model for G11.4
strain due to sparse data that prevented model stability. Gll1.4 outbreak strain did not significantly
differ by water vehicle or by other outbreak characteristics for ground water and tap water
outbreaks. In summary, among attack rate and strain outcomes, water vehicle was only associated

with attack rate.
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Discussion

The goal of this study was to assess the association between outbreak transmission and
vehicles with attack rates, genogroup distribution, and Gl1.4 strain distribution. We observed that
attack rate did not vary by transmission or food vehicles, upon controlling for other outbreak
characteristics, but it did vary by water vehicle. In contrast, genogroup distribution did
significantly vary by transmission and food vehicles upon controlling for other outbreak
characteristics, but it did not vary by water vehicle. Gll.4 strain distribution did not vary by
transmission, food vehicles, or water vehicles. We also observed other significant associations
between outbreak characteristics (e.g. setting, season, and hemisphere) and outbreak outcomes

(attack rates, genogroup distribution, and Gl1.4 strain distribution).

In general, after controlling for confounding variables, attack rate was not associated with
transmission and food vehicle, but was associated with water vehicle. These results seem to
contradict the findings in the literature that indicate associations between attack rate and
transmission or food vehicles.(reviewed in 26) Because we did observe associations between
attack rate and transmission or food vehicles in the bivariate analyses (Table 2), the apparent
contradiction may be explained by the role of confounding variables. Upon controlling for
confounding variables, the associations for attack rate with transmission and food vehicle did not
hold. This observation indicated that the apparent associations result from relationships between
attack rate, transmission, and food vehicle with other variables, such as setting, rather than with
each other. The observation that controlling for other outbreak characteristics eliminated these
significant relationships is a novel finding. An additional hypothesis to explain this finding is that
stratifying by several variables resulted in insufficient power to detect differences in attack rate
for transmission mechanisms and food vehicles. However, in water vehicles, which had fewer

outbreaks to model than transmission mechanisms or food vehicles, we did detect differences in
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attack rate for surface water outbreaks and tap water outbreaks. This indicated that the models for
transmission and food vehicles should have sufficient power to detect between group differences.
Another hypothesis that may explain the lack of relationships between attack rate and
transmission or food vehicles, once controlling for confounding variables, is the pathogenicity of
norovirus. The infectious dose of norovirus is low, and the low infectious dose may enable a large
opportunity for infection through any transmission mechanisms or upon contact with nearly any
food vehicle that is contaminated. We also observed that attack rate was positively associated
with surface water vehicles compared to tap water vehicles, a finding that was not in the existing
published literature. One would expect a greater attack rate for intentional ingestion of tap water
by nearly all exposed than accidental ingestion of surface waters by a subset of those exposed.
This difference in attack rate may result from an actual epidemiological difference in the number
of cases or persons at risk, or from a methodological bias in reporting. One epidemiological
hypothesis is that surface waters may have higher levels of norovirus contamination, which could
contribute to an increased attack rate by providing increased opportunities for exposed individuals
to ingest viral particles. In support of this hypothesis, researchers have previously observed a
greater prevalence of norovirus contamination for surface waters than for ground water in
Slovenia.(91) One methodological hypothesis may be that the observed difference may result
from the challenge of identifying persons exposed to contaminated surface water, leading to a
decreased attack rate denominator. In instances where it was difficult to identify all individuals
exposed to a contaminated source, we would expect the reported number of persons at risk to be
lower than the actual number of those exposed. We did observe a significantly lower number of
persons at risk for surface water outbreaks than for tap water outbreaks, supporting this
hypothesis (data not shown). Because the persons at risk varied between surface and tap water
outbreaks for our data, we would lend more weight to the hypothesis that attack rate was higher

for surface water due to difficulties identifying all persons at risk. However, additional research
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should address the hypothesis that higher levels of contamination in surface water may lead to an

increased attack rate.

