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Foodborne pathogens represent a significant public health burden. Quantifying the relative importance of
various potential sources of foodborne infection is challenging due to data scarcity and uncertainty in empirical
studies. Structured expert judgment (SEJ) provides a valuable methodological alternative to gain insights into
source attribution of foodborne pathogens. We conducted a SEJ study to attribute human cases of 26 foodborne
pathogens in the Netherlands to seven major transmission pathways, 20 food groups, and two animal groups, in a
typical post-COVID19 year, using Cooke's classical model. The elicitation process involved snowball recruitment,
expertise self-assessment, and a workshop where experts answered calibration questions to capture their un-
certainty as input for the model. Subsequently, experts completed the target questions to obtain attributable
proportions at the ‘kitchen door’ level. Results indicated that transmission was predominantly (>50%) foodborne
for Staphylococcus aureus, Listeria monocytogenes, Yersinia spp., Bacillus cereus, Clostridium perfringens, certain non-
typhoidal Salmonella serotypes, Campylobacter spp., hepatitis E virus and Toxoplasma gondii, whereas person-to-
person transmission was the primary pathway for astrovirus, rotavirus, norovirus, and sapovirus. Brucella spp.
and typhoidal Salmonella were attributed primarily (>85%) to international travel. All other pathogens showed
attributions of <50% to any individual pathway. Substantial differences were observed when dividing foodborne
transmission into food groups. Key contributors included food handlers and vermin, various meats (e.g., pork,
beef, chicken), and shellfish. These SEJ-derived estimates complement existing data by providing pathogen-
specific insights in the Dutch context.

public health burden, corresponding to roughly 11,000 Disability-
Adjusted Life Years (DALYs) and an economic cost of €538 million in

1. Introduction

Approximately 1 in 10 people worldwide were estimated to fall ill
due to foodborne pathogens in 2010 (Havelaar et al., 2015). Although
the associated public health burden is higher in low- and middle-income
countries, foodborne diseases remain a significant concern in high-
income countries as well (Havelaar et al., 2015; WHO, 2015). For
example, in the Netherlands (population 17.6 million), approximately
1.8 million incident cases of foodborne diseases caused by 14 selected
pathogens were estimated in 2023. These cases represent a substantial

2023 (Beninca et al., 2024). For context, the burden of these 14 path-
ogens is comparable to that of influenza in the Netherlands, estimated at
10,900 DALY during the 2023/2024 respiratory infection season. This
highlights the substantial contribution of foodborne infections to the
national infectious disease burden (Bos et al., 2024).

Although various methods to estimate the burden of foodborne dis-
eases are available, it remains challenging to uncover their true burden.
Indeed, most people who fall ill do not seek medical care, meaning that
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many cases are not captured by surveillance systems (Mead et al., 1999;
Haagsma et al., 2013; Pires et al., 2021). Another challenge in fully
understanding the burden of foodborne diseases is accurately attributing
their sources. This challenge arises from the multifactorial nature of
transmission pathways, the variability in source attribution methodol-
ogies, differences in incubation periods, and the constantly evolving
epidemiology of foodborne pathogens. Failure to account for all relevant
sources of infection can skew public health responses and policy de-
cisions (Mughini-Gras et al., 2018a, 2019). An additional challenge lies
in attributing the foodborne disease burden to specific food groups. This
is due to the diversity of food products, potential for cross-
contamination along the food production chain, and limited data on
pathogen prevalence and diversity in different food categories
(Hoffmann et al., 2017).

Source attribution is crucial for identifying where human infections
are most likely to originate, guiding resource allocation for surveillance
and control efforts, and assessing the effectiveness of these interventions
(Havelaar et al., 2008; WHO, 2015). In absence of empirical data, or
when data is overwhelming and evidence is conflicting, source attribu-
tion estimates derived from structured expert judgment (SEJ) offer a
valid approach (Cooke, 1991). The Classical Model for SEJ is a widely
used method that objectively validates experts' assessments of uncer-
tainty and aggregates mathematically their distributions by employing
performance-based weights. A SEJ study was conducted in the
Netherlands (Havelaar et al., 2008). This study estimated the source
attribution for 17 pathogens across 5 transmission pathways and 11 food
groups within the foodborne transmission pathway. The study
concluded that combining these estimates with other types of data, such
as incidence of disease burden data, can provide insights in the public
health impact of different foodborne pathogens.

Multiple SEJ studies have been performed worldwide for source
attribution of foodborne diseases (Beshearse et al., 2021; Hoffmann
et al., 2017; Sapp et al., 2022). A systematic review on this topic
concluded that this approach is especially valuable for identifying
knowledge gaps (Butler et al., 2015). In the Netherlands, the study of
Havelaar et al. (2008) provides a solid foundation for SEJ-based source
attribution of foodborne pathogens. However, it represents an epide-
miological context from several years ago that may no longer reflect the
current situation. In particular, the COVID-19 pandemic had a sub-
stantial impact on the epidemiology of foodborne pathogens (Lazarakou
et al., 2024; Mughini-Gras et al., 2021b; Pijnacker et al., 2024) and led to
long-lasting changes in Dutch society, such as reduced long-distance
travel and the widespread adoption of regularly working from home
(Faber et al., 2023). Therefore, we conducted a new SEJ study to update
the current attribution estimates for foodborne pathogens in the
Netherlands. We expanded our study to include additional pathogens
and a broader range of potential food sources, and we employed cali-
bration questions alongside the target questions. Calibration questions
are a core component of the Classical Model, enabling the empirical
validation of experts' uncertainty assessments. They have also been used
in several recent studies (Beshearse et al., 2021; Hoffmann et al., 2017;
Sapp et al., 2022), which facilitates comparison across studies.

The aim of this study was to estimate the proportions of human in-
fections caused by 26 foodborne pathogens attributed to seven major
transmission pathways, as well as to 20 food groups within the food-
borne pathway and to two animal groups within the animal contact
pathway.

2. Methods

For this SEJ study, a two-step process was followed. First, the pro-
portion of all human cases caused by each pathogen (Table 1) was
attributed to seven different transmission pathways (Table 2). Second,
the proportion of foodborne cases was attributed to 20 food groups and
the proportion of cases attributed to animal contact was further attrib-
uted to two animal groups (Table 3).
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Table 1

Pathogens included in the present structured expert elicitation.
Bacteria Viruses Parasites
Brucella spp. Astrovirus Giardia spp.
Campylobacter spp. Hepatitis Avirus ~ Toxoplasma gondii
Listeria monocytogenes Hepatitis E virus Cryptosporidium spp.

Legionella spp. Rotavirus
Leptospira spp. Norovirus
Typhoidal Salmonella Sapovirus

Salmonella Enteritidis

Salmonella Typhimurium

Other non-typhoidal Salmonella
serotypes

STEC 0157

STEC non-0157

Other pathogenic E. coli

Yersinia spp.

Vibrio spp.

Bacillus cereus

Clostridium perfringens

Staphylococcus aureus

The elicitation process consisted of three different steps: 1) prepa-
ration for the elicitation (pre-elicitation), 2) elicitation, and 3) post-
elicitation (Fig. 1).

