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A B S T R A C T

Noroviruses are a major public health concern: their high infectivity and environmental persistence have been
documented in several studies. Genetic sequencing shows that noroviruses are highly variable, and exhibit rapid
evolution. A few human challenge studies have been performed with norovirus, leading to estimates of their
infectivity. However, such incidental estimates do not provide insight into the biological variation of the virus
and the interaction with its human host.

To study the variation in infectivity and pathogenicity of norovirus, multiple challenge studies must be
analysed jointly, to compare their differences and describe how virus infectivity and host susceptibility vary.

Since challenge studies can only provide a small sample of the diversity in the natural norovirus population,
outbreaks should be exploited as an additional source of information. The present study shows how challenge
studies and ‘natural experiments’ can be combined in a multilevel dose response framework. Infectivity and
pathogenicity are analysed by secretor status as a host factor, and genogroup as a pathogen factor.

Infectivity, characterized as the estimated mean infection risk when exposed to 1 genomic copy (qPCR unit)is
0.28 for GI norovirus, and 0.076 for GII virus, both in Se+ subjects. The corresponding risks of acute enteric
illness are somewhat lower, about 0.2 (GI) and 0.035 (GII), in outbreaks. Se− subjects are protected, with
substantially lower risks of infection (0.00007 and 0.015 at a dose of 1 GC of GI and GII virus, respectively).

The present study shows there is considerable variability in risk of infection and especially risk of acute
symptoms following infection with norovirus. These challenge and outbreak data consistently indicate high
infectivity among secretor positives and protection in secretor negatives.

1. Introduction

As an important agent of gastroenteritis worldwide, the infectivity of
noroviruses has been subject of intense study. Until recently, there was no
culture method and an infectious dose could only be determined by crude
means (Adler and Zickl, 1969; Kapikian et al., 1972; Morens et al., 1979;
Dolin et al., 1982a). When PCRmethods became available for quantification
of norovirus, its infectivity could be characterized (Teunis et al., 2008a;
Atmar et al., 2014). Cell culture of human norovirus has been achieved only
recently (Ettayebi et al., 2016) and cannot (yet) be routinely used to enu-
merate infectious norovirus. As quantitative RT-PCR is widely used for de-
tection of norovirus in environmental samples, norovirus infectivity in hu-
mans is expressed in qPCR based units (genome copies (GC)).

Quantification of the infectivity of norovirus is of particular interest
to quantitative risk assessment, an important decision tool in public

health (Graham et al., 2013; WHO, 2016; Teunis and Schijven, 2018).
After the initial report on Norwalk virus was published (Teunis et al.,
2008a), another challenge study with the same virus followed suit
(Atmar et al., 2014). Awaiting dose response studies for other nor-
oviruses, the Norwalk virus (genotype GI.1) dose response has been
used as a model for noroviruses in general.

Since Teunis et al. (2008a), data from the same Norwalk virus chal-
lenge studies have been re-evaluated with alternative mathematical
models, and discussion focused on the best model to quantify infection
dose response (Messner et al., 2014; Schmidt, 2015). Various approaches
led to different outcomes (Van Abel et al., 2017) and evidently there is no
single ‘consensus’ model for recommended use in risk assessment.

Noroviruses are highly diverse and show rapid evolution
(Lindesmith et al., 2008; Parra et al., 2017), and there is considerable
diversity in circulating viruses (Nelson et al., 2018). When studying
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transmission of norovirus, this raises the question whether such diverse
virus genotypes are associated with different infectivities. Aside from
the differences in estimated infectivities by different mathematical dose
response models, biological differences in noroviruses and their inter-
actions with human hosts should be studied.

The current paper addresses variability associated with host factors
and pathogen factors. Special attention is given to ‘natural experiments’:
outbreaks where the numbers exposed and the dose are known, thus al-
lowing use as dose response data (Thebault et al., 2013). Including out-
break data extends the range of virus strains, and complements the con-
trolled experiments with data from a natural setting (Teunis et al., 2018b).

The analysis described here combines a large amount of data, and
has to deal with diverse problems specific to the varying conditions in
which these data were collected. To separate the model structure and
the basic concepts that were used from the many technical details, the
methods section provides an overview of principles in microbial dose
response and the hierarchical approach. For any statistical and math-
ematical details the reader is referred to the Appendix that also pro-
vides complete disclosure of data that were used and model code.

2. Methods

When a human is exposed to pathogenic microorganisms, there is a
risk that this person may become ill. Increasing exposure, by inoculating
a higher number of pathogens, usually increases the probability of such
adverse health effects. Dose response assessment is the study of the re-
lation between the magnitude of exposure, i.e. the dose of pathogenic
microorganisms that is inoculated, and the probability of infection, acute
illness symptoms, or other endpoints (Haas, 1983; Teunis and Havelaar,
2000). This definition suggests that the probabilities of infection and/or
illness will be described as a function of the inoculated dose, but one
often wants to include determinants of host susceptibility, like immune
variables, and determinants of pathogen virulence. Such variables can be
identified when suitable data are available (Teunis et al., 2002a,b, 2016).

2.1. Concepts in microbial dose response

Inoculation by means of a sample from a well-mixed pathogen sus-
pension, results in exposure to a Poisson-distributed number of pathogens
(Haas, 1983; Teunis and Havelaar, 2000). In a controlled challenge ex-
periment this may be verified (DuPont et al., 1995). In microbial dose re-
sponse studies, the occurrence of adverse outcomes in an exposed subject is
treated as a Bernoulli trial: whenever exposure occurs, a healthy subject has
a certain probability of becoming infected, or ill (Haas, 1983). In a group of
subjects of equal health exposed to the same dose, each person may be at
risk with the same probability: this is a binomial experiment where the
outcomes are independent, and everybody has the same probability of any
particular outcome. Thus, when two healthy persons are exposed to the
same dose and one becomes ill and the other not, the difference is attributed
to chance. This of course may not be true: for instance, if the immune status
of exposed subjects would be completely known (Vonaesch et al., 2018),
then one might be able to predict who would have been predestined to
become ill and who would not. Such complete knowledge is not available
and the probability model is a convenient way of describing risk. The ran-
domness of adverse outcomes among individuals in an exposed population
is not merely a theoretical issue: when applying a dose response model in
risk studies, care must be taken in generalizing among exposed populations,
and among pathogen variants.

2.1.1. Probability of infection
When a human host ingests a certain number of infectious micro-

organisms each of the inoculated microbes is faced with several host
barriers to infection. In the oral cavity, saliva contains digestive enzymes
and antibodies that may inactivate microorganisms; the human stomach
maintains a low pH that may disrupt microorganisms and render them
accessible to enzymatic digestion; successive compartments of the

digestive tract harbour various other conditions that act as barriers
against survival, attachment and colonization of pathogenic micro-
organisms (Teunis and Havelaar, 2000; Haas, 2002). Any enteric mi-
croorganism that survives to reach a suitable infection site, often in the
small or large intestines, may grow and start colonisation. The interac-
tion with host tissues often causes a response in the host immune system,
reflected by increasing antibody concentrations, locally or in serum
(Slifka et al., 1998; Traggiai et al., 2003; Amanna and Slifka, 2010).
Colonising microorganisms may be shed and detected in feces (Teunis
et al., 2015). Infection therefore may be defined as succesful colonisation
of the host, detected by either shedding of pathogens, after a latency or
incubation period, or a steep rise in antibody concentrations in serum
(seroconversion), or both (DuPont et al., 1972, 1995; Teunis et al.,
2008a).

As most infectious microorganisms can grow from a single cell, or virus
particle (virion), the lowest possible dose that can cause infection is a single
infectious particle (Rubin, 1987). Dose response models for infection that
assume independent action – any ingested microorganism can colonize,
provided it survives all host barriers – are called single hit models, as any
single successful microorganism is sufficient to cause infection (Haas, 1983).
Inoculation with a higher number of microorganisms gives any of the in-
oculated microbes an opportunity of causing infection, resulting in a higher
probability that the host will become infected. Thus, single hit dose response
models have a monotonically increasing probability of infection: a higher
dose results in a higher infection probability, at any dose.

2.1.2. Probability of illness
Exposure to at least one infectious microorganism is a necessary

condition for infection. Similarly, infection is a necessary condition for
illness. Without colonization and/or an immune response, an unin-
fected host cannot develop acute symptoms of (gastro-enteric) illness
(Teunis et al., 1999). This is important in dose response assessment: an
exposed subject may be infected without becoming ill. This is called
asymptomatic infection (García et al., 2006). The converse, symptoms
of acute illness without infection should not occur. Sometimes infection
cannot be easily detected, and only illness endpoints may be available
(DuPont et al., 1972). In terms of probability: the probability of illness
can be calculated as the product of the conditional probability of illness
given infection and the probability of infection.

It should be noted that the conditional probability of illness in an
infected individual may also depend on dose (Teunis et al., 1999). Thus,
at high doses the risk that an infection is symptomatic could be higher
than at low doses (Teunis et al., 2018b).