Genogroup distribution was significantly associated with transmission routes and food
vehicles, but not for water vehicles. The different genogroup profiles likely represent the varying
stability of strains in different media and different contamination methods. The increased
likelihood of GI only strains and both Gl and Gl strains over Gll only strains among waterborne
compared to foodborne transmission may be due to an increased stability of Gl strains in water
than GlI strains.(46, 63) In contrast, the genogroup distribution for shellfish and produce vehicles
may be due to contamination methods. There was an increased likelihood of GlI strains only over
Gl strains only, and an increased likelihood of both GI and Gl strains over GlI strains only, for
shellfish compared to produce. The increased likelihood of Gl strains over Gl strains among
shellfish compared to produce may be due to the high prevalence of Gll strains circulating among
individuals,(45)(reviewed in 26) as shellfish harvest waters are more likely to become
contaminated by sewage, while produce is more likely to become contaminated by an individual
(e.g. ill farm worker). The observation of increased likelihood of both GI and Gl strains over GlI
strains for shellfish compared to produce may be due to the increased likelihood of shellfish to
become contaminated by sewage with several strains of norovirus than by a single ill individual

that spreads only a single strain or a few norovirus strains.(58, 62)

Gl1.4 strain distribution does not appear to vary by transmission or vehicle. Both
bivariate and multivariate analysis indicate that GI1.4 strain distribution did not vary according to
transmission, water vehicle, or food vehicle, although multivariate analysis was not possible for
food vehicles. It is interesting that, while genogroup distribution varied to some extent by
transmission or vehicle, the presence or absence of Gll.4 strains in particular did not. Gll1.4 strains

have been widely implicated in person-to-person outbreaks,(92) but may not represent an
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important outcome for foodborne, waterborne, and environmental outbreaks. This hypothesis is
supported by Zheng et al.’s observation that GII.4 strains tend to predominate in settings with
person-to-person transmission, while non-Gl1.4 strains were associated with outbreaks in settings

with foodborne and environmental transmission.(92)

In addition to transmission and vehicles, these data indicate that other outbreak
characteristics have important relationships with outbreak outcomes. The role of setting and
season appears to be important for the relationship between transmission or vehicle and outbreak
outcome. When generating reduced, efficient models, in all instances where setting could have
been included in the model, it remained in the model and season dropped out. In all instances
where setting was not included in the model, season remained in the model. Inclusion of both
season and setting in the model did not result in collinearity assumption violations. Season is
likely associated with setting. For example, we observed a significant overall association between
season and setting, with a significantly higher percentage of leisure setting outbreaks in the
summer months than foodservice setting outbreaks (data not shown.) Unfortunately, data were
too sparse to formally evaluate the interaction between season and setting. Hemisphere was also
important for some of the relationships between transmission or vehicles and outbreak outcomes
(attack rates, genogroup distribution, and Gl1.4 strain distribution). Attack rate varied by
hemisphere for transmission and food vehicle models, and genogroup distribution varied by
hemisphere for the food vehicle model. There is evidence in the literature that outbreaks may vary
by hemisphere, as outbreaks occur more frequently in the cooler months in the Northern
hemisphere, and more frequently in the warmer months in the Southern
hemisphere.(75)(reviewed in 20) The observed role of hemisphere could also reflect differences
in reporting between hemispheres, as more than 90% of reported outbreaks occur in the Northern
hemisphere.(83) The potential for differences by hemisphere further demonstrates the need to

control for covariates when analyzing norovirus outbreak trends.
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Limitations and Strengths

These data provide a comprehensive approach to characterizing published foodborne,
waterborne, and environmental outbreaks. However, as these data are from published norovirus
outbreak reports, they are subject to reporting bias and publication bias. Our data are dependent
on passive and surveillance efforts, and may under represent regions with limited surveillance
capacity. This restricts the potential for extrapolation to norovirus outbreaks in areas with less
reporting or decreased genotypic capabilities, such as developing countries. These data represent
only foodborne, waterborne, or environmental outbreaks, and do not include person-to-person
outbreaks, which comprise the majority of norovirus outbreaks.(92) Attack rate, genogroup, or
strain may have different relationships with other outbreak characteristics than for person-to-
person outbreaks, and exclusion of person-to-person outbreaks limits the applicability of our
findings to a large portion of norovirus outbreaks. However, we feel that vehicle-associated
outbreaks remain understudied, and these data provide novel insight into the complex interactions

of multiple outbreak characteristics for vehicle-associated outbreaks.