2.1. Pre-elicitation

2.1.1. Pathogens

For the selection of pathogens (hazards) we included all the patho-
gens from the previous Dutch SEJ (Havelaar et al., 2008), with the
exception of Mycobacterium avium and enterovirus, as these could not be
reliably attributed in that study. For Escherichia coli, next to Shiga toxin-
producing Escherichia coli (STEC) serogroups 0157 and non-O157, an
extra hazard was added as ‘other pathogenic E. coli’. Additionally, Sal-
monella spp. was split into typhoidal and non-typhoidal serotypes. The
non-typhoidal Salmonella serotypes were further split into Enteritidis,
Typhimurium, and other serotypes, as Enteritidis and Typhimurium
together account for the largest proportion (~70%) of notified human
salmonellosis cases in the Netherlands and other European countries
(Teunis et al., 2025). Moreover, seven additional pathogens were
included because estimating their attribution was of particular interest
to the research team. This led to a total of 26 pathogens included in the
present study (Table 1). Not all pathogens could be attributed to all
exposure pathways, as some combinations are biologically implausible a
priori (Havelaar et al., 2008). For example, Legionella cannot plausibly be
attributed to the foodborne pathway, nor rotavirus to the animal contact
pathway. Therefore, certain pathogen-pathway combinations were
excluded by design (see Table 1 C.1, Appendix C).

2.1.2. Transmission pathways

We considered seven major transmission pathways: 1) food, 2)
drinking water, 3) environmental water, 4) other environmental path-
ways, 5) animal-to-human (animal contact), 6) person-to-person, and 7)
international travel. Additionally, foodborne transmission and animal
contact were further subdivided into several food and animal groups,
respectively (Tables 2 and 3). The definitions of the transmission path-
ways and groups therein followed the approach of Beshearse et al.
(2021) and Havelaar et al. (2008), with some minor adaptations
considering the different study setting. For pathways 1 to 6, the
Netherlands was the country where transmission occurred (i.e.,
domestically-acquired cases), whereas pathway 7 referred generically to
international travel to indicate that transmission occurred outside the
Netherlands (i.e., travel-related or imported cases), without further
specification as to where and how transmission occurred.

The foodborne transmission pathway was further divided into 20
food groups: 1) processed chicken meat, 2) non-processed chicken meat,
3) other poultry meat, 4) processed beef, 5) non-processed beef, 6)
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Table 2
Major transmission pathways used for source attribution in the present struc-
tured expert elicitation.

Major transmission Description
pathways
Food Foodborne transmission occurs through preparing and

eating food. Contamination can originate anywhere in
the food production chain, from primary production to
retail. Transmission can occur at home or elsewhere (e.
g., in a restaurant). Transmission occurs through food
that is contaminated before it enters the kitchen, i.e.,
attribution at the “kitchen door” level, thereby
excluding cross-contamination from other products or
the environment in the kitchen. This pathway also
includes contamination during preparation by food-
handlers or vermin/pests, which introduced the
pathogen into the kitchen. The foodborne pathway
applies also to all non-water beverages and items
ingested as food (e.g., milk, juices, candies, etc. but
excluding items consumed for medicinal purposes).
This pathway refers to transmission occurring in the
Netherlands (i.e., domestically acquired infections).
Transmission occurs through the consumption of
drinking water. This includes drinking tap or bottled
water. Transmission occurs through water that is
contaminated when it enters the kitchen (or comes out
of the tap), i.e., attribution at the ‘kitchen door’ level.
Water that is used primarily for drinking but also for
other domestic uses, such as washing or showering, can
originate from a public water system, a private well, or
commercially bottled sources. This pathway refers to
transmission occurring in the Netherlands (i.e.,
domestically acquired infections).

Water that is used for recreational activities, such as a
swimming pool or a natural body of water (e.g., a lake
or canal). It can be treated or untreated. Treated water
has undergone a purification process (e.g., through
chlorination or filtration) with the goal of controlling
microbiologic quality (e.g., swimming pool), whereas
untreated water has not undergone such process (e.g.,
natural ponds). Transmission occurs through direct
exposure to this water source (e.g., through swimming,
splashing). This also includes contact with water where
infected animals live. This pathway refers to
transmission occurring in the Netherlands (i.e.,
domestically acquired infections).

Transmission occurs through exposure to the natural
and man-made environment via exposure to
contaminated air, mud, soil, or other outdoor or indoor
surfaces or objects (fomites), but excluding water itself,
so not attributable to the other transmission routes as
defined in this study. It also includes exposure to the
environment where infected animals live. This pathway
refers to transmission occurring in the Netherlands (i.e.,
domestically acquired infections).

Transmission occurs through direct contact with a live
animal, its bodily fluids (excluding those consumed as
food like milk), excreta, fur, hair, feathers, scales or
skin. This pathway includes companion animals, farm
animals, and wildlife. This pathway refers to
transmission occurring in the Netherlands (i.e.,
domestically acquired infections).

Transmission occurs by direct contact with infected
persons or their bodily fluids and excreta (e.g., fecal-
oral route), or by contact with the living environment
where the exposed person is simultaneously present
with the infected person or visible fluids/excreta. This
pathway refers to transmission occurring in the
Netherlands (i.e., domestically acquired infections).
Transmission has occurred abroad (i.e., anywhere
outside the Netherlands), regardless of the specific
transmission pathway involved, so it includes all
transmission pathways mentioned above in cases where
transmission occurred in another country than the
Netherlands (i.e., travel-related or imported infections).
Travel-related transmission is therefore excluded from
the other transmission pathways. International travel is
not specified into more detail or one or more of the
above.

Drinking water

Environmental water

Other environmental
pathways

Animal-to-human (animal
contact)

Person-to-Person

International travel
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processed pork, 7) non-processed pork, 8) veal calf meat, 9) sheep meat,
10) goat meat, 11) other meats, 12) eggs, 13) dairy products, 14)
shellfish, 15) fish and crustaceans, 16) fruit, 17) vegetables, 18) grains,
cereals, pasta, bread and other bakery products, 19) food handler and
vermin, and 20) other foods. The animal contact pathway was further
divided into 1) pets and 2) livestock and wildlife (Table 3). Following
Havelaar et al. (2008), the point of attribution was the so-called ‘kitchen
door’, which considers the source of human infection to be the vehicle
that was already contaminated with the pathogen when it entered the
kitchen, i.e., the food that brought the pathogen to the place of prepa-
ration before consumption. Therefore, cross-contamination from other
food products or the environment occurring within the kitchen was not
considered (e.g., if raw chicken meat contaminated a vegetable salad
during preparation in the kitchen and this led to human infection, the
resulting case had to be attributed to the chicken meat and not to the
salad). Food contaminated by infected people (e.g., food handler) or
animals (e.g., vermin) during preparation was considered a separate
category, as in this case the vehicle bringing the pathogen to the kitchen
was not a food item, but a person or a pest (Havelaar et al., 2008).

All transmission pathways and subgroups therein were mutually
exclusive, with their attributions adding to 100%.