2.1.3. Heterogeneity in dose response
The single hit model for microbial infection assumes that any in-

gested microorganism may colonize the host and start infection. Usually
an inoculum consists of several microorganisms, and any single one of
those microorganisms could be capable of infection. It is, however,
unlikely that they all have the same probability of surviving the host
barriers, attaching to host cells, and colonizing the host. Some of the
inoculated microorganisms may have better capabilities of survival or
may be better suited for attachment and/or colonization of host tissues.
Conversely, some human hosts may have more potent barriers than
others. Thus, it should be expected that there is variation in the prob-
ability of infection, due to factors associated with pathogen properties
on one hand, and due to host factors on the other hand.

When all pathogens have survival probabilities that are independent
and distributed identically, the dose response relation depends only on
the mean probability of survival over the pathogen population (Haas,
2002). If that is not the case, for instance because of variation in host
susceptibility, there is (extrabinomial) variation in the probability of
infection at any given dose. Note that increasing variation in infectivity
causes the slope of the dose response relation to become less steep.
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2.2. Multilevel dose response model

At the single study level, variation due to host effects or pathogen
effects cannot be distinguished (Haas, 2002). However, in multiple
human challenge experiments, more than one strain of an infectious
microorganism may be tested (McCullough and Eisele, 1951) so that the
variation in dose response among strains may be quantified (Teunis
et al., 2002a). As human challenge studies are difficult and expensive,
such multi-strain studies are rare.

Variation in infectivity and pathogenicity at multiple levels is also
found in so-called ‘natural experiments’. These are outbreaks where
dose dependent responses are documented. When the size of the ex-
posed population is known and the dose that the exposed subjects in-
gested is also known, it is possible to use such outbreak data for dose
response assessment (Teunis et al., 2004, 2005). Few outbreak studies
fulfill the requirements for use as ‘natural experiment’: although the
numbers of subjects with acute illness symptoms are usually known,
numbers of exposed subjects often cannot be reliably accounted for.
Asymptomatically infected subjects cannot be directly observed and are
rarely reported. Information about exposure is rarely available, and
often circumstantial. Even when samples of e.g. implicated food are
available, exposure is not well controlled as in a laboratory study. Thus,
models must be adapted to allow for extra-Poisson variation in dose.

When there are multiple outbreaks that qualify, these may be
combined to study natural variation (Teunis et al., 2008b, 2010, 2012,
2018b; Teunis and Figueras, 2016). As the involved pathogen strains
are often identified, it is possible to use dose response assessment to
characterize variation by pathogen type and host (sub)population
(Teunis et al., 2018b). Host categories for instance may be either
healthy volunteers in experimental challenge studies, or outbreak cases
who may have increased susceptibility to acute symptomatic illness.

Microbial dose response relations are usually based on small data
sets, which provide uncertain information on the shape of the dose
response relation. One therefore would like to combine any data that
can be found on any particular category of microbial pathogens. Older
studies attempted to pool data from different experiments, in order to
increase the numbers of observations (Teunis et al., 2005; Tamrakar
et al., 2011). Although this weights the contribution of each observa-
tion by its precision (i.e. the numbers of exposed and infected or ill
subjects), pooling provides no control over any hierarchical ordering in
the data. When multiple studies must be combined, one might want to
treat each study as contributing a single dose response relation, de-
scribing the within-study variability, and then combine studies at a
higher ‘group’ level, interpreting the differences between the relations
at the study level as between-study variation. Fig. 1 illustrates the
hierarchical structure of the model used here.

At the highest level, the parameters define a ‘group’ dose response
relation, and their distribution represents the uncertainty one would
have about the dose response relation for a new, unspecified member of
the same group. For instance, if all available dose response data on
various strains of E. coli O157:H7 can be combined, the predicted
‘group’-level dose response relation is appropriate to represent an un-
specified E. coli O157:H7, with otherwise similar properties, e.g. similar
origin, in a risk assessment study (Teunis et al., 2008b).

An additional advantage of using multilevel (or mixed) models is
that when information is missing at a lower level, the joint information
from other data at the same level ‘augments’ the missing data. This is
important for the analysis of outbreak data where the information on
infection usually is indirect: any person with acute symptoms must have
been infected, but asymptomatic subjects who were exposed but did not
become ill remain hidden. Infection is known in the challenge studies,
as shedding of virus is monitored in exposed volunteers. Note that this
does not mean that outbreaks do not tell us anything about infection:
the attack rate (i.e. the fraction symptomatic among those exposed) is a
lower limit to the fraction infected, thus providing information on the
minimum infection risk.

To allow for extra-Poisson variation in exposure, the dose response
model can be adapted, using a mixture distribution: the variation in
virus concentration among individual exposures in an outbreak is de-
scribed by a gamma distribution (Teunis et al., 2018b) with a dispersion
parameter that could be estimated from sampled food. This is particu-
larly relevant for natural experiments where the concentration of virus
may vary between oysters (Thebault et al., 2013).

It is likely that in one of the challenge experiments the inoculum
was aggregated (Teunis et al., 2008a). Virus present in aggregates of
varying size causes extra-Poisson variation in exposure, which was
accounted for by using a Poisson stopped log-series distribution, as in
Teunis et al. (2008a). This can be implemented by using appropriate
expressions for mean and dispersion parameter of a negative binomial
distribution for the numbers of ingested virions (Appendix E).

Secretor status of subjects was not always known. In case a subject had
unknown secretor status, a (prior) distribution was used, based on popula-
tion data (Thebault et al., 2013). When secretor status is unknown, the
model treats it as missing and imputes secretor status as a random variable.

Details of parameter transformations to allow for normally distributed
priors, distributions for dealing with unobserved secretor status and partly
known oyster intake, and definition of categories for differentiating be-
tween virus genogroups and host secretor status are described in
Appendices D and E, and complete source code is provided in Appendix I.

3. Challenge studies

Data used were from 14 (9+5) challenge studies using 6 different
norovirus inocula:GI.1 (8fIIa)challenged 75 adult volunteers, 22 se-
cretor-negative and 53 secretor-positive, with Norwalk (GI.1) virus in
doses ranging from 3 GC (genome copies) up to 3×109 GC (Teunis
et al., 2008a). None of the secretor-negative subjects was infected,
while 22 secretor-positive subjects were infected, 15 of whom devel-
oped acute gastroenteric symptoms. Earlier analyses showed that this
inoculum was likely aggregated, therefore exposure calculations ac-
counted for the resulting additional variation (Appendix E), only for
this experiment. Note that several older challenge studies using this
same inoculum were excluded, because it cannnot be established how

Fig. 1. Simplified graph of the structure of the hierarchical dose response
model. Within a study, a number of subjects N is exposed to a mean dose D= cV
(concentration times volume of virus suspension), leading to an infection
probability Pinf, which in turn causes a number of subjects M to become in-
fected. The same dose D leads to a conditional illness probability Pill|inf and a
subset K of symptomatic cases. The number n represents a sampled number of
virus particles, from a distribution appropriate for the mode of exposure (see
Appendix E). The dose response parameters ((α, β) for infection dose response,
(r, η) for conditional illness dose response) characterize individual studies
(experiments or outbreaks) and are sampled from a set of prior distributions.
Parameter transformations w z( , ) ( , )1 1 and r w z( , ) ( , )2 2 enable the use
of normal priors. To differentiate by secretor status or genogroup, different
means (µ µ,w w1 2), can be used, while keeping the variance parameters (µ µ,z z1 2)
and all precision parameters τ the same. See Appendices D and E for details.
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the aggregation state changed over time (Appendix A).GI.1 (8fIIb)33
volunteers were challenged with a secondary Norwalk virus inoculum,
doses from 7×105 GC to 2× 107 GC, prepared from an infected
subject from the 8fIIa study (Teunis et al., 2008a). None of the 6 se-
cretor-negative subjects became infected, 18 out of 27 secretor-posi-
tives were infected, with 9 developing symptoms (and one subject with
unknown symptom status).GI.1 (8fIIb)In another study, secretor-posi-
tive volunteers were used to characterise persistence of infectivity of
8fIIb in water (Seitz et al., 2011) (20 challenged, 10 infected, 6
symptomatic). The control group of this experiment was used here.GI.1
(8fIIb)In a third study, secretor-positive volunteers were used to char-
acterise persistence of infectivity of 8fIIb during hyperbaric treatment
(Leon et al., 2011) (15 challenged, 7 infected, symptoms not reported).
The control group of this experiment was used here.GI.1 (42399)A total
of 49 adult volunteers, 8 secretor-negative and 41 secretor-positive,
were challenged with GI.1 virus in doses ranging from 19 GC to
1.9×106 GC (Atmar et al., 2014). None of the secretor-negative sub-
jects was infected, while 21 secretor-positive subjects were infected, 14
of whom developed acute gastroenteric symptoms.GII.2 (SMV)Two
studies used the same Snow Mountain virus (SMV) inoculum, one
published (Dolin et al., 1982a); a second is published here. In the first
study 12 subjects, secretor status unknown, were challenged with doses
of 3×103 to 3×106 GC. Of these 12, 9 were infected and all infected
subjects also had symptoms of acute gastroenteritis (Dolin et al.,
1982a). In the second study 15 subjects were challenged with doses
from 30 to 3×105 GC. Among 3 secretor-negatives, 1 was infected and
had symptoms. Of the 12 secretor-positives who were challenged, 8
were infected, 6 with symptoms.GII.4 (Farmington Hills)A group of 23
secretor-positive volunteers and 17 secretor–negative volunteers were
challenged with a single dose of 5× 104 PDU. Of the secretor-positives,
16 were infected, 13 with symptoms; 1 secretor-negative volunteer shed
virus, and 1 had symptoms (Frenck et al., 2012).GII.4 (Farmington
Hills)In a vaccine trial, a control group of 48 secretor-positive volun-
teers was challenged with a single dose of 4.4× 103 PDU (PCR De-
tectable Units, see Appendix Table A2). 30 were infected, 18 with
symptoms (Bernstein et al., 2015).GII.1 (Hawaii)Five studies chal-
lenged volunteers with Hawaii virus, four of which have been published
(Wyatt et al., 1974; Levy et al., 1976; Meeroff et al., 1980; Treanor
et al., 1988) and a fifth study is published here. A sample of the in-
oculum that was used in all these experiments was still available, and
the virus concentration could be determined. All challenge experiments
involved a single dose, in total 4 different doses were used and 45
volunteers were challenged. Secretor status is known only for the two
volunteers challenged in the most recent experiment. Details of inclu-
sion criteria for challenge studies are listed in Appendix A. All data that
were used from included challenge studies can be found in Appendix B.
GI.1 (8fIIa) challenged 75 adult volunteers, 22 secretor-negative and

