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Introduction 
There is nearly universal agreement that food safety priority setting decisions should be informed by 

scientific information and analysis, beginning with a data-driven approach to ranking the public 

health impact of specific foodborne hazards. Work is underway to establish protocols for how such 

food safety risk ranking should be done. Much of the focus is on development of an integrated 

framework for pathogen risk ranking to support priority setting decisions that combines 

epidemiological information on disease incidence, data on the attribution of these illnesses to foods, 

knowledge about the symptoms, medical treatments, and health outcomes of disease, and the 

economic and quality-of-life impacts of these health outcomes. A variety of methods and data 

sources have been developed by researchers in Europe, the United States, and elsewhere, towards 

such an integrated framework. To discuss the similarities and differences in these approaches, 

towards finding common agreement on principles and improving international collaboration, the 

E.U.’s MED-VET-NET* and the U.S.-based Food Safety Research Consortium (FSRC)† organized 

an international conference convened in Berlin, Germany, on 19-21 July, 2006. This report draws in 

part on the deliberations of the conference and discusses general principles, data needs, 

methodological issues and challenges, and future research needs pertinent to an integrated 

framework for priority setting for foodborne and zoonotic pathogens. 

Human illness due to foodborne and zoonotic pathogens remains a persistent problem because of 

its tremendous complexity and dynamic nature. Complexities include a large number of unique 

microorganisms that cause a wide range of human health outcomes, a vast array of foods and 

animals that serve as vehicles for human exposure, and a wide range of causative and contributing 

factors that affect contamination, growth, persistence, and inactivation throughout the farm to fork 

food continuum. 

It is in the context that decisions must be made on how to allocate resources and how to target 

interventions towards reducing the risk and public health impacts of foodborne disease. Quite 

 
* MED-VET-NET is a European network of excellence, working for the prevention and control of zoonoses and food 

borne diseases. For more details see the website: www.medvetnet.org/cms/.   
† The Food Safety Research Consortium is a multi-disciplinary collaboration of several institutes from the United States 

with the aim to improve public health. For more details see the website: www.rff.org/fsrc/.  
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simply, the opportunities to intervene are profuse, while the resources available are finite. The 

decision-making process necessarily weighs many factors, including social values, public and peer 

perceptions, politics, market forces, and others, but should be informed by objective, data-driven 

analysis that identifies which hazards cause the greatest impact on public health and which 

opportunities to intervene are most effective, and cost-effective, for reducing risk.  

There is a need, therefore, to develop integrated approaches to risk-based food safety prioritization 

across a range of pathogens, foods, and public health impacts. It is important to distinguish between 

two contexts for food safety priority setting: the broad perspective or system-wide resource 

allocation that calls for the prioritization across a large number of pathogens and foods, and the 

targeted risk management perspective that calls for the prioritization of opportunities to reduce risks 

due to specific pathogens in specific foods. Put simply, this is the difference between identifying the 

worst problems and identifying the best solutions. For this paper, we are concerned with the former, 

which may be typified by exercises that rank the risks associated with different hazards. The latter 

requires different kinds of analysis that focus on assessing specific risk factors from the farm to the 

fork that may be addressed through interventions.  

Notable attempts at priority setting of infectious disease have been performed in recent years. 

Canada 1 2 and the UK 3 4 have ranked communicable disease priorities based on expert consultation 

and scoring. The World Health Organization (WHO) has ranked illnesses using mortality, morbidity, 

DALYs (Disability Adjusted Life Years) and by human risk factors 5.  

There have been several efforts to prioritize foodborne pathogens. Petersen et al. 6 ranked infectious 

agents transmissible to humans through consumption of undercooked beef based on numerical 

scores on potential hazard and exposure. Ross and Sumner 7 8 developed and used a simple 

spreadsheet-based tool for semi-quantitative risk assessment to rank 10 seafood hazard/product 

combinations. U.S. federal agencies ranked 23 ready-to-eat foods for risk of foodborne Listeria 

monocytogenes based on results of quantitative microbiological risk assessments (QMRA). Ontario, 

Canada, has developed a method of systematically ranking food safety risks for resource allocation 

using a semi-quantitative approach based on expert scoring 9. The Food Safety Research Consortium 

(FSRC) has developed a quantitative risk ranking model that estimates health outcomes due to 28 

pathogens and 13 food categories and ranks these food-pathogen combinations using five measures 

of annual public health impact, including number of illnesses, hospitalizations, and deaths as well as 
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in Quality Adjusted Life Years (QALYs) and economic valuation of illnesses 10. In the Netherlands, 

the National Institute for Public Health and Environment (RIVM) has performed analysis to 

prioritize community-acquired pathogenic micro-organisms. Nine pathogens have been included in 

this framework thus far, with more to follow 11 12. Ranking criteria used are incidence numbers, 

Disability Adjusted Live Years (DALY) and cost-of-illness, for either all cases affected, or for a 

specified section in the gastroenteritis pyramid separately. Under development is the attribution of 

incidence and health valuation estimates to food categories. 

Key Principles 
Although there are different methodological approaches to risk-based priority setting of foodborne 

and zoonotic pathogens, there are some key principles upon which analyses should be based. 