This data set and the analysis techniques provided a thorough approach to
characterization of norovirus outbreaks by transmission and commonly implicated vehicles. This
is the largest meta-analysis of worldwide norovirus outbreaks, and is a clear strength of our study.
The data included in our meta-analysis represented a greater geographic region than previous
meta-analysis efforts with norovirus outbreaks.(82) The size of this data set provided the ability
to examine vehicle-specific data with multivariate techniques. The multivariate approach to
characterize norovirus outbreak trends is another strength of this study. Our bivariate findings
were consistent with the existing literature, supporting the validity of our study.(92)(reviewed in
26) However, upon adjustment for confounding variables, such as setting and season, some
relationships between outbreak outcomes and transmission or vehicle changed. Because of the

interrelatedness of outbreak characteristics, we hypothesize that the adjusted relationships were
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more valid than the unadjusted relationships. The adjusted results offer both novel findings and
support for multivariate approaches. Additionally, the presence of significant predictors in our
multivariate models suggests sufficient sensitivity to capture large differences between groups,

despite stratification across several variables.

Implications

These data can be employed to better understand the underlying relationships for
transmission mode and vehicles with outbreak outcomes that are confounded by other outbreak
characteristics. Although attack rate has important clinical implications for outbreaks, public
health practitioners may not want to factor attack rate into arguments for or against a particular
transmission mechanism or vehicle during an outbreak investigation, as it did not vary by
transmission or food vehicle, and appeared to be driven instead by setting, season, hemisphere,
and genotype. On the other hand, genogroup distribution may strengthen the case against a
particular transmission type or food vehicle because it did vary by transmission and food
vehicles. Gll.4 norovirus strains predominate in norovirus outbreaks; however these data indicate
that they may not be an important outcome for foodborne, waterborne, and environmental
outbreaks, as they did not vary by transmission, food vehicle, or water vehicle. As a result, GIl.4
strain distribution may not be a useful outcome for implicating transmission mechanisms or
vehicles during an outbreak investigation. Based on study findings, it is recommended that future
investigative efforts consider the interrelationships of outbreak characteristics and utilize

multivariate techniques when possible.
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Conclusions

Meta-analysis of published norovirus outbreaks with multivariate techniques enabled a
unique opportunity to assess the relationships between transmission or vehicle and outbreak
outcomes such as attack rate, genogroup, or strain. Attack rate did not vary by transmission or
food vehicles, upon controlling for other outbreak characteristics, but did vary by water vehicle.
In contrast, genogroup distribution did significantly vary by transmission and food vehicles upon
controlling for other outbreak characteristics, and it did vary by water vehicle. Gll.4 strain
distribution did not vary by transmission, food vehicles, or water vehicles. Based on our results,
attack rate may be useful for implicating water vehicles, and genogroup distribution may be
useful for implicating transmission mechanisms or food vehicles. However, Gll1.4 strain
distribution may not be useful for implicating transmission mechanisms or vehicles during an
outbreak investigation. As many variables can impact norovirus outbreak outcomes, these data
highlight the importance of controlling for potential confounders when examining the

relationships between outbreak characteristics and outcomes.
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Table 1: Bivariate Relationships between Outbreak Characteristics and Outcomes of Attack Rate, Genogroup, and Gl1.4 Strain
Genogroup Strain
Attack Rate Gll Gl Gl and G Gll4 non Gl1.4
Variable Mean SD pvalue** n %t n %ty n %+t pvalue** n %t n %+t pvalue**
Transmission 0.0214* ° 0.2535
Foodborne 527 274 206 85.1 41 69.5 63 77.8 84 785 268 825
Waterborne 441 235 28 116 18 30.5 18 222 18 16.8 51 157
Environmental 322 240 8 33 0 00 0 00 5 47 6 138
Food Vehicles 0.0007* 0.5827
Produce 480 21.2 17 18.1 6 26.1 1 17 3 88 25 145
Shellfish 599 26.8 ¢ 48 51.1 9 39.1 58 98.3 22 64.7 111 645
Ready to Eat 40.9 255 @ 29 309 8 348 0 00 9 265 36 20.9
Water Vehicles 0.0090*
Tap 26.9 15.8 @ 6 31.6 6 42.9 8 471 8 50.0 16 36.4
Ground 456 234 10 52.6 7 50.0 7 412 5 31.3 21 47.7
Surface 69.8 114 @ 1 53 0 00 2 118 2 125 4 91
Recreation 34.3 11.0 2 105 1 71 0 00 1 63 3 6.8
Setting <.0001*
Foodservice 55.1 25.7 @ 135 68.9 31 674 42 792 48 585 189 724
Leisure 40.6 22.1 “a 40 204 13 283 10 18.9 23 28.0 56 215
School/Daycare 39.9 216 9 46 2 43 1 19 3 37 12 46
Hospital/Nursing 304 16.2 “b 12 6.1 0 00 0 00 8 938 4 15
Season 0.2030 0.0114 0.6068
Winter 541 28.4 102 445 16 281 44 55.0 45 441 132 419
Spring 51.2 26.3 49 214 12 211 19 238 19 18.6 77 244
Summer 473 27.1 42 183 12 211 10 125 17 16.7 53 16.8
Fall 452 25.0 36 15.7 17 29.8 7 838 21 20.6 53 16.8
Hemisphere 0.1732 0.8811
Northern 514 27.0 225 953 57 96.6 77 96.3 105 99.1 308 94.2
Southern 42,2 26.8 11 47 2 34 3 38 1 09 19 58