2.1.3. Experts

The research team identified an initial group of 74 national experts in
different topics of food safety, mainly microbiology, epidemiology and
food science, working in different Dutch organizations, defined as aca-
demic or public bodies (i.e., public health services, veterinary in-
spectorates, national competent authorities, ministries, universities,
colleges, and research institutes). Experts working in commercial orga-
nizations (e.g., industry, food business operators, consultancy bureaus,
etc.) were excluded to avoid potential conflicts of interests. The same
applied to some experts at the Netherlands Food and Consumer Product
Safety Authority (NVWA) that were directly involved in the funding of
this study, to maintain independence of the study outputs from the
funders. Some experts had a broad perspective on food safety, whereas
others had studied specific foods or pathogens for an extended period,
developing a deeper and more specialized knowledge.

Experts were formally invited to participate via email. To broaden
the expert pool, snowball sampling was applied, allowing the experts to
refer additional experts from their professional networks. The invitation
email contained an information letter and a link to an initial online
survey. This survey aimed to assess the availability of the relevant
expertise for the elicitation and included self-assessment questions in
which experts rated their knowledge level for each of the 26 pathogens.
The knowledge level was expressed on a 5-level Likert scale (no
knowledge, basic knowledge, average knowledge, good knowledge, and
excellent knowledge). Experts who indicated a good to excellent
knowledge for a given pathogen were included in the elicitation of that
pathogen. After enrolment, the experts received an information package
with background material about the study (i.e., a detailed summary of
the principles of source attribution, as applied to this study, and the
relevant data) and an agenda for the meeting. A total of 45 experts were
initially enrolled in the study; however, two withdrew due to unforeseen
circumstances, resulting in 43 participating experts (see Section 2.2).

2.1.4. Elicitation method

The method used here was the Classical Model for SEJ, or Cooke's
method (Cooke et al., 1988; Cooke and Goossens, 2008). This is a
mathematical model that aggregates experts' uncertainty assessments
for quantities of interest, referred to as target variables or questions of
interest, in a calibrated manner. The model is calibrated using calibra-
tion questions (see Section 2.1.5), while experts provide their assess-
ments using target questions (see Section 2.1.6).

Experts are asked to quantify their uncertainty regarding quantities
of interest with respect to a best estimate's (50th percentile), lower
uncertain bound (5th percentile) and upper uncertain bound (95th
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Table 3
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Sub-groups used in the present structured expert elicitation for source attribution within the foodborne transmission pathway and within the animal contact trans-

mission pathway.

Subgroups for foodborne transmission

Description

Processed chicken meat

Non-processed chicken meat

Other poultry meat
Processed beef

Non-processed beef

Processed pork

Non-processed pork

Veal calf meat

Sheep meat

Goat meat

Other meats

Eggs

Dairy products

Shellfish

Fish and crustaceans

Fruit

Vegetables

Grains, cereals, pasta, bread and other
bakery products

Food handler and vermin

Other foods

Any chicken meat that has been modified/transformed in order to either improve its taste and/or to extend its shelf life (through salting,
curing, fermentation, heating or smoking), e.g., chicken sausages, chicken nuggets, smoked chicken, cold meats, etc. Processed meat
does not include processes that change fresh meat through simple mechanical processes only, such as cutting, grinding or mixing.
Cooked chicken meat is also considered processed.

Fresh chicken meat, i.e., any chicken meat that has not been modified/transformed in order to either improve its taste and/or to extend
its shelf life as described above (only simple mechanical processes, such as cutting, grinding or mixing are allowed), e.g., whole-chicken
carcass, chicken breast, drumsticks, minced chicken meat, etc.

Includes duck, goose, ostrich and turkey, both processed and unprocessed meat.

Any beef that has been modified/transformed in order to either improve its taste and/or extend its shelf life (through salting, curing,
fermentation, heating or smoking), e.g., beef sausages, corned beef, cold meats, etc. Cooked beef is also considered processed.

Fresh beef, i.e., any beef that has not been modified/transformed in order to either improve its taste and/or to extend its shelf life as
described above (only simple mechanical processes, such as cutting, grinding or mixing are allowed), e.g., sirloin steak, filet mignon,
filet Americain, steak tartare, hamburgers, etc.

Any pork that has been modified/transformed in order to either improve its taste and/or to extend its shelf life (through salting, curing,
fermentation, heating or smoking), e.g., pork sausages, bacon, ham, salami, cold meat, etc. Cooked pork is also considered processed.
Fresh pork, i.e., any beef that has not been modified/transformed in order to either improve its taste and/or to extend its shelf life as
described above (only simple mechanical processes, such as cutting, grinding or mixing are allowed), e.g. pork tenderloin, pork chops,
pork ribs, minced pork, etc.

Includes both processed and non-processed veal calf meat.

Includes both processed and non-processed sheep meat.

Includes both processed and non-processed goat meat.

Includes deer, wild boar, rabbit, hare, exotic animal meat like kangaroo, alligator, etc.

Eggs of all kinds of poultry.

Milk, cheese, butter, cream, etc. both raw and pasteurized products are included.

E.g., mussels, oysters, clams, scallops, etc.

Fish of all kinds, and crustaceans like lobster, shrimp, crabs, etc.

Includes (mixtures of) fresh fruit that are consumed raw or cooked. Includes also fruit juices and fruit smoothies (non-dairy).
Includes (mixtures of) fresh vegetables that are consumed raw or cooked. Includes vegetable juices, vegetable smoothie (non-dairy).
E.g., rice, bread, pasta, noodles, muffins, etc.

A food handler is any person who has direct contact with food in different phases (e.g., food preparation, packaging, storage, sale,
transport, etc.). When a food handler is the source of contamination of the food that is being prepared, it means that the person itself
brought the pathogen into the kitchen. This also applies to vermin (e.g., mice, rats, insects) bringing pathogens into the kitchen and
contaminating the food that is there.

E.g., chocolates, candies, complex and ultra-processed foods, dietary supplements, alcohol and soda beverages, etc.

Subgroups for animal
contact

Description

Pets/companion animals
Livestock and wildlife

Includes small animals (dogs, cats, rabbits, hamsters, etc.), horses, and amphibians and reptiles kept as pets/companion animals in the Netherlands.
Includes domesticated animals raised in in the Netherlands to provide labor and produce diversified products for consumption, such as meat, eggs, milk,

honey, fish, fur, leather, wool, etc. It also includes wild animals.

Pre-elicitation

Elicitation Post-elicitation

(g

B

Problem Invitation
definition and survey
and expert

identification

N,

AN Y

consideration

%q@%%ﬁn

Data Data
collection analyses

percentile). Distribution functions are constructed for all questions,
where the support is obtained from all experts' assessments. The interval
defined by the minimum of the elicited 5th percentiles and the

O)o
o
/)o
)oDo
Do

Workshop
physical & online

Fig. 1. Schematic description of the expert elicitation process.

maximum of the 95th percentiles is then extended by an overshoot,
typically chosen to be 10% of the interval's width. The resulting support
of the distribution is preserved when aggregating experts' distributions.
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Expert's uncertainty assessments for calibration questions are used to
determine weights, referred to as performance-based weights. The
weights are obtained from a calibration and an information score. The
calibration score accounts for the statistical accuracy of the uncertainty
assessments, that is, if the intervals defined by experts' percentiles
capture the realizations (i.e., the answers to the calibration questions) at
the expected frequencies. Statistical accuracy measures the expert's
ability to choose these percentiles such that, statistically speaking, 90%
of the realizations fall within the 90% band and 50% of the realizations
fall below the median. The information score measures the expert's
ability to give narrow uncertainty bands and is obtained by averaging
the information score of each calibration question (Cooke et al., 2021;
Cooke, 1991).