53 secretor-positive, with Norwalk (GI.1) virus in doses
ranging from 3 GC (genome copies) up to 3×109 GC (Teunis
et al., 2008a). None of the secretor-negative subjects was
infected, while 22 secretor-positive subjects were infected, 15
of whom developed acute gastroenteric symptoms. Earlier
analyses showed that this inoculum was likely aggregated,
therefore exposure calculations accounted for the resulting
additional variation (Appendix E), only for this experiment.
Note that several older challenge studies using this same in-
oculum were excluded, because it cannnot be established
how the aggregation state changed over time (Appendix A).

GI.1 (8fIIb) 33 volunteers were challenged with a secondary Norwalk
virus inoculum, doses from 7×105 GC to 2× 107 GC, pre-
pared from an infected subject from the 8fIIa study (Teunis
et al., 2008a). None of the 6 secretor-negative subjects be-
came infected, 18 out of 27 secretor-positives were infected,
with 9 developing symptoms (and one subject with unknown
symptom status).

GI.1 (8fIIb) In another study, secretor-positive volunteers were used to

characterise persistence of infectivity of 8fIIb in water (Seitz
et al., 2011) (20 challenged, 10 infected, 6 symptomatic).
The control group of this experiment was used here.

GI.1 (8fIIb) In a third study, secretor-positive volunteers were used to
characterise persistence of infectivity of 8fIIb during hy-
perbaric treatment (Leon et al., 2011) (15 challenged, 7 in-
fected, symptoms not reported). The control group of this
experiment was used here.

GI.1 (42399) A total of 49 adult volunteers, 8 secretor-negative and 41
secretor-positive, were challenged with GI.1 virus in doses
ranging from 19 GC to 1.9×106 GC (Atmar et al., 2014).
None of the secretor-negative subjects was infected, while 21
secretor-positive subjects were infected, 14 of whom devel-
oped acute gastroenteric symptoms.

GII.2 (SMV) Two studies used the same Snow Mountain virus (SMV)
inoculum, one published (Dolin et al., 1982a); a second is
published here. In the first study 12 subjects, secretor status
unknown, were challenged with doses of 3× 103 to 3× 106

GC. Of these 12, 9 were infected and all infected subjects also
had symptoms of acute gastroenteritis (Dolin et al., 1982a).
In the second study 15 subjects were challenged with doses
from 30 to 3× 105 GC. Among 3 secretor-negatives, 1 was
infected and had symptoms. Of the 12 secretor-positives who
were challenged, 8 were infected, 6 with symptoms.

GII.4 (Farmington Hills) A group of 23 secretor-positive volunteers
and 17 secretor–negative volunteers were challenged with a
single dose of 5× 104 PDU. Of the secretor-positives, 16
were infected, 13 with symptoms; 1 secretor-negative vo-
lunteer shed virus, and 1 had symptoms (Frenck et al., 2012).

GII.4 (Farmington Hills) In a vaccine trial, a control group of 48 se-
cretor-positive volunteers was challenged with a single dose of
4.4×103 PDU (PCR Detectable Units, see Appendix Table A2).
30 were infected, 18 with symptoms (Bernstein et al., 2015).

GII.1 (Hawaii) Five studies challenged volunteers with Hawaii virus,
four of which have been published (Wyatt et al., 1974; Levy
et al., 1976; Meeroff et al., 1980; Treanor et al., 1988) and a
fifth study is published here. A sample of the inoculum that
was used in all these experiments was still available, and the
virus concentration could be determined. All challenge ex-
periments involved a single dose, in total 4 different doses
were used and 45 volunteers were challenged. Secretor status
is known only for the two volunteers challenged in the most
recent experiment.

4. Outbreaks

en outbreaks were included, of gastroenteric illness due to oysters
contaminated with norovirus. Replicate samples of oysters from the
outbreak batches were analysed and virus concentrations were esti-
mated by inverse regression (Polo et al., 2018). Five of these outbreaks
have been used in a published outbreak-based dose response assessment
(Thebault et al., 2013).GII.4In the first outbreak, GII.4 virus was found
in oysters recovered from the consumed batch, and the virus con-
centration could be determined by quantitative RT-PCR (Table A10).
The numbers of oysters consumed by all (but one) exposed subjects was
determined, as well as their secretor status (except for a single subject
with unknown Se status).GII.4, GII.8, GII.9, GI.4In the second outbreak
different virus genotypes were found in fecal samples of ill subjects.
Secretor status was unknown, and the exact numbers of oysters con-
sumed were not known for individual subjects. The virus concentrations
in oysters and a range for the numbers of oysters eaten, were known.GI,
GIIData were reported from three further outbreaks, with the first
caused by GI.1 and the other two by GI and GI, GII (genogroup, type not
specified) virus of known concentrations, respectively. Secretor status
and number of oysters consumed were not known at the individual
level for these three outbreaks.GI, GIIData reported from an additional
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five outbreaks, with GI, GII virus (genogroup, type not specified) virus.
Secretor status and number of oysters consumed were not known at the
individual level for these four outbreaks. Virus concentrations in oyster
tissue were determined by quantitative RT-PCR and digital PCR (Polo
et al., 2016). All data that were used from outbreaks can be found in
Appendix C.
GII.4 In the first outbreak, GII.4 virus was found in oysters re-

covered from the consumed batch, and the virus concentra-
tion could be determined by quantitative RT-PCR (Table
A10). The numbers of oysters consumed by all (but one)
exposed subjects was determined, as well as their secretor
status (except for a single subject with unknown Se status).

GII.4, GII.8, GII.9, GI.4 In the second outbreak different virus geno-
types were found in fecal samples of ill subjects. Secretor
status was unknown, and the exact numbers of oysters con-
sumed were not known for individual subjects. The virus
concentrations in oysters and a range for the numbers of
oysters eaten, were known.

GI, GII Data were reported from three further outbreaks, with the
first caused by GI.1 and the other two by GI and GI, GII
(genogroup, type not specified) virus of known concentra-
tions, respectively. Secretor status and number of oysters
consumed were not known at the individual level for these
three outbreaks.

GI, GII Data reported from an additional five outbreaks, with GI, GII
virus (genogroup, type not specified) virus. Secretor status
and number of oysters consumed were not known at the in-
dividual level for these four outbreaks. Virus concentrations
in oyster tissue were determined by quantitative RT-PCR and
digital PCR (Polo et al., 2016).

5. Results

5.1. Norovirus infectivity

Dose response relations for norovirus infection are shown in Fig. 2,
by secretor status of the human host and genogroup of the virus.

Estimated infection parameters for human challenge and outbreak
data appeared similar in initial runs of the model. As the outbreaks
contribute weak information about infection, infection dose response
was estimated jointly for all data sources (Teunis et al., 2018b). Se-
cretor status appears to be a strong predictor for susceptibility to in-
fection: secretor-negative subjects are protected, with a small infection
risk at high doses, especially for GI viruses. In secretor-positive subjects,
GI viruses appear slightly more infectious than GII viruses. The Ap-
pendix shows some statistics, see Tables A11 (doses for 1% and 50%
infection) and A12 (infection risk for exposure to 1 norovirus GC).

The graphs in Fig. 2 show median risk of infection as a function of
the virus dose with a 95% predictive interval. Also shown are observed
fractions of infected volunteers at the doses they were challenged with.
It should be noted that such fractions cannot faithfully illustrate
goodness of fit as they only crudely reflect the probability of infection,
especially for small dose groups (illustrated by the size of the used
symbols). Also, there are separate dose response relations for secretor-
positive and secretor-negative subjects. When secretor status is un-
known, the model imputes secretor status as a (binary) random vari-
able, and the corresponding fractions cannot be shown in the dose re-
sponse graphs, as any such subject could appear in both the Se− or the
Se+ graph, with a certain probability. The graphs therefore only show
observations of subjects with known infection and secretor status.