+  Column percentages reported for genogroup and strain

ANOVA tests for normally distributed continuous variables and Chi Square test for categorical variable assessment

*  Significant at a=0.05. Significantly different means and frequencies indicated by . ®a and “b indicate frequencies different from ®, but not each other.

Chi Square test not valid due to low expected cell values



Table 2: Relationships between Transmission and Outcomes of Attack Rate, Genogroup, and Gl1.4 Strain, Controlling for Other Characteristics

Genogroup (n=237) **

Attack Rate (n=232)

Gll.4 Strain (n=232)
**

Gl Both Gl and GlI
Variable Beta SE  pvalue OR 95% ClI OR 95% ClI OR 95% ClI
Transmission
Foodborne Reference Category Reference Category Reference Category Reference Category
Waterborne 9.15 590 0.1226 4.25* 1.56-11.58 2.80* 1.10-7.17 0.30 0.09-1.06
Environmental -520 9.45  0.5825 ¢ 4 A ¢ 0.64 0.09-4.44
Season
Winter Reference Category Reference Category Reference Category Reference Category
Spring 1.07 416  0.7981 3.29* 1.09-9.92 134  0.61-2.92 0.86 0.36-2.05
Summer -3.75 484  0.439 1.67 0.47-5.86 038  0.13-1.17 1.08 0.40-2.91
Fall -9.44* 455  0.0394 6.31* 2.12-18.78 0.77 0.28-2.17 1.27 0.52-3.13
Hemisphere
Northern Reference Category Reference Category Reference Category Reference Category
Southern -14.89*  6.43  0.0213 0.98 0.18-5.47 0.75  0.15-3.84 0.23 0.03-1.90
Attack Rate 1.01 0.99-1.02 1.01 1.00-1.02 1.00 0.98-1.01
Setting
Foodservice Reference Category @ @ @ @ Reference Category
Leisure -18.88*  4.40 <0.0001 @ @ @ @ 2.43* 1.06-5.57
School/Daycare -13.84 786  0.0797 @ @ @ @ 0.36 0.04-3.03
Hospital/Nursing  -25.63* 10.18  0.0126 @ @ @ @ 25.45*  2.55-254.03
Strain
non-Gll.4 Reference Category
Gll.4 -3.09 400 0.4406
Intercept 59.49* 291 <0.0001 n/a n/a n/a

+  ltalic covariates are eliminated by backward elimination (alpha= 0.05) without confounding covariate estimates.