The calibration and information scores yield a combined score,
which is the product of the two scores. The normalized combined scores
yield performance-based weights. Experts' uncertain distributions are
aggregated using the performance-based weights into a Performance-
Weight Decision Maker (PWDM). When the information score of each
distinct question is considered, the resulting decision maker is called
Item-Weight Decision Maker (IWDM). The resulting distribution is
subject to the same validation approach as individual assessments and
calibration and information scores are calculated for the resulted
PWDMs and IWDMs. The scores reflect how statistically accurate and
informative the assessments resulting from aggregated distributions are.
With this respect, it is investigated whether excluding experts' assess-
ments results in DMs with improved performance in quantifying un-
certainty (combined score). Experts' assessments are excluded
successively and the performance of the resulted DMs compared. The
DMs with the highest combined scored yields an optimized decision
maker. Within the Classical Model, an optimized PWDM (PWDM _opt)
and an optimized IWDM (IWDM opt) are considered along with their
non-optimized versions. Finally, experts' distributions are also aggre-
gated using equal weights, which gives an Equal Weight Decision Maker
(EWDM). The performance of all decision makers is compared and the
decision maker with the highest performance is chosen. Further meth-
odological and theoretical details of the Classical Model are reported
elsewhere (Cooke et al., 2021; Cooke, 1991; Hanea, 2021).

2.1.5. Calibration questions

The calibration questions are relevant to the topic under study and
enable the calibration of the mathematical model used to aggregate
experts' uncertain assessments. Calibration is obtained by evaluating
experts' assessments using calibration and information scores. There-
fore, the calibration questions must have answers known to the study
team (post-hoc), but unknown to the experts during the elicitation
(Cooke and Goossens, 2008).

Fifteen calibration questions were developed based on unpublished
data at the moment of the elicitation from five widely consulted annual
reports on foodborne pathogens, infectious diseases and antimicrobial
resistance (in humans, animals and food) in the Netherlands (Appendix
A). The calibration questions were thus true predictions and the most
desirable type of calibration questions (Hanea, 2021). The questions
required numeric answers and handled different pathogens and a wide
range of topics, covering the main knowledge domains of the SEJ study.
All experts provided assessments for the same fifteen calibration
questions.

2.1.6. Target questions

The target questions aimed to estimate the proportions of cases
attributed to the transmission pathways and food groups therein, by
asking the experts to provide, according to their subjective belief, a
lower, medium and upper uncertainty bound corresponding statistically
to the 5th, 50th (median) and 95th percentiles. Eliciting percentile es-
timates from experts not only enables them to explicitly express their
uncertainty, but also helps reduce respondent fatigue, thereby facili-
tating the assessment of a larger number of pathogens per expert
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(Havelaar et al., 2008). Experts provided attribution estimates for the
seven major transmission pathways, 20 food groups within the food-
borne pathway, and two animal groups within the animal contact
pathway, for each pathogen separately (Appendix B).

These estimates were expressed in percentage for a “typical post-
COVID19 year” in the Netherlands. Indeed, during the COVID19
pandemic, several diseases, including foodborne infections, dropped
significantly as a consequence of the measures implemented (e.g.,
distancing, closure of dine-in restaurants, ban on gatherings, travel re-
strictions, etc.), as well as improved hygiene and altered diagnostic
procedures and healthcare-seeking behaviours (Van Deursen et al.,
2022; Lazarakou et al., 2024; Nielsen et al., 2022; Pijnacker et al., 2024).
Although the COVID19 pandemic has passed and most diseases have
resumed their typical epidemiological patterns, it has induced long-
lasting changes in society (e.g., less frequent long-distance traveling,
increased hand hygiene, widespread work/study-from-home, online
gathering, etc.) (Faber et al., 2023), which could influence, to varying
extent, the epidemiology of the pathogens included. Therefore, experts
were asked to consider these changes in their assessments.

As mentioned in 2.1.1, some pathogen pathway or combinations
were blocked a priori because they are considered biologically implau-
sible (Table C.1, Appendix C). For modelling purposes, very small values
were pre-filled for those blocked pathways (108, 107® and 10™%). Ex-
perts were given the opportunity to update these assessments if they
disagreed with the blocked pathways. A rationale text box was available
for the experts to explain their motivation for particular assessments.

2.2. Elicitation

All 45 enrolled experts were invited to a hybrid-format workshop
held at the Dutch National Institute for Public Health and the Environ-
ment (RIVM) on 19 September 2023; a total of 28 experts attended, of
which 14 physically and 14 online. During the workshop, experts were
presented with detailed information about the study and the SEJ
method, and they had the opportunity to ask clarifying questions. The
workshop was recorded. While experts were requested to complete the
calibration questions during the workshop, they could complete the
target questions within two weeks after the workshop. Moreover, for the
calibration questions, the experts could not consult any resource,
whereas for the target questions they were encouraged to do so. A
background document with various relevant resources was also pre-
pared by the study team. The background document included the pre-
vious elicitation study (Havelaar et al., 2008), reports on recent
foodborne outbreaks, surveillance data on foodborne pathogens, figures
on zoonoses in humans and animals, antimicrobial resistance, disease
burden of food-related pathogens, and other relevant literature for the
Netherlands. Resources for specific pathogens were also listed.

For the 17 experts who could not attend the workshop, 10 separate
online meetings (with 1 to 3 experts at a time) were organized. During
these meetings, the experts were guided through the presentations of the
workshop, which were shared beforehand along with the workshop
recording, so that they could ask for clarifications during the meeting.
Experts were then asked to complete the calibration questions. Also
these experts provided their assessments within two weeks from the
online meeting. The online meetings took place from 22 September 2023
to 10 October 2023. Two experts did not complete the elicitation after
the workshop (one physically and one online). From all other 43 experts,
we received the informed consent and both calibration and target
questions.

There were too few expert assessments for three pathogens (Staph-
ylococcus aureus, Clostridium perfringens, and astrovirus). For these
pathogens, therefore, an active recruitment took place, for which the
initial survey was investigated and the average reported knowledge of
experts was compared to their publications and research projects, in
order to evaluate if experts' knowledge was desired for the elicitation of
the considered pathogens. In most cases, this was applicable, and these
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experts were then asked to provide assessments for these additional
pathogens too. The number of experts who provided assessments for
each pathogen is presented in Table C.2 (Appendix C).

2.3. Post-elicitation

2.3.1. Data analysis

With a Macro, the Excel files used to collect the assessments were
converted into dtt files, the format required by the Delft University of
Technology's software EXCALIBUR. EXCALIBUR is a graphical user
interface software that is often used to analyse expert judgment data
within the Classical Model. The dtt files of individual experts were
merged per pathogen, and EXCALIBUR was employed separately for
each pathogen. The various DMs were evaluated with respect to their
combined scores and the best performing one was selected for the ag-
gregation of experts' distributions.

The resulting aggregated distributions, for major transmission
pathways and food/animal groups, were further subjected to a
normalization procedure, which was adapted from Hald et al. (2016).
The procedure ensures that the resulting mean estimates for major
pathways sum to 100%, as required by the mutual exclusive assumption.
Similarly, the sum of the resulting mean estimates of food groups sum to
100%, and the same holds for the mean estimates of animal groups.