5.2. Norovirus pathogenicity

Figs. 3 and 4 show dose response relations for the (unconditional)
probability of illness, calculated as Pinf × Pill|inf (see Appendix D).

Fig. 3 shows the illness dose response relations estimated for

challenge studies. The patterns seen in infection (Fig. 2) are also seen
here, which is expected because illness is conditional on infection. The
probabilities of illness are lower than those of infection because some
infected subjects remain asymptomatic. In challenge studies, illness
risks (given the same dose) of GI and GII virus appear approximately
equal for secretor-positive subjects.

In outbreaks, essentially the same outcomes are found (Fig. 4). Note
that fractions observed are shown for only one outbreak. This is because
secretor status was known in that outbreak (Table A9). In all other out-
breaks, secretor status was unobserved. In outbreaks, GI norovirus appears
to have a slightly higher illness risk than GII virus (given equal doses).

Statistics for the illness dose response relations are listed in the
Appendix, Tables A11 (doses for 1% and 50% illness) and A12 (illness
risk for exposure to 1 norovirus GC).

5.3. Comparing categories

In order to study patterns in the norovirus challenge and outbreak
data, the model accounted for host and pathogen factors, in a two-by-
two design: secretor status of the hosts and genogroup of the virus. The
predicted differences can be seen in the resulting dose response graphs.
From these dose response relations, infectious doses may be calculated,
for instance the dose required for 50% infection or illness (Fig. 5). Note
that secretor-negatives are missing: the infectivity in this category is so
low that the 50% infectious dose is never reached. It is possible to
calculate doses required for 1% infection or illness (Appendix: Fig. A1).

However, an alternative way to visualise the results is more in-
sightful: Fig. 6 shows posterior parameter estimates for infection (a)
and illness (b,c) dose response relations. These contours were obtained
through kernel smoothing of posterior parameter samples. From these
smooth contours, a 95% cutoff level was found by expressing the cal-
culated density as a quantile of the sample, and identifying the 95
percentile of that sample (Teunis et al., 2018b).

Shown in Fig. 6a are transformed parameters (see Appendix D).
Assume the infectivity, the probability of infection by a single virus
particle (GC), is pm and its variation within a single experiment is de-
scribed by a beta distribution with parameters (α, β) (Teunis et al.,
2018b). Then a location parameter w1 can be defined as the logit of the
average pm= α/(α+ β), and a variance parameter z1 as the log of
(α+ β). The area of the contour indicates a 95% uncertainty range.
Fig. 6b and c show the same for the (conditional) illness parameters w2
and z2, describing the pathogenicity, the probability of illness per virus
particle in an infected subject.

The contours for secretor-negatives in Fig. 6a are offset to the left
from those of secretor-positives, showing their decreased susceptibility
to virus infection. The GI and GII contours are close, with GI offset to
the right, suggesting that GI is more infectious than GII virus.

The contours for conditional illness (given infection) in challenge
studies (Fig. 6b) are similar for all four categories (Se−GI, Se−GII,
Se+GI, Se+GII), except for greater uncertainty in the secretor-nega-
tives. The same thing is true for the conditional illness contours for
outbreaks (Fig. 6c), but when comparing the two illness contour graphs,
the outbreak contours are shifted rightward, indicating higher illness
risk as can also be seen by the lower ID50 in Fig. 5.

6. Discussion

There is considerable genetic variation among noroviruses, and a
few identified strains have been shown to combine high infectivity and
environmental persistence. Although challenge studies have been done
with a few different strains of norovirus, no attempts have been made to
describe the variation in outcomes among these studies. This study
employs a multilevel model to jointly analyse several challenge studies
and describe distributions for infectivity and pathogenicity across the
tested strains. The hierarchical framework also allows for combining
data from human challenge studies and ‘natural experiments’.
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Noroviruses cause a variety of large and small outbreaks across a range
of different settings. Addition of suitable outbreak data as ‘natural experi-
ments’ extends the range of pathogen strains as well as the variety in host
population. Although any single outbreak adds little information, combined
they allow identification of the dose response, as has been shown earlier
(Thebault et al., 2013). Since the earlier outbreak dose response study
showed infection results consistent with challenge study outcomes, they can
be pooled to ‘bracket’ infectivity. The illness dose response relations in
outbreaks appear somewhat steeper than those in challenge studies, as has
been reported for other pathogens (Teunis et al., 2010, 2018b).

Negative secretor status is a strong protective factor against

norovirus infection. The conditional probability of illness (when in-
fected) does not appear to strongly depend on secretor status.
Genogroup effects are smaller, with GI norovirus infectivity approxi-
mately 10 times that of GII virus. Although outbreaks show increased
pathogenicity compared to challenge studies, the illness risk (at a dose
of 1 GC, Table A12) of GI is also about 10 times that of GII virus in both
outbreaks and challenge study results. At a given dose, the conditional
probability of illness given that a person is infected (the pathogenicity
of norovirus), is approximately equal for GI and GII virus.

All norovirus inocula used in human challenge have been titrated by
PCR, providing a concentration in molecular (genome copy) units.

Fig. 2. Infection dose response for GI and GII virus,
and Se− and Se+ hosts. Median and 95% predicted
ranges for the probability of infection as a function
of the ingested dose. Where available, the fractions
infected have been added to the graph. Observed
fractions are shown as a bubble chart: the sizes of
the symbols are proportional to the numbers ex-
posed. Different symbols indicate different studies,
data from the same study are connected. Note that
numbers infected were missing in the outbreak
data.

Fig. 3. Illness dose response for GI and GII virus
and Se− and Se+ hosts, for challenge studies.
Median and 95% predicted intervals for the prob-
ability of acute gastroenteric symptoms versus in-
gested dose. Also shown are fractions symptomatic
(of those exposed) as a bubble chart: the sizes of
the symbols are proportional to the numbers ex-
posed. Different symbols indicate different studies,
data from the same study are connected.
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Some of the virus suspensions had been in storage for many years and
may have decreased in infectivity. However, as argued in Teunis et al.
(2008a), the human infection data demonstrate high infectivity of
Norwalk virus 8fIIa. This seems to also be true for the Snow Mountain
Virus and Hawaii Virus inocula. Although it cannot be excluded that
these inocula lost some of their infectivity in storage, this cannot have
amounted to several orders of magnitude, as documented by the human
infection data. Moreover, such decay would only mean that the in-
fectivity of freshly shed norovirus is even higher. It would be interesting
to use recently-developed norovirus culture methods to enumerate in-
fectious virus in the inocula used in the challenge studies and estimate
the infectious fraction of the qPCR titrated numbers of genome copies.

Use of outbreak data where the numbers exposed and the dose are
known, is equivalent to a single dose challenge study. Therefore, such
outbreaks are sometimes called ‘natural experiments’. The shellfish related
outbreaks used in this analysis exemplify foodborne exposure in a natural
setting, under more realistic conditions than a human challenge study.

Compared to a challenge study, in ‘natural experiments’ the dose is
not controlled and may show more variation in individual exposures. In
the included outbreaks, the numbers of exposed subjects were known

because (in France) a foodborne outbreak is defined as ‘a group of people
sharing a meal and eating the same food, with at least 2 people sick with
the same symptoms’ (ANSES, 2020). The characteristics of the exposed
population are also uncontrolled and may include susceptible sub-
populations, like infants or the elderly. Even though pregnant women or
immune-compromised subjects now tend to avoid consumption of raw
shellfish, these host factors may introduce selection bias. Similar selec-
tion bias exists from the pathogen perspective: virulent strains increase
the chance that a cluster of cases is large enough, with symptoms severe
enough, to be detected sufficiently rapidly to find all information re-
quired for a ‘natural experiment’. Conversely, challenge studies tend to
enroll adult subjects in good health, with an adequately functioning
immune system, and use safety-tested inocula using pathogens that were
passaged in laboratory conditions. Challenge studies therefore are ex-
pected to have selection bias in the opposite direction from outbreaks.

It is therefore no surprise to find higher pathogenicity in the out-
breaks of norovirus, consistent with findings in other studies (Teunis
and Figueras, 2016; Teunis et al., 2018b).

Alternative analyses of the 8fIIa/8fIIb data have been published,
some simplifying the dose response model, without challenging the
claimed high infectivity (Messner et al., 2014). Others have argued that
different assumptions about aggregation lead to much lower estimates
of infectivity (Schmidt, 2015). It is true that virus aggregation is quite
an undesirable phenomenon in a challenge study, and it does compli-
cate estimation of virus infectivity considerably. In fact, early analyses
of the 8fIIa data showed that the Beta-Poisson model did not acceptably
fit these data (judged by likelihood ratio against a likelihood su-
premum). This was the first indication that there was a problem. It must
be realized that at the time, these were the only data available for
human dose response of norovirus. Although some interesting studies
explored model approaches for dose response of aggregated pathogens
(Nilsen and Wyller, 2016), for risk assessment one would want to deal
with aggregation in exposure assessment, and translate ingested num-
bers of viruses to risk of infection or illness. Assuming any virus ag-
gregates would be dissociated during gastrointestinal passage, a dose
response relation for dispersed virus would be appropriate. When the

Fig. 4. Illness dose response for GI and GII virus and Se− and Se+ hosts, for outbreaks. Median and 95% predicted intervals for the probability of acute gastroenteric
symptoms versus ingested dose. Also shown are fractions symptomatic (of those exposed), when secretor status is known. Symbols have same meaning as in Figure 2.