Priority setting tools and approaches should be:  

objective and based on quantitative estimates of public health impact – although semi-quantitative 

approaches that utilize expert scoring can be informative, it is preferable to utilize data-driven 

analytical approaches that minimize subjective values;  

practical: the analysis needs to be applicable to real-life situations and take into account the needs of 

the decision-maker, limitations of data, and the costs of analysis;  

grounded in a systems-understanding and based on the best science – within the bounds of 

practicality, the analysis should incorporate knowledge of how foodborne illness is caused and 

prevented, and incorporate the most recent data available;  

transparent and flexible – within the bounds of practicality, the analysis should be transparent about 

assumptions, data sources, uncertainties, and limitations, and allow for the examination of these 

aspects of the analysis;  

used to inform public policy but not to impede decision-making – public health and regulatory 

decisions must often occur despite incomplete information and uncertainties, and the desire for 

better analysis should not paralyze decision-making regarding immediate problems;  

and iterative – the analysis should be repeated to re-evaluate priorities as new data and knowledge 

become available, particularly to reflect changes over time. 
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In addition to these principles, there are some concepts specific to comparisons between hazards, 

namely in risk ranking exercises, that should be followed. 

First, risk categories should follow the guidelines put forth in Morgan et al. 13, which stipulates that 

risk categories for risk ranking should be: (1) logically consistent – exhaustive, mutually exclusive, 

and homogenous, (2) administratively compatible – compatible with organizational structures and 

legal mandates, numbered high enough for targeted response, and compatible with existing data, (3) 

equitable – balanced across interests of stakeholders, and (4) compatible with cognitive constraints 

and biases – aware of framing biases, simple enough to work with people’s mental models, 

numbered low enough that the task is tractable, and free of the “lamp-post” effect caused by being 

overly selective at the start. These guidelines have a few implications for ranking zoonotic and 

foodborne pathogens, namely that the analysis should include a large number of pathogens and a 

broad array of pathways of exposure.  For foodborne illnesses, when other potential sources of 

exposure such as water and direct contact with animals are excluded, it may be most natural to rank 

using pathogen-food pairs. Ranking pathogen-food pairs is useful because regulations and 

interventions are nearly always specific to a food and pathogen: i.e., control measures for Salmonella 

in chicken or preventing E. coli O157:H7 contamination of leafy greens. These guidelines also 

suggest that the food categories used should be comparable across pathogens – that is that it is 

inappropriate to compare the public health impacts of Salmonella in all poultry to the impacts of 

Campylobacter in broiler chickens only. 

Second, to the extent possible, risk rankings should be methodologically consistent to ensure 

comparability between hazards. Otherwise, the ranking becomes more a function of the differences 

between assumptions and methods. For example, it would be problematic to compare risk 

assessment estimates of illness for one pathogen-food pair to estimates of illness for another 

pathogen-food pair based on extrapolations from outbreak data. Care must even be taken with 

estimates done at different times, as assumptions may vary between one analysis and another, and as 

the relative importance of sources is likely to vary over time as well. 

Third, rankings should use integrated measures of disease burden that combine information on 

acute and chronic symptoms, different severities, and outcomes for pathogen-specific illnesses. 

Integrated measures are critical for ranking public health because they allow disparate diseases to be 

compared on the same comprehensive basis. Ranking pathogen-food pairs by estimated annual 
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fatalities, for example, ignores the impacts of chronic sequelae and acute morbidity. The three major 

approaches to integrated measures of burden are the use of HALYs (Health Adjusted Life Years), 

the monetary valuation of health outcomes as measured mostly through willingness-to-pay (WTP) 

approaches, and the economic cost-of-illness (COI). All three approaches are discussed in some 

length in later sections. 

Incidence and Sequelae of Foodborne Infections 
Pathogens transmitted via food cause gastrointestinal or non-gastrointestinal infection, resulting in 

significant morbidity and mortality worldwide 14-17. These pathogens may be ‘known’ bacteria, 

viruses, parasites or other micro-organisms, or may be ‘unknown’ or unidentified. These infections 

continue to have a major impact on the public health and economy of industrialized countries. 

While the majority of foodborne illnesses present with symptoms of gastroenteritis (GE), there are 

numerous foodborne pathogens that present with primarily non-enteric symptoms such as e.g. 

hepatitis, neurological syndromes, allergic, kidney damage, paralytic illness or death.  

When assessing the public health impact of foodborne infections several issues have to be 

addressed: 

(a) how to estimate the incidence of disease (gastrointestinal and non-gastrointestinal 

infection; both may need different approaches and procedures for diagnosis) 

(b) how to identify and quantify the different outcomes,  

(c) how to quantify them in relation to the causative agent,  

(d) how to link ‘foodborne exposure’ to disease in case of long-term between infection and 

morbidity 

(e) how to estimate the proportion attributable to foodborne transmission 

(f) what is the impact of specific situations such as the usage of antimicrobials and the 

emergence of resistant bacteria, 

(g) what is the impact of the changing population and the increase of more susceptible 

groups such as the elderly and immunocompromised on these estimates. 

Reported and estimated incidence 

The most widely used public health indicator to quantify the