3. Results
3.1. Experts per pathogen

Of the 43 experts answering both calibration and target questions,
two experts assessed one pathogen, while all other experts assessed more
than one pathogen. The assessed pathogens per expert ranged from 1 to
18, with an average of 6 pathogens. Of the 26 pathogens included,
Campylobacter spp. was the most assessed one (n = 22 experts). Vibrio
spp. and Yersinia spp. were assessed by the lowest number of experts (4
experts each). For all 26 pathogens, there was sufficient data to provide
interpretable results (Table C.2). The calibration questions yielded
informative and sufficiently statistical accurate assessments. That is, the
aggregation of expert’ uncertainty distributions using performance-
based weights led to aggregated models that were both highly infor-
mative and statistically accurate. Additionally, the information scores
were checked for differences in way of eliciting (physical or online
during the workshop or individually/with others on another date).
There were no effects found.

3.2. Transmission pathways

3.2.1. Bacteria

Most pathogens included in this study were bacteria (17/26). Of
these bacterial pathogens, seven were predominantly attributed (>50%)
to the foodborne transmission pathway. These pathogens were Staphy-
lococcus aureus (77.37%), Listeria monocytogenes (76.51%), Yersinia spp.
(74.74%), Bacillus cereus (73.27%), Clostridium perfringens (70.36%),
other non-typhoidal Salmonella serotypes (65.4%), and Campylobacter
spp. (53.43%). Furthermore, there were five bacterial pathogens that
had an estimated attribution to the foodborne pathway of <50%,
although the foodborne pathway still had the highest estimated attri-
bution among all major transmission pathways. These pathogens were
STEC 0157 (48.91%), STEC non-0157 (48.82%), Salmonella Enteritidis
(44.07%), Salmonella Typhimurium (43.77%), and Vibrio spp. (30.98%).
For Vibrio spp., there were two other major pathways with >20% esti-
mated attribution, namely environmental water (25.59%) and interna-
tional travel (23.61%). Brucella spp. and typhoidal Salmonella had an
estimated attribution above 50% for the international travel pathway
(97.77% and 86.12%, respectively). There were three other bacterial
pathogens for which international travel was the main pathway. These
were Legionella spp. (33.25%), which had environmental water
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(26.81%) and drinking water (22.64%) as the other two major path-
ways, other pathogenic E. coli (30.49%), for which the foodborne
pathway was 28.27%, and Leptospira spp. (48.06%), which had 42.51%
of cases attributed to environmental water (Fig. 2 and Table C.2).

3.2.2. Viruses

Of the six viruses included in the study, Hepatitis E virus (HEV) had
the highest attribution to foodborne transmission (66.37%). For astro-
virus, rotavirus, norovirus, and sapovirus, the primary transmission
pathway was person-to-person (>72%). Hepatitis A virus (HAV) did not
have a single pathway attributed over 50%, but two pathways were
equally important: person-to-person (34.2%) and international travel
(33.92%) (Fig. 2 and Table C.2).

3.2.3. Parasites

Toxoplasma gondii was mostly attributed to foodborne transmission
(66.06%). Neither Giardia spp. nor Cryptosporidium spp. had a single
pathway with an estimated attribution greater than 50%. Giardia spp.
had the highest estimated attribution to person-to-person transmission
(29.8%), followed by international travel (25.64%). For Cryptosporidium
spp., the highest proportion of cases was attributed to international
travel (23.61%), but other pathways also had notable attributions: an-
imal contact (16.94%), foodborne (16.83%), person-to-person
(15.49%), and environmental water (14.76%) (Fig. 2 and Table C.2).

3.2.4. Travel-related cases

International travel was included as one of the major transmission
pathways for all pathogens. This category encompasses all infections
acquired abroad, without distinguishing the specific origin or route of
transmission. While international travel is included in the overall esti-
mates, the attributions could differ if the exact pathways were known.
For example, many travel-related Salmonella infections are also food-
borne. If these cases were included under foodborne transmission, the
estimated contribution of this route to Salmonella infections would
exceed 70%. An overview of attribution estimates for domestically-
acquired cases (i.e., excluding international travel) across the main
transmission routes is provided in Table C.3.

On average, the highest uncertainty was observed for foodborne
transmission and international travel as pathways. This pattern was
consistent across bacteria, viruses and parasites alike. Nevertheless,
variation was observed within individual pathogens, with Toxoplasma
gondii, HEV, and Bacillus cereus showing the highest levels of uncertainty
in attribution to foodborne transmission.

3.3. Food groups

3.3.1. Bacteria

Among the 17 bacteria included in the study, Legionella spp. was the
only one for which the foodborne transmission pathway was blocked a
priori. Among the remaining 16 bacteria, Brucella spp. was the only
pathogen with estimated attributions to only four different food groups:
dairy products (64.59%), goat meat (17.81%), sheep meat (14.86%),
and other foods (2.7%).

In addition to dairy products for Brucella spp., there were two other
food groups with an estimated attribution of >50%: eggs for Salmonella
Enteritidis (70.85%) and food handler and vermin for typhoidal Sal-
monella (58.66%). The food handler and vermin category also had the
highest attribution for Leptospira spp. (29.7%) and Staphylococcus aureus
(20.75%). For Leptospira spp., fruit (20.41%) and vegetables (19.64%)
had an attribution exceeding 10%. Additionally, food handler and
vermin were the highest attributed source for other pathogenic E. coli
(15.92%), but there were also three other important sources for this
pathogen: non-processed beef (12.16%), non-processed pork (12%), and
veal calf meat (11.7%).

A pathogen with the highest attributions across various meat cate-
gories was Salmonella Typhimurium, for which non-processed pork had
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Fig. 2. The percentage-based source attribution, with a stacked bar plot illustrating the percentages per major transmission pathways and a dot plot summarizing

including their 95% confidence intervals.

an estimated attribution of 44.9%, followed by processed pork
(23.05%). Non-processed pork was also the second-highest attribution
for Yersinia spp. (16.65%), with the highest attribution being 38.11% for
processed pork.

Non-processed beef was the highest attributed source for both STEC
non-0157 (24.79%) and STEC 0157 (24.29%). Non-processed chicken
meat was the highest attributed source for Campylobacter spp. (30.63%),
but there were two other important food sources (>10%): non-processed
beef (16.2%) and other poultry meat (15.28%). For other non-typhoidal
Salmonella serovars, non-processed chicken meat also had the highest
estimated attribution (14.02%). In contrast, processed chicken meat was
the highest attributed source for Clostridium perfringens (11.25%), with
processed beef following closely (10.56%), and all other estimates being
<10%.

Fish and crustaceans were considered the most important source of
exposure for Vibrio spp. (33.65%), followed by shellfish (28.73%). The
fish and crustacean's category was also the most attributed source for

Listeria monocytogenes (13.01%). Bacillus cereus had the highest attri-
butions for grains, cereals, pasta, bread, and other bakery products
(27.65%). More detailed results are in Fig. 3, and Tables C.4.1 and C.4.2.