Fig. 5. Dose to achieve 50% infection or illness in secretor-positive subjects.
Dose for 50% illness separately for challenge studies (Ch) and outbreaks (Ob).
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infectivity of single virus particles is known, it can be used to calculate
risks for exposure to aggregates of varying sizes.

In the present multilevel analysis, the dose response model from
Teunis et al. (2008a) was used only for the 8fIIa data (using an informed
prior for the aggregation parameter). To test the sensitivity of the out-
comes for the contribution of the 8fIIa data (which comprise 75 subjects),
the model was run without these data, keeping everything else the same.
This did not produce different estimates, except somewhat increased
uncertainty, as may be judged by the 1% infectious dose estimates (Ap-
pendix Fig. A1). The remaining data, notably the outbreak data, appar-
ently contain sufficient information to support infectivity estimates.

Remarkably, the reports claiming low infectivity of norovirus ignore
the outbreak-based estimates that were available (Thebault et al., 2013).
Although many would consider outbreaks a highly uncertain source of
information, the importance of outbreak data in establishing infectivity
should not be underrated. The last outbreak in Table A9 reports that four
people became ill out of four who ate the contaminated oysters. Even if
the probability of this cluster occurring would have been only 0.05, a
conservative estimate, the probability of infection for any single con-
sumer would be approximately 0.5. (When the probability of infection is
pinf, the probability that 4 people were infected in the same outbreak
P4=1− (1− pinf)4. Thus, when P4=0.05, pinf= 0.53. A slightly more
advanced Bayesian estimate yields pinf= 0.55.) We have also ignored the
fact that there may have been infected consumers who did not become ill

and were therefore not identified as infected. For this outbreak, oysters
were found to contain 44 virus genomes (22 GC/oyster GI and 22 GC/
oyster GII). At a dose of about 220 GC (5 oysters) it can thus be con-
cluded that the ID50 is lower than 220 GC.

The general dose response model presented here may be applied in
quantitative risk assessment, offering the opportunity to differentiate
between norovirus genogroup and host secretor status. It should be kept
in mind that in shellfish related outbreaks the difference between food
handler contamination and shellfish impacted by human sewage is that
with the latter there is a high probability of finding a mixture of virus
strains. When genogroup is unknown, one could assume all virus has
infectivity as GI, a conservative assumption. In case secretor status is
unknown, one could use a population distribution as assumed in some
of the outbreaks where secretor status was missing (Appendix E).

To allow use of the dose response relations developed here for risk
assessment, a posterior sample of the model parameters could be made
available, preserving correlations among the parameters. However, a
concise description of the posterior distribution can be made by pro-
viding a mean vector and covariance matrix that define a bivariate
normal distribution for the transformed infection parameters w z( , )1 1 ,
and another one for the transformed illness dose response parameters
w z( , )1 1 (Teunis et al., 2018b). Random sampling from a bivariate
normal distribution is provided in most statistical software. The pro-
cedure is outlined in Appendix H. Separate parameters are available for

Fig. 6. Dose response parameters: 95% posterior contours for the transformed parameters w z( , ). Horizontal axis (w): infectivity (a) or pathogenicity (b,c); greater
values indicate higher infectivity/pathogenicity. Vertical axis (z): precision (inverse of spread) of infectivity or pathogenicity; smaller values indicate greater het-
erogeneity in infectivity/pathogenicity within genogroup and secretor status categories. Area of the contours indicates uncertainty. Secretor-negative subjects have
decreased susceptibility to infection with either GI or GII virus (a), while outbreaks shows increased susceptibility to illness (compare (b) and (c)).
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secretor positives and negatives and for genogroups I and II.

7. Conclusion

This meta-analysis confirms the high infectivity of norovirus, with
an estimated mean infection risk of 0.28 when exposed to 1 GC (qPCR
unit) of GI norovirus, and 0.076 for 1 GC of GII virus, both in Se+

subjects (Table A12). The corresponding risks of acute enteric illness
are somewhat lower, about 0.2 (GI) and 0.035 (GII), in outbreaks. Se−

subjects are protected, with substantially lower risks of infection
(0.00007 and 0.015 at a dose of 1 GC of GI and GII virus, respectively).

There is considerable variation within the GI and GII genogroup
viruses both in infectivity (Fig. 2) and pathogenicity (Figs. 3 and 4).
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Appendix A. Selection of challenge studies

Table A1 lists all challenge studies on norovirus that were found. For some of these studies (Dolin et al., 1971; Agus et al., 1973; Levy et al., 1976;
Meeroff et al., 1980), there remains uncertainty whether the used inoculum was identical to the 8fIIa inoculum that was titrated by RT-PCR in Teunis
et al. (2008a). Studies with unknown virus concentration cannot be used. For the remaining older studies, (Dolin et al., 1972; Wyatt et al., 1974;
Schreiber et al., 1973; Widerlite et al., 1975; Parrino et al., 1977; Steinhoff et al., 1980; Keswick et al., 1985; Johnson et al., 1990; Graham et al.,
1994) it was established that this was the same inoculum as titrated in Teunis et al. (2008a). However, at the time that the 8fIIa inoculum was
titrated by qPCR, the virus suspension appeared to show considerable aggregation, complicating its use in dose response assessment. The analysis in
Teunis et al. (2008a) assumed that aggregates were stable when diluted, so that dosing the inoculum involved diluting intact aggregates. Since it can
only be assumed that the virus attained its current state at some time in the past, it remains unknown whether the inoculum was in the same
aggregation state during any of the older challenge studies with 8fIIa. As Teunis et al. (2008a) was the largest to date, involving 75 volunteers, it was
decided to select only that most recent study and ignore the older studies. As a check, a model was run with all GI.1 studies, including older studies

Table A1
Reported norovirus human challenge studies. Studies used in this analysis are in boldface. Titration (Titr) of inocula in Table A2. The question mark for studies using
the Norwalk (GI.1) 8fIIa inoculum indicates uncertainty about the aggregation state of the inoculum while it was aging. Numbers of different doses applied (Doses),
numbers of volunteers challenged (Exp), infected (Inf), and ill (Ill). Newer studies report secretor status, a few studies selected only Se+ volunteers.

Inoculum Volunteers Secretor status

Reference type Name Titr Doses Exp Inf Ill
Dolin et al. (1971) GI.1 NA NA 1 9 NA 7 NA
Dolin et al. (1972) GI.1 8fIIa (a)? 1 19 NA 7 NA
Agus et al. (1973) GI.1 8fIIa(?) ? 1 7 NA 4 NA
Wyatt et al. (1974) GI.1 8fIIa (a)? 1 52 NA 30 NA
Levy et al. (1976) GI.1 8fIIa(?) ? 1 16 NA 11 NA
Schreiber et al. (1973) GI.1 8fIIa (a)? 1 15 NA 12 NA
Widerlite et al. (1975) GI.1 8fIIa (a)? 1 15 NA 9 NA
Parrino et al. (1977) GI.1 8fIIa (a)? 1 12 NA 6 NA
Meeroff et al. (1980) GI.1 8fIIa(?) 1 7 NA 4 NA
Steinhoff et al. (1980) GI.1 8fIIa (a)? 1 59 40 32 NA
Keswick et al. (1985) GI.1 8fIIa (a)? 1 16 14 11 NA
Johnson et al. (1990) GI.1 8fIIa (a)? 1 42 29 25 NA
Graham et al. (1994) GI.1 8fIIa (a)? 1 50 41 28 NA
Teunis et al. (2008a) GI.1 8fIIa (a) 8 75 22 15 +/−
Teunis et al. (2008a) GI.1 8fIIb (b) 3 33 18 8(9) +/−
Atmar et al. (2014) GI.1 42399 (c) 4 49 21 14 +/−
Seitz et al. (2011) GI.1 8fIIb (b) 1 20 10 6 +
Leon et al. (2011) GI.1 8fIIb (b) 1 15 7 +

Dolin et al. (1982b) GII.2 SMV (d) 5 12 9 9 NA
This paper GII.2 SMV (d) 3 15 9 7 +/−

Wyatt et al. (1974) Montgomery NA 1 18 NA 5 NA
Wyatt et al. (1974) GII.1 Hawaii (e) 1 23 NA 11 NA
Levy et al. (1976) GII.1 Hawaii (e) 1 7 NA 4 NA
Meeroff et al. (1980) GII.1 Hawaii (e) 1 3 NA 1 NA
Treanor et al. (1988) GII.1 Hawaii (e) 1 10 5 8 NA
This paper GII.1 Hawaii (e) 1 2 2 1 +/−

Frenck et al. (2012) GII.4 Farm.Hills (f) 1 40 17 12 +/−
Bernstein et al. (2015) GII.4 Farm.Hills (g) 1 48 30 16 +
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(Dolin et al., 1972; Wyatt et al., 1974; Schreiber et al., 1973; Widerlite et al., 1975; Parrino et al., 1977; Steinhoff et al., 1980; Keswick et al., 1985;
Johnson et al., 1990; Graham et al., 1994), and compared with a model using only the newer studies (Teunis et al., 2008a; Seitz et al., 2011; Leon
et al., 2011). The resulting dose response relations were not different (not shown here).