**  Reference category for polytomous model is Genogroup Gll. Reference category for Strain is hon-Gll.4.

*  Significant Beta, Intercept or OR estimate

Variables not eligible for inclusion due to relationship with outcome variable
¢ Variables or categories not included due to sparse data and model instability
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Table 3: Relationships between Food Vehicles and Outcomes of Attack Rate and Genogroup,

Controlling for Other Outbreak Characteristics

e **
Attack Rate (n=91) Genogroup (n=120)

Gl Both Gl and GlI

Variable Beta SE pvalue OR 95% ClI OR 95% ClI
Food Vehicles

Produce Reference Category Reference Category Reference Category

Shellfish 16.1 941  0.0909 0.14* 0.02-0.96 15.14*  1.64-139.86

Ready to Eat -6.69 825 0.4198 0.50 0.12-2.15 0.148 0.01-3.86
Season

Winter Reference Category Reference Category® Reference Category”

Spring -0.60 561  0.9158

Summer 3.96 843 0.6402 1.46 0.39-5.44 1.28 0.47-3.51

Fall -6.12 953  0.5232
Hemisphere

Northern Reference Category Reference Category Reference Category

Southern -39.8*  9.40 <0.0001 230  0.13-39.33 0.16*  0.02-0.997
Attack Rate ° ° ° 1.01 0.99-1.04 0.99 0.97-1.01
Setting

Foodservice Reference Category ¢ @ @ @

Leisure -17.76  9.76  0.0726 ¢ g g g

School/Daycare 28.45 17.05  0.0990 ¢ @ @ @

Hospital/Nursing  -26.67 13.73  0.0556 @ @ @ @
Genogroup

Gll Reference Category

Gl -0.71 872 0.9351

Both Gl and GllI -403 653 0.5388
Intercept 50.83*  8.48 <0.0001 n/a n/a

+  ltalic covariates are eliminated by backward elimination (alpha= 0.05) without confounding estimates.
**  Reference category for polytomous model is Genogroup Gl

*  Significant Beta, Intercept or OR estimate

° Variables not eligible for inclusion due to relationship with outcome variable

¢ Variables or categories not included due to sparse data and model instability

Spring, Summer, and Fall are collapsed to obtain valid model estimates.

8  Estimates obtained using logistic model and Firth correction

(=7}



Table 4: Relationships between Water Vehicles and Outcomes of Attack Rate and Gll1.4 Strain,

Controlling for Other Outbreak Characteristics

Attack Rate (n=39)

GIL4 Strain (n=31) v

Variable

Beta SE  pvalue

OR 95% ClI

Water Vehicles
Tap
Ground
Surface
Recreational
Season
Winter
Spring
Summer
Fall

Attack Rate

Strain
non-Gll.4
Gll.4

Intercept

Reference Category
12.88 8.60 0.1442
41.97** 12.13 0.0016
229 13.69 0.8685

Reference Category

7.84 873 0.3764
16.67 8.49 0.0588

8.88 12.96 0.4983

* * *

Reference Category
-12.74 7.85 0.1149

26.49** 9.06 0.0064

Reference Category
1.00 0.11-8.79

Reference Category ¢

0.43 0.06-3.15

0.93 0.87-1.01

* *

* *

n/a

T Reference category for strain is non-Gll.4
**  Significant Beta or Intercept estimate

*  Variables not eligible for inclusion due to relationship with outcome variable
°  Variables or categories not included due to sparse data and model instability
®  Spring, Summer, and Fall collapsed together to obtain valid model estimates.
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Appendix A: IRB Letter of Exemption

EMOR\ 7 Institutional Review Goard

UNIVERSITY

IMay 23, 2011

Elizabeth Bitler

Department of Epidemiclogy
Rollins School of Public Health
Emory University

RE: Determination: No IRB Review Required
Norovirus Thesis Data
Pl: Elizabeth Bitler

Dear Ms. Bitler:

Thank you for requesting a determination from our office about the above-referenced project. Based on our
review of the materials you provided, we have determined that it does not require IRB review because it does
not meet the definition of research involving “human subjects” or the definition of “clinical investigation” as
set forth in Emory policies and procedures and federal rules.

Specifically, in this project, you will be performing secondary data analysis on a dataset of Norovirus outbreaks
previously collected by a Rollins School of Public Health student. The dataset will contain no personally
identifiable information or links to identifiable data. As the data you will receive will not have any attached
identifiers or links to any identifiable data, there is no interaction with “human subjects” as defined in 45 CFR
46.102(f). As such, this project does not fall under the purview of the IRB.

This determination could be affected by substantive changes in the study design or identifiability of data. If
the project changes in any substantive way, please contact our office for clarification.

Thank you for consulting the IRB.
Sincerely,
Sean Kiskel

Research Protocol Analyst
Emory University IRB
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