3.3.2. Viruses

Among the viral pathogens, rotavirus, astrovirus, sapovirus and
norovirus had the highest attributions to food handler and vermin
within the foodborne transmission pathway, with 74.74%, 69.45%,
68.13% and 53.5%, respectively. Another category with attribution es-
timates >10% was shellfish, with attributions of 18.92%, 11.57%,
11.26% and 10.29% for HAV, sapovirus, astrovirus, and norovirus,
respectively. For HAV, shellfish ranked third, after fruit (38.68%) and
food handler and vermin (21.04%). HEV was predominantly attributed
to processed pork (47.43%) and non-processed pork (24.92%). More
detailed results are in Fig. 3, and Table C.4.3.
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3.3.3. Parasites

Both Toxoplasma gondii and Cryptosporidium spp. had the same two
food groups within the foodborne transmission pathway with estimated
attributions >10%: non-processed beef (22.59% and 16.01%) and non-
processed pork (13.26% and 10.85%). For Giardia spp., three categories
had attributions >10%: food handler and vermin (16.5%), vegetables
(14.16%), and fruit (10.48%). See more details in Fig. 3 and Table C.4.4.

3.4. Animal contact

3.4.1. Bacteria

In total, 16 pathogens were included in the animal contact pathway,
with Legionella spp. being blocked a priori. Nine bacteria were mainly
attributed to the livestock and wildlife category: Listeria monocytogenes
(80.4%), STEC 0157 (77.3%), Yersinia spp. (74.05%), Bacillus cereus
(71.2%), STEC non-0O157 (70.6%), Leptospira spp. (65.12%), other
pathogenic E. coli (64%), Staphylococcus aureus (54.8%), and other non-
typhoidal Salmonella (50%). The other 7 bacteria were mainly attributed
to pets/companion animals: Campylobacter spp. (94.5%), Salmonella
Typhimurium (94%), Salmonella Enteritidis (94.2%), Brucella spp.
(70.2%), Clostridium perfringens (63.1%), Vibrio spp. (51.9%), and
typhoidal Salmonella (50.9%) (Table C.5).

3.4.2. Viruses

For all viruses except HEV, the animal contact transmission pathway
was blocked a priori. Although the pathways were blocked, the experts
could still estimate the attribution if they thought this exposure route
was a possibility. These attributions were small, ranging from 0.01% to
0.88%, and were not further specified within the animal contact
pathway. For HEV, the main attribution was estimated to be within the
livestock and wildlife category, with an attribution of 90.3% (Table C.5).

3.4.3. Parasites

Cryptosporidium spp. and Giardia spp. were mainly attributed to the
livestock and wildlife category, with attributions of 85.16% and
56.81%, respectively. In contrast, Toxoplasma gondii had its main attri-
bution to pets/companion animals (63.96%) (Table C.5).

Uncertainty varied substantially across food groups (Fig. 3). For
parasites, the highest average uncertainty was observed for non-
processed beef, followed by food handler and vermin. For viruses, esti-
mates for shellfish and vegetables showed, on average, the highest un-
certainty. Bacterial pathogens exhibited broadly similar levels of
uncertainty across food groups. Nevertheless, variability was observed
within each food group, with the highest levels of uncertainty associated
with food handler and vermin, as well as dairy.

4. Discussion

We conducted a SEJ study in the Netherlands to estimate the pro-
portions of human cases attributed to seven major transmission path-
ways for 26 pathogens. Additionally, we assessed the contribution of 20
specific food groups within the foodborne pathway and two subgroups
within the animal contact pathway. This study builds upon and further
elaborates the work of Havelaar et al. (2008). A comparison of the main
transmission pathways for the pathogens included in both studies shows
that in both studies infection with Campylobacter spp., Listeria mono-
cytogenes, certain non-typhoidal Salmonella serotypes, Bacillus cereus,
Staphylococcus aureus, Clostridium perfringens, HEV and Toxoplasma
gondii is predominantly attributed to foodborne transmission, while
norovirus and rotavirus were mainly (>50%) attributed to person-to-
person transmission.

Campylobacter spp. was identified by previous studies as being
mainly a foodborne pathogen (Mughini Gras et al., 2012; Mulder et al.,
2024). However, source attribution studies of human campylobacter-
iosis based on meta-analytical modelling approaches have shown less
distinct differences between transmission pathways like food
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consumption, environmental exposure, and animal contact, with food-
and waterborne routes together accounting for only about half of all
cases (Mughini-Gras et al., 2022). Similar to these studies, the present
study also identified traveling as an important transmission route for
campylobacteriosis. While travel is not a source of infection per se, it
encompasses a range of potential risk exposures, such as food, the
environment, etc., which may all contribute to infection. Since these
exposures occur outside national borders, the associated transmission
pathways are more difficult to manage. While we could not identify
specific risk factors involved in transmission during travel, risk factors
for travel-related campylobacteriosis among Dutch travellers traveling
outside Western Europe, consuming chicken meat and eating vegetable
salads, among others, are known (Mughini-Gras et al., 2014b). Envi-
ronmental exposures, such as swimming in surface water, as well as
contact with animals, have been associated with increased campylo-
bacteriosis risk (Mughini Gras et al.,, 2012, 2021a). A Dutch source
attribution study based on whole-genome sequencing (WGS) data
attributed 11% of human campylobacteriosis cases to surface water
(Mughini-Gras et al., 2021a). This is of the same order of magnitude as
the attributions in our study, where environmental water was estimated
to account for approximately 14% of cases. In contrast, Mulder et al.
(2024) concluded that residing in livestock-dense areas in the
Netherlands is not a consistently significant, spatially confined risk
factor for acquiring campylobacteriosis, thereby reinforcing the view
that human infections are predominantly foodborne (Mulder et al.,
2024). While surface water plays a key role in the spread of Campylo-
bacter (Mughini-Gras et al., 2016; Mulder et al., 2020), it is not a true
reservoir itself, but rather serves as a proxy for various animal reservoirs
(Dingle et al., 2001; Karenlampi et al., 2007; Mughini Gras et al., 2012;
Mullner et al., 2009a; Mullner et al., 2009b; Strachan et al., 2009).

WGS-based attribution analysis estimated that 48.2% of campylo-
bacteriosis cases originate from meat-producing poultry (Mughini-Gras
etal., 2021a). Similarly, our food group estimates show that all chicken/
poultry meat-related exposures combined accounted for 47.6% of cases.
In the ranking of food groups in the present study, non-processed beef
ranked next, contributing 16.2%, which is similar to the 12.1% contri-
bution of adult cattle reported in the WGS-based study (Mughini-Gras
et al., 2021a). That same study reported an attribution of 18% of cam-
pylobacteriosis cases to non-food producing animals, such as pet dogs
and cats. Our results indicate 11% of cases being attributable to animals,
with pets as the main animal group. While the role of pets/companion
animals in Campylobacter epidemiology remains largely unknown, pre-
vious studies have identified owning dogs, particularly puppies, as a risk
factor for human campylobacteriosis (Mughini Gras et al., 2012, 2013,
2021a).