Two studies, one published previously (Dolin et al., 1982b), used Snow Mountain virus (GII.2). The concentration of SMV in the inoculum
(3.17×106 GC/ml) was determined when the same inoculum was used in a more recent challenge study, when qPCR had become available.

The study of Wyatt et al. (1974) reports responses to Montgomery virus, of which no sample was available for analysis. Therefore this challenge
experiment was not included.

Five different challenge experiments used Hawaii virus (GII.1), four of which have been published (Wyatt et al., 1974; Levy et al., 1976; Meeroff
et al., 1980; Treanor et al., 1988). These studies all used the same virus suspension for inoculation, with concentration 1.24×106 GC/ml.

The two studies on GII.4 (Frenck et al., 2012; Bernstein et al., 2015) reported the inoculum titer in PCR detectable units (PDU), determined by endpoint
titration using conventional (presence–absence) RT-PCR. As no qPCR data are available, we assumed PDU units equivalent to GC (genome copy) units.

Information about the concentration of virus suspensions used for the human challenge studies in Tables A3–A8 is summarized in Table A2.

Appendix B. Challenge data used for analysis

Tables A3–A8

Table A2
Titers of inocula used in the analysis. The titer reported in Atmar et al. (2014) was 1.2×105 PDU/ml (RT-PCR units/ml), and 1 RT-PCR PDU was reported to be
equivalent to 400 GC as determined by qPCR, thus the titer is 4.8×107 genome copies (GC)/ml.

Name Titer Units Reference

a 8fIIa 3.24× 109 GC/ml Teunis et al. (2008a)
b 8fIIb 6.92× 108 GC/ml Teunis et al. (2008a)
c 42399 4.8× 107 GC/ml Atmar et al. (2014)
d SMVa 3.17× 106 GC/ml this paper
e Hawaii 1.24× 106 GC/ml this paper
f Farmington Hills 5× 104 PDU/ml Frenck et al. (2012)
g Farmington Hills 4.4× 104 PDU/ml Bernstein et al. (2015)

a A note on the titration of SMV inoculum: a partial SMV plasmid DNA (2179 nt) was used to construct SMV RNA transcripts. Suspensions of SMV transcripts of
known numbers of genome equivalent copies were serially diluted and used to quantify the genomic copies of SMV inoculum used in this study. SMV inoculum was
diluted 10-fold and 100-fold with DEPC-treated water in triplicate tubes, and then SMV RNA was released using the heat-release RNA extraction method (Schwab
et al., 1997). Subsequently, a norovirus GII broadly-reactive TaqMan quantitative RT-PCR was performed to quantitate SMV genome copies using the method
described by Kageyama et al. (2003). See Lindesmith et al. (2005) for a detailed description. The concentration and numbers of genomic copies of the RNA
transcripts were determined as previously described (Teunis et al., 2008a).

Table A3
Norwalk virus data: 8fIIa inoculum. Dose as inoculated volume (μl) and genome copies (GC). Volunteers by secretor status (Se−, Se+, or unknown): exposed (Exp.),
infected (Inf.) and symptomatic (Sympt.).

Dose Se− Se+ Se unknown

μl GC Exp. Inf. Sympt. Exp. Inf. Sympt. Exp. Inf. Sympt.

GI.1 (8fIIa) (Teunis et al., 2008a)
1.0×10−6 3.24× 101 2 0 0 8 0 0
1.0×10−5 3.24× 102 2 0 0 9 0 0
1.0×10−4 3.24× 103 6 0 0 9 3 1
1.0×10−3 3.24× 104 1 0 0 3 2 1
1.0×10−1 3.24× 106 2 0 0 8 7 6
1.0×100 3.24× 107 3 0 0 7 3 1
1.0×101 3.24× 108 2 0 0 3 2 2
1.0×102 3.24× 109 4 0 0 6 5 4
Total 22 0 0 53 22 15

Table A4
Norwalk virus data: 8fIIb inoculum. Dose as inoculated volume (μl) and genome copies (GC). Volunteers by secretor status (Se−, Se+, or unknown): exposed (Exp.),
infected (Inf.) and symptomatic (Sympt.).

Dose Se− Se+ Se unknown

μl GC Exp. Inf. Sympt. Exp. Inf. Sympt. Exp. Inf. Sympt.

GI.1 (8fIIb) (Teunis et al., 2008a)
1.0×100 6.92× 105 2 0 0 8 3 2

(continued on next page)
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Table A5
Norwalk virus data: 42399 inoculum. Dose as inoculated RT-PCR units and genome copies (GC). Volunteers by secretor status (Se−, Se+, or unknown): exposed
(Exp.), infected (Inf.) and symptomatic (Sympt.).

Dose Se− Se+ Se unknown

RT-PCR GC Exp. Inf. Sympt. Exp. Inf. Sympt. Exp. Inf. Sympt.

GI.1 (42399) (Atmar et al., 2014)
4.8×10−1 1.92× 102 3 0 0 13 1 1
4.8×100 1.92× 103 1 0 0 13 7 5
4.8×101 1.92× 104 2 0 0 8 7 4
4.8×103 1.92× 106 2 0 0 7 6 4
Total 8 0 0 41 21 14

Table A6
SMV inoculum. Dose as inoculated volume (μl) and genome copies (GC). Volunteers by secretor status (Se−, Se+, or unknown): exposed (Exp.), infected (Inf.) and
symptomatic (Sympt.).

Dose Se− Se+ Se unknown

μl GC Exp. Inf. Sympt. Exp. Inf. Sympt. Exp. Inf. Sympt.

GII.2 (Dolin et al., 1982a)
1.0×100 3.17× 103 2 0 0
1.0×101 3.17× 104 2 2 2
1.0×102 3.17× 105 2 2 2
5.0×102 1.58× 106 4 3 3
1.0×103 3.17× 106 2 2 2
Total 12 9 9

GII.2
1.0×10−2 3.17× 101 1 0 0 4 0 0
1.0×100 3.17× 103 1 0 0 4 4 3
1.0×102 3.17× 105 1 1 1 4 4 3
Total 3 1 1 12 8 6

Table A4 (continued)

Dose Se− Se+ Se unknown

μl GC Exp. Inf. Sympt. Exp. Inf. Sympt. Exp. Inf. Sympt.

1.0×101 6.92× 106 4 0 0 18 14 7
3.0×101 2.08× 107 0 0 0 1 1 NA
Total 6 0 0 27 18 9(10)

GI.1 (8fIIb) (Seitz et al., 2011)
1.0×103 6.92× 108 20 10 6

GI.1 (8fIIb) (Leon et al., 2011)
3.3×102 2.31× 108 15 7 NA

Table A7
Hawaii virus inoculum. Dose as inoculated volume (μl) and genome copies (GC). Volunteers by secretor status (Se−, Se+, or unknown): exposed (Exp.), infected (Inf.)
and symptomatic (Sympt.).

Dose Se− Se+ Se unknown

μl GC Exp. Inf. Sympt. Exp. Inf. Sympt. Exp. Inf. Sympt.

GII.1 (Wyatt et al., 1974)
4.0×103 4.96× 106 23 NA 11

GII.1 (Levy et al., 1976)
4.0×103 4.96× 106 7 NA 4

GII.1 (Meeroff et al., 1980)
3.0×103 3.72× 106 3 NA 1

GII.1 (Treanor et al., 1988)
1.0×103 1.24× 106 10 5 8

GII.1
5.0×103 6.20× 106 1 1 0 1 1 1
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Appendix C. Outbreak data used for analysis

Table A9 and Table A10

Table A8
GII.4 inoculum. Dose as inoculated volume (μl) and genome copies (GC). Volunteers by secretor status (Se−, Se+, or unknown): exposed (Exp.), infected (Inf.) and
symptomatic (Sympt.).

Dose Se− Se+ Se unknown

μl GC Exp. Inf. Sympt. Exp. Inf. Sympt. Exp. Inf. Sympt.

GII.4 (Frenck et al., 2012)
1.0×100 5.00× 104 17 2 1 23 16 13

GII.4 (Bernstein et al., 2015)
1.0×100 4.40× 103 0 0 0 48 30 18

Table A9
Oyster outbreak data. Numbers of oysters consumed (range is given when individual intake was not known), and numbers exposed and ill. No fecal samples were
collected, infection status was unknown. In the first outbreak (also published in Thebault et al. (2013)) secretor status was known. The concentrations of GI and/or
GII virus are listed in Table A10, a–e for the first set of outbreaks (Thebault et al., 2013); f–j for the second set (not published previously). Dose as number of oysters
(# oysters) and genome copies (GC). Subjects by secretor status (Se−, Se+, or unknown): exposed (Exp.), infected (Inf.) and symptomatic (Sympt.).

Dose Se− Se+ Se unknown

# Oysters GC Exp. Inf. Sympt. Exp. Inf. Sympt. Exp. Inf. Sympt.

GII.4 Le Guyader et al. (2010)
NA a 0 NA 0 1 NA 1 0 NA 0
2 a 0 NA 0 3 NA 3 0 NA 0
3 a 3 NA 0 17 NA 12 1 NA 1
4 a 2 NA 0 2 NA 2 0 NA 0
6 a 1 NA 1 4 NA 3 0 NA 0

GII.4, GII.8, GII.9, GI.4 Le Guyader et al. (2008)
1–6 b 36 NA 21

GI.1 Le Guyader et al. (2000)
7 c 1 NA 1
9 c 2 NA 2
18 c 1 NA 1

GI Le Guyader et al. (2006b)
4–6 d 2 NA 2

GI, GII Le Guyader et al. (2006a)
4–6 e 27 NA 11

GI, GII (Le Guyader)
4–6 f 6 NA 6

GI (Le Guyader)
4–6 g 9 NA 9

GI, GII (Le Guyader)
4–6 h 79 NA 22

GI (Le Guyader)
4–6 i 8 NA 5

GI, GII (Le Guyader)
4–6 j 4 NA 4

Table A10
Concentration of GI or GII NoV in oysters, collected from outbreaks associated with the consumption of oysters. Titrated by quantitative RT-PCR (qPCR) (Le Guyader
et al., 2009) and/or by digital PCR (dPCR) (Polo et al., 2016). Both outcomes are in the same units and can be used jointly.< indicates detection but not quantifiable.
Multiple data are separated by commas. All reported data were used to estimate parameters of a distribution characterising variation in concentration, as in (Thebault
et al., 2013), see Section E.

Genome copies/oyster

GI GII

Outbreak qPCR dPCR qPCR dPCR

a GII.4 NA 18, 955, 38, 0

(continued on next page)
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Appendix D. Dose response models

Anyone exposed to norovirus can become infected, implying that intestinal tissues are colonized and that a seroresponse is mounted (Teunis
et al., 2008a). They may also develop symptoms of acute enteric illness, but that is not always the case: a fraction of infected subjects may remain
asymptomatic, clearing infection without ever becoming ill. Therefore, there are two dose response relations to be considered: a dose dependent
probability of infection, and a conditional probability of acute illness, given that a subject was infected. Anyone failing to become infected and thus
not colonized nor seroconverted, is assumed to not proceed to develop acute gastroenteritis.

Briefly, the models used are

• The Beta Poisson model for microbial infection

= +P F(cV) 1 ( , , cV)inf 1 1 (D.1)

where 1F1 refers to the (Kummer) confluent hypergeometric function (Teunis and Havelaar, 2000). The parameters (α, β) can be transformed as
below

=
+

=

= + =

u w u
u

v z v

; log
1

; log( )

1 1
1

1

1 1 1 (D.2)

so that w1 is a measure of infectivity (location) and z1 a measure of variation in infectivity (spread). This transformation greatly improves
parameter estimation (Teunis et al., 2005, 2008b, 2018b).

• The hazard model of illness dose response

= +P (cV) 1 1 cV r

ill|inf
(D.3)

implies that while infected, the risk that a person develops acute gastroenteric symptoms may also depend on dose: the higher the inoculated dose, the
higher the risk that an infected person also has symptoms. This means that at low doses the risk of acute illness is proportional to the dose squared.As
argued in Teunis et al. (1999) a motivation for this model may be found in noting that only during infection there is a nonzero hazard of developing acute
symptoms, so that longer duration of infection causes an increased risk of acute illness. Parameter transformation identical to the infection parameters

=
+

=

= + =

u r
r

w u
u

v r z v

; log
1

; log( )

2 2
2

2

2 2 2 (D.4)

again translates the parameters r and η into a location parameters w2 and a spread parameter z2.

Appendix E. Implementation notes

The hypergeometric functions are lacking in JAGS. Instead, the beta-binomial model for infection conditional on the ingested number of viruses
(Haas, 2002) can be used

= + +
+ +

P n n
n

( ) 1 ( ) ( )
( ) ( )inf (E.1)

where n is a Poisson variate, thus providing a good approximation to Eq. (D.1), as shown in (Thebault et al., 2013).
Adaptations for non-Poisson inocula are needed: in Teunis et al. (2008a) the inoculum was likely aggregated. Furthermore, in the foodborne

outbreaks exposure was not well controlled as in challenge studies, with variation in concentration among oysters (Thebault et al., 2013).
Virus aggregation was modeled by assuming the inoculum was from a Poisson distributed suspension of aggregates with sizes distributed as a

logarithmic series (Teunis et al., 2008a). The numbers of viruses in a volume V then are negative binominally distributed with parameters

= =a
a

scale: 1 ; shape: CV
log(1 ) (E.2)

Table A10 (continued)

Genome copies/oyster

GI GII

Outbreak qPCR dPCR qPCR dPCR

b GII.4, GII.8, GII.9, GI.4 125 25,25
c GI.1 85, 237 NA
d GI 275, 6783 NA
e GI, GII 2300 1100
f GI, GII 1090 295 1210 132
g GI 446 NA < NA
h GI, GII 119, 819 71, 30, 132 376, 1250 30
i GI NA 68 NA NA
j GI, GII < 22 < 22
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where C is the concentration of virus aggregates and a the parameter of the logarithmic series distribution. Aggregates consisted of virus in a sticky
matrix that were considered unlikely to dissociate upon dilution, as used for dosing the inocula. Therefore a was assumed to be a constant.

Overdispersion of the virus concentration in oyster tissue in the shellfish outbreaks was modeled by assuming the variation in concentration
gamma distributed (Thebault et al., 2013). The numbers of viruses in a portion V then are negative binomially distributed with parameters

=
+

=
V

scale: 1
1

; shape: (E.3)

where λ and ρ are the scale and shape parameters of the gamma distributed virus concentration, respectively.
As in Thebault et al. (2013) the transformed dose response parameters were estimated by host factors (secretor status ss: Se+ or Se−) and

pathogen factors (genogroup gg: GI or GII).
Note that in shellfish outbreaks it is not uncommon to find mixed infections. Like in Thebault et al. (2013), mixed GI/GII infections were treated

as two independent concurrent infections, where the probability of illness, the observable outcome, was calculated as

=
=

=

P P P
P P P
P P P1 (1 )(1 )

ill,GI inf,GI ill|inf,GI

ill,GII inf,GII ill|inf,GII

ill ill,GI ill,GII (E.4)

When secretor status was unknown, it was treated as missing with an (informed prior) beta(79, 19) distribution, as used previously (Thebault
et al., 2013).

Location parameters w and spread (or variation in infectivity or pathogenicity) parameters z were treated differently.
Location of infectivity (w1) and pathogenicity (w2) were given normal priors. For secretor status (ss) and genogroup (gg)

w N µ
w N µ

(ss, gg) ( , )
(ss, gg) ( , )

w a

w b

1 1,ss,gg ,

2 2,ss,gg , (E.5)

and fixed precision w,1 and w,2, respectively (τ ≡1/σ2). The parameters for variation (spread) in infectivity and pathogenicity were given normal
priors

z N µ
z N µ

( , )
( , )

z z

z z

1 ,1 ,1

2 ,2 ,2 (E.6)

not differentiating between genogroup and secretor status effects.
Initial runs with broad priors ( =, 0.01w w,1 ,2 ) indicated highly dispersed posteriors for the illness parameter w2 among host categories, while the

infectivity parameter w1 appeared similar for all three host categories. To account for possibly elevated pathogenicity in outbreaks the (conditional)
illness dose response parameters for outbreaks were then estimated as an additional category

w N µ
z N µ

(ss, gg) ( , )
( , )

w

z z

3 3,ss,gg ,3

3 ,3 ,3 (E.7)

while assuming that their infectivity parameters were similar to those of the challenge studies, i.e. the infectivity parameters (w1, z1) were assumed to
all have the same prior distribution (Teunis et al., 2018b).

Both strain variation and host variation in infectivity were given hyperpriors μ1,…∼N(0, 0.01), and strain and host variation in pathogenicity
were also assumed μ2,…∼N(0, 0.01). The remaining precision of w1 and w2 within host and strain, =… 1w, . Priors for z1 and z2 were N(0, 1).

The model was specified and run in JAGS (v4.3.0) (Plummer, 2003) from R (v3.5.2) (R Core Team, 2015) using rjags (v4-8) (Plummer, 2013).
Source code can be found in Appendix I. Four parallel chains were run; after a burn–in of 103 iterations, the model was run for 104 iterations,
thinning down to a posterior sample of size 4×1000=4000. Convergence was checked by inspection of posteriors.

Appendix F. Additional tables

Table A11
Infectious dose required for 1% infection or illness (secretor-positives and negatives), and for 50% infection or illness (secretor-positives). Outcomes are given as
mean predicted value, median (0.5 quantile: Q0.500), and 95% range (Q0.025–Q0.975).