Listeria monocytogenes is known to survive and grow in different
environments, such as the food production environment, even at
refrigeration temperatures (Gandhi and Chikindas, 2007). Attribution
estimates based on meta-analytical approaches show that cases of L.
monocytogenes in the Netherlands are mainly attributable to food
(78.8%), followed by travel (7.3%) and the environment (5.2%)
(Mughini-Gras et al., 2022). These estimates are similar to the ones of
the present study where L. monocytogenes was mainly attributed to
foodborne transmission (76.5%) and travel (5.3%). Within the food-
borne transmission pathway, 13% of listeriosis cases were attributed
here to fish and crustaceans. This is a similar estimate as in a recent
WGS-based source attribution study of human listeriosis in the
Netherlands, where 16.9% of cases were attributed to seafood (Mughini-
Gras et al., 2025). However, the importance of cattle (62.3%), including
fresh beef (43.7%), and chicken (19.4%), including fresh chicken meat
(39.3%), in the aforementioned WGS-based study, was not reflected in
the present study (non-processed beef 4.7% and non-processed chicken
4.3%, respectively). These discrepancies may arise from differences in
methodology, data sources, or food categorization, with the WGS-based
study directly linking human isolates to specific products and thus
potentially attributing more cases to cattle and poultry. Nonetheless, no
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single factor fully explains the differences, which remain unresolved.

Despite STEC 0157 and STEC non-O157 cases being both almost
50% attributable to foodborne transmission, there were multiple
transmission pathways with attributions of around 10%. These were
international travel, animal contact, and person-to-person transmission.
This aligns well with the conclusions of Friesema et al. (2024) where a
limited genetic clustering of human and domestic livestock isolates of
STEC 0157, among other serogroups, was found. That study also hy-
pothesized international travel and person-to-person transmission as
potential contributing factors of STEC transmission in the Netherlands.
A meta-analysis of risk factors of STEC also found similar results, with
travel, person-to-person transmission, contact with farm animals, envi-
ronmental transmission and certain food exposures being risk factors for
sporadic STEC infection (Augustin et al., 2021). In the present study,
within the animal contact pathway, livestock and wildlife showed the
highest estimated attributions across all E. coli groups. Among the food-
related risk factors identified by Augustin et al. (2021), beef consump-
tion was associated with an increased risk of sporadic STEC infection.
Furthermore, a STEC source attribution study in the Netherlands based
on serotyping data found serotype 0157 to be primarily linked to cattle,
followed by small ruminants. Similarly, STEC non-O157 was also mainly
attributed to cattle, with small ruminants playing a more prominent role
as compared to 0157 (Mughini-Gras et al., 2018b). These studies are
consistent with the results of the present study. Here, non-processed beef
was estimated to account for 24.3% and 24.8% of STEC 0157 and STEC
non-0157, respectively. Moreover, the ranking of attributed sources of
STEC infections, i.e., cattle, sheep and goats, pigs, and poultry (Mughini-
Gras et al., 2018b) is similar to the ranking of the food items within the
current study.

For Salmonella Enteritidis, Salmonella Typhimurium, and other non-
typhoidal Salmonella, the most important transmission pathway was
foodborne. Our study results were similar to those from outbreak data
analyses of human salmonellosis in Europe (Chanamé Pinedo et al.,
2022), with eggs being the food group with the highest attribution for
Salmonella Enteriditis, and non-processed pork for Salmonella Typhi-
murium. Previous source attribution studies based on genotyping data
support these findings, and also identified cattle as an important source
of Salmonella Typhimurium, right after pigs (Mughini-Gras et al.,
2014a).

For typhoidal Salmonella, the predominant transmission pathway
was international travel. A systematic review on global trends in
typhoidal salmonellosis support this finding, indicating that most
typhoid and paratyphoid cases in high-income countries are indeed
travel-related, mainly to sub-Saharan Africa, South and East Asia (Als
et al., 2018).

In our study, the main transmission routes of Leptospira were simi-
larly attributed to international travel (48.1%) and environmental water
(42.5%). This aligns with the findings from a recent study on leptospi-
rosis in the Netherlands, with 43.8% of cases being travel-related and
most cases acquiring the infections through surface water contact (Obels
et al., 2025),

For both HAV and HEV, notable differences were observed between
this study and that of Havelaar et al. (2008). In the case of HAV, attri-
bution to international travel decreased significantly (60% to 34%),
while person-to-person and foodborne transmission increased (from
18% to 34.2% and 11% to 18.4%, respectively). These changes are
consistent with indications that the transmission pathways of HAV have
shifted over the past two decades. A systematic review reported an in-
crease in domestic cases of HAV and a decline in travel-related cases
across Europe (Andani et al., 2023), which aligns with both the 2008
and current SEJ findings. The apparent rise in person-to-person trans-
mission may be linked to a shift in the affected population, from children
to adults, with recent outbreaks affecting particularly men who have sex
with men (MSM). Foodborne outbreaks of HAV also continue to occur
regularly in Europe (Andani et al., 2023). These are often associated
with contamination during production, particularly in fruit, vegetables,
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and shellfish (Friesema et al., 2022). These food groups are also reflected
as most important in this study.

In this study, foodborne transmission was the predominant pathway
for HEV, accounting for 66.4% of cases, followed by travel-related
transmission at 11%. In contrast, Havelaar et al. (2008) identified
travel (43%) and environmental exposure (25%) as the main sources. In
the 15 years between the study by Havelaar et al. (2008) and the present
study, research on the epidemiology of HEV has increased significantly.
It is now well established that HEV has a broad host reservoir, being
found in domestic farm animals, pets such as dogs and cats, as well as a
variety of wild animals (Kenney, 2019). Various transmission pathways,
such as foodborne and waterborne routes, and sources like the con-
sumption of raw or undercooked meat are increasingly considered po-
tential contributors to HEV infection (Haase et al., 2025). A Dutch study
from 2015 found that many HEV patients had not travelled outside of
Europe in the preceding three months and were not immunosuppressed
(Koot et al., 2015). Furthermore, a study among blood donors in the
Netherlands found that several pork products, particularly dry sausages,
and contaminated water were associated with past HEV infections
(Mooij et al., 2018). Similar results were observed in a case-control
study on risk factors for acute HEV in the Netherlands, where dry raw
pork sausages were identified as the major source of infection (Tulen
et al., 2019). This suggests that, in the Netherlands and other Western
countries, the number of HEV acquired cases without travel may pre-
viously have been underestimated (Havelaar et al., 2008; Koot et al.,
2015).

For Toxoplasma gondii, the findings were consistent with those of the
previous SEJ study, identifying foodborne transmission as the dominant
pathway, followed by environmental exposure (Havelaar et al., 2008). A
difference lies in the inclusion of the person-to-person transmission
pathway. Here, this pathway was excluded, whereas the previous SEJ
study included the pathway but specifically for fecal-oral transmission,
which had an estimated attribution of 1%. None of the experts in the
present study provided estimates for person-to-person transmission.
Nevertheless, some experts noted that excluding person-to-person
transmission might not be entirely accurate, as organ transplants
could represent a potential route of infection. Although congenital
toxoplasmosis is considered a form of person-to-person transmission,
our focus was on identifying the sources of infection in the mother, who
subsequently transmitted the infection to the child, rather than on the
transmission route to the child itself (Van Den Berg et al., 2023).