Mean Q0.500 Q0.025 Q0.975

InfD01 Se− GI 1.1× 109 1.5× 103 2.4× 10−1 9.3× 109

InfD01 Se− GII 1.5× 107 5.5× 100 6.1× 10−2 2.5× 104

InfD01 Se+ GI 6.3× 10−2 2.8× 10−2 1.1× 10−2 2.9× 10−1

InfD01 Se+ GII 1.3× 100 2.6× 10−1 1.8× 10−2 7.2× 100

InfD50 Se+ GI 1.8× 108 2.9× 100 8.3× 10−1 6.0× 104

InfD50 Se+ GII 2.6× 108 9.5× 101 1.4× 100 1.6× 108

IllD01 Se− GI Ch 1.2× 109 5.2× 103 1.2× 100 1.1× 1010

IllD01 Se− GII Ch 4.8× 108 3.7× 102 9.7× 10−1 2.2× 109

IllD01 Se+ GI Ch 7.3× 103 3.6× 10−1 4.6× 10−2 1.6× 101

IllD01 Se+ GII Ch 9.8× 103 2.2× 100 1.3× 10−1 1.6× 102

IllD50 Se+ GI Ch 1.1× 109 4.8× 102 1.8× 100 1.5× 1010

IllD50 Se+ GII Ch 8.1× 108 3.5× 103 5.9× 100 7.5× 109

(continued on next page)
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Table A11 (continued)

Mean Q0.500 Q0.025 Q0.975

IllD01 Se− GI Ob 1.4× 109 2.2× 103 2.5× 100 1.5× 1010

IllD01 Se− GII Ob 1.6× 108 2.0× 101 2.4× 10−1 2.3× 107

IllD01 Se+ GI Ob 2.1× 10−1 1.1× 10−1 1.9× 10−2 1.1× 100

IllD01 Se+ GII Ob 4.8× 100 8.8× 10−1 6.2× 10−2 2.5× 101

IllD50 Se+ GI Ob 2.4× 108 4.7× 100 9.6× 10−1 9.8× 105

IllD50 Se+ GII Ob 4.2× 108 2.6× 102 2.9× 100 1.2× 109

Table A12
Probability of infection or illness when exposed to a dose of 1 infectious virus (GC). Outcomes are given as mean predicted value, median (0.5 quantile: Q0.500), and
95% range (Q0.025–Q0.975).

Mean Q0.500 Q0.025 Q0.975

Pinf(1) Se− GI 7.0× 10−4 7.9× 10−6 4.8× 10−9 4.4× 10−3

Pinf(1) Se− GII 1.5× 10−2 2.6× 10−3 3.3× 10−5 1.2× 10−1

Pinf(1) Se+ GI 2.8× 10−1 2.7× 10−1 3.1× 10−2 5.6× 10−1

Pinf(1) Se+ GII 7.6× 10−2 3.5× 10−2 1.6× 10−3 3.9× 10−1

Pill(1) Se− GI Ch 8.6× 10−5 1.5× 10−7 2.0× 10−11 3.4× 10−4

Pill(1) Se− GII Ch 1.2× 10−3 6.4× 10−5 3.2× 10−7 7.8× 10−3

Pill(1) Se+ GI Ch 6.4× 10−2 3.3× 10−2 1.3× 10−3 3.0× 10−1

Pill(1) Se+ GII Ch 1.5× 10−2 3.8× 10−3 4.3× 10−5 1.1× 10−1

Pill(1) Se− GI Ob 6.3× 10−5 2.7× 10−7 2.4× 10−11 6.1× 10−4

Pill(1) Se− GII Ob 5.1× 10−3 4.7× 10−4 2.2× 10−6 5.0× 10−2

Pill(1) Se+ GI Ob 2.0× 10−1 1.7× 10−1 8.7× 10−3 5.1× 10−1

Pill(1) Se+ GII Ob 3.5× 10−2 1.2× 10−2 8.9× 10−5 2.2× 10−1

Table A13
Parameter estimates for the dose response models (see Appendix D). Outcomes are given as mean predicted value, median (0.5 quantile: Q0.500), and 95% range
(Q0.025–Q0.975).

Mean Q0.500 Q0.025 Q0.975

α Se− GI 6.05×10−2 9.20× 10−6 1.18× 10−9 1.36× 10−1

β Se− GI 2.70×101 3.61× 10−1 8.03× 10−4 2.22× 102

α Se− GII 1.15×10−1 1.86× 10−2 2.54× 10−4 5.71× 10−1

β Se− GII 1.28×102 7.75× 100 1.16× 10−2 8.93× 102

α Se+ GI 9.48×10−1 3.93× 10−1 1.44× 10−2 4.00× 100

β Se+ GI 3.96×100 7.67× 10−1 1.14× 10−2 1.62× 101

α Se+ GII 7.61×10−1 2.30× 10−1 1.23× 10−2 5.01× 100

β Se+ GII 4.14×101 5.04× 100 1.05× 10−1 3.72× 102

r Se− GI Ch 4.45×10−1 2.30× 10−2 1.04× 10−5 3.42× 100

η Se− GI Ch 5.22×100 8.32× 10−2 1.02× 10−4 3.89× 101

r Se− GII Ch 6.87×10−2 1.58× 10−2 3.01× 10−4 3.27× 10−1

η Se− GII Ch 1.76×100 5.68× 10−2 5.12× 10−5 1.43× 101

r Se+ GI Ch 1.79×10−1 5.14× 10−2 3.01× 10−3 1.08× 100

η Se+ GI Ch 4.52×10−1 2.54× 10−2 3.18× 10−5 3.77× 100

r Se+ GII Ch 3.54×10−1 1.19× 10−1 6.55× 10−3 2.08× 100

η Se+ GII Ch 1.06×101 2.94× 10−1 2.33× 10−4 9.99× 101

r Se− GI Ob 2.22×101 2.63× 10−2 1.86× 10−5 7.50× 101

η Se− GI Ob 3.03×101 7.88× 10−2 5.60× 10−5 4.32× 101

r Se− GII Ob 3.45×101 4.91× 10−1 3.16× 10−3 2.35× 102

η Se− GII Ob 2.63×101 6.08× 10−1 5.77× 10−4 2.09× 102

r Se+ GI Ob 5.26×101 3.19× 100 1.01× 10−1 3.91× 102

η Se+ GI Ob 2.81×101 8.01× 10−1 2.29× 10−3 1.13× 102

r Se+ GII Ob 5.18×101 1.50× 100 3.17× 10−2 3.73× 102

η Se+ GII Ob 1.13×102 1.11× 100 1.08× 10−3 9.21× 102
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Appendix G. Additional figures

Fig. A1. Dose to achieve 1% infection or illness in secretor-negative subjects (a), same in secretor-positive subjects (b). Dose for 1% illness separately for challenge
studies (Ch) and outbreaks (Ob). (c) Estimated ID1 for infection and illness in secretor-positive subjects, when data from the first experiment (Table A3) are removed.
Compare with Fig. A1b.
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Appendix H. Use in risk modelling

Posterior estimates of dose response parameters, as represented in the contour graphs in Fig. 6, are characterized as a sample from a bivariate
normal distribution

µ
µ

w z N
w z N

( (ss), (gg)) ( (ss, gg), (ss, gg))
( (ss), (gg)) ( (ss, gg), (ss, gg))

1 1 1 1

2 2 2 2 (H.1)

for infection and illness, respectively. Estimates for the mean vector

=µ w
z

mean( )
mean( )

and the covariance matrix

= w w z
w z z

var( ) cov( , )
cov( , ) var( )

can be found in Table A14. Using those estimates, it is trivial to generate w z( , ) pairs for any combination of secretor status and genogroup as a
bivariate normal random sample.

Then, for infection parameters
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and for illness parameters
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2 2 2 2
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(H.3)

so that a sample of (α, β) and (r, η) pairs is obtained for any secretor status or genogroup combination.

Table A14
Parameter estimates: multivariate normal parameters, provided for risk modellers who want to create posterior predictive parameters samples, see Teunis et al.
(2018b) for more information. Outcomes are given as mean predicted value, median (0.5 quantile: Q0.500), and 95% range (Q0.025–Q0.975).

Mean(w) mean(z) var(w) cov(w z, ) var(z)

Infection
Se− GI −1.06× 101 −9.76× 10−1 9.30× 100 4.28× 10−1 1.07× 101

Se− GII −5.79× 100 1.80×100 5.04× 100 −4.64× 100 7.95× 100

Se+ GI −6.08× 10−1 1.94×10−1 1.79× 100 −1.03× 100 2.54× 100

Se+ GII −3.16× 100 1.82×100 2.88× 100 −2.01× 100 3.64× 100

Illness, challenge
Se− GI −1.66× 100 −1.73× 100 1.03× 101 −1.38× 100 8.08× 100

Se− GII −1.27× 100 −2.15× 100 9.16× 100 −4.33× 100 5.11× 100

Se+ GI 9.26× 10−1 −2.07× 100 7.26× 100 −2.14× 100 3.06× 100

Se+ GII −6.60× 10−1 −4.36× 10−1 8.34× 100 −4.30× 100 4.69× 100

Illness, outbreaks
Se− GI −9.19× 10−1 −1.63× 100 1.09× 101 −4.63× 10−1 1.08× 101

Se− GII 1.27× 10−2 7.20×10−1 7.13× 100 −1.27× 100 8.09× 100

Se+ GI 1.74× 100 1.82×100 5.55× 100 −7.08× 10−1 4.64× 100

Se+ GII 4.14× 10−1 1.73×100 7.76× 100 −1.67× 100 6.19× 100
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Appendix I. Source code

R code to collect literature data and prepare R objects for transfer to JAGS.

JAGS code defining the multilevel dose response model.
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