For Cryptosporidium, there were differences in the species included in
both studies. The study of Havelaar et al. (2008) included Cryptospo-
ridium parvum, while the current study includes Cryptosporidium spp. The
current results showed multiple transmission routes with higher attri-
bution estimates (>10%) in all but one category, similar to the previous
SEJ study. For Cryptosporidium spp., international travel was identified
as the main pathway (23.6%), with animal contact (17%) and foodborne
transmission (16.8%) following closely. The slight differences in the
estimated attributions between the current study and Havelaar et al.
(2008) could be caused by the inclusion of other species. A study
examining both human and cattle isolates in the Netherlands found
C. hominis and C. parvum in human isolates (Nic Lochlainn et al., 2019).
Here, the dominant genotype of C. parvum in the Netherlands was found
in both humans and farm animals, while the most dominant C. hominis
genotype was solely found in human. Hence, inclusion of more Crypto-
sporidium species likely led to a higher attribution to person-to-person
transmission (Wielinga et al., 2008).

Similar SEJ studies on source attribution of food- and waterborne
pathogens have been conducted in several countries, as well as by the
WHO across different world regions. However, each of these studies
used varying definitions for transmission pathways and included
different sets of pathogens. In addition, the methodologies differed
slightly between studies, and most relied on data collected in 2020 or
earlier (Beshearse et al., 2021; Hald et al., 2016; Butler et al., 2015). This
limits the possibilities of comparison between studies. In the United
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States of America (USA), a SEJ study was conducted in 2021. This study
included eight of the same bacteria (Brucella, Campylobacter, STEC
0157, STEC non-0O157, Legionella, Salmonella Enteritidis, Salmonella
Typhimurium, and Staphylococcus aureus), all three parasites, and five
viruses (astrovirus, norovirus, rotavirus, sapovirus, and HAV). When
comparing the results of the USA study to those of the current study, it
became apparent that international travel, only considered in the cur-
rent study, influenced the attributions. A notable example is Brucella:
while the USA study identified foodborne transmission (45%) and ani-
mal contact (36%) as the main pathways, the current study attributed
97.8% of Brucella cases to international travel. Livestock in the
Netherlands is proven Brucella-free, and the reported human brucellosis
cases are rare and linked to international travel. This aligns with broader
trends observed in Europe, where the incidence of human brucellosis is
generally low, with higher rates reported around the south and east
Mediterranean region (Liu et al., 2024). A recently identified potential
source of brucellosis in the Netherlands is imported dogs. In November
2016, a dog in the Netherlands tested positive for Brucella canis, which
had never been isolated previously in the Netherlands. Of the 16 dogs
suspected to be infected, 10 were positive. All dogs infected with Bru-
cella canis were rescue dogs from Eastern Europe (Van Dijk et al., 2021).
In 2022, the first human case of Brucella canis infection in the
Netherlands was reported. This human case had followed after exposure
to an infected rescue dog (Kolwijck et al., 2022). Accordingly, experts in
the present study attributed most human brucellosis cases (70.2%) to
pets/companion animals within the animal contact transmission
pathway. In the USA, the number of reported human brucellosis cases
range from 79 to 165 annually, with about 6000 cases reported between
2000 and 2019. Most cases were attributed to foodborne transmission or
animal contact. Notably, foodborne cases are often linked to the con-
sumption of unpasteurized dairy products, including those consumed
while traveling outside the USA (Pinn-Woodcock et al., 2023). This is in
line with the findings of the present study where 64.6% of foodborne
brucellosis cases were also attributed to (unpasteurized) dairy products.

For Legionella, the USA study identified water as the primary trans-
mission pathway, accounting for 97% of cases (Beshearse et al., 2021),
whereas we found international travel to be the main pathway, followed
by environmental water. For the other bacteria, the estimated trans-
mission pathways were largely similar between the studies, though the
inclusion of international travel in the current study influenced the at-
tributions in some cases. All three parasites included here could be
compared to the USA findings (Beshearse et al., 2021). For Giardia and
Cryptosporidium, the USA study highlighted waterborne transmission as
the dominant pathway. However, international travel played a much
more prominent role in the current study. Toxoplasma gondii was
attributed here primarily to foodborne transmission (66%), differing
from the 28% attribution reported in the USA study, where animal
contact (58%) was the most common pathway (Beshearse et al., 2021).
For astrovirus, norovirus, rotavirus, and sapovirus, both studies indi-
cated person-to-person transmission as the primary route.

In addition to point estimates, the associated uncertainties are highly
relevant. Uncertainty varied substantially across pathogens and, within
pathogens, across transmission pathways and food groups, reflecting
their epidemiological complexity and the related challenges of source
attribution. Similar patterns were observed at the individual assessment
level, with experts expressing greater uncertainty for certain pathways
or food groups. Some experts consistently reported higher uncertainty
across pathogens.

The high overall uncertainty reflects diversity in expert opinions, a
common outcome of SEJ studies. While increasing the number of expert
assessments can reduce uncertainty, this has not consistently been
observed, as also seen in this study. Moreover, diversity in opinions may
occur even when overall uncertainty is low, and general agreement
combined with high individual uncertainty can still result in high overall
uncertainty. Indeed, there are multiple sources of uncertainty.

In this study, high uncertainty arose from several sources, including
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general disagreement among experts (e.g., food and animal contact for
Campylobacter), general agreement combined with high individual un-
certainty (e.g., environmental water), agreement on the best estimate
(median) with one or a few experts expressing higher uncertainty (e.g.,
animal contact for Listeria), or general agreement with a few discrepant
assessments by a small number of experts (e.g., dairy for Brucella).

Some limitations may have influenced the outcomes of this study.
Although a relatively large number of experts participated, the number
of experts per pathogen varied considerably, ranging from 4 to 22. Ex-
perts who were asked to assess a high number of pathogens may have
experienced expert fatigue, potentially affecting the accuracy or con-
sistency of their responses. Additionally, the impact of the COVID-19
pandemic may not have fully stabilized at the time of data collection.
The last national restrictions in the Netherlands were lifted in March
2022, and the WHO formally declared the end of the global health
emergency in May 2023. An additional limitation concerns the wide
uncertainty intervals (UIs) observed for some estimates. A wide UI that
includes the central estimate indicates a high degree of uncertainty and
suggests a substantial variability in expert opinion. This variability can
be due to the limited empirical data and complexity of the existing
foodborne pathogen data. The experts need to rely on assumptions that
are influenced by their background and experience. Their interpretation
of existing evidence can introduce subjective bias which reduces the
reliability of the aggregated estimates. It can also skew the results away
from the objective reality. While wide UIs have to be interpreted with
cautions, the same accounts for narrow Uls. These may suggest a higher
confidence among experts, but they might reflect overconfidence and
can mask the true extent of uncertainty. Therefore, it is essential to
critically evaluate the width of the intervals and the robustness of the
evidence. Such evaluation is equally important for estimates where the
Ul does not include the estimate, as this may indicate a lack of consensus
between the experts.

In conclusion, this study presents the results of a SEJ on the source
attribution of 26 foodborne pathogens across several transmission
pathways, as well as various food groups and animal contact groups. It
offers a more comprehensive analysis of potential sources for a wide set
of pathogens than previous studies conducted. These findings can
complement data-driven approaches to strengthen the evidence base
needed for food safety interventions in public health. Moreover, they
provide valuable insights for developing policies aimed at preventing
infections via the most relevant transmission pathways by guiding future
research as well as disease surveillance and control strategies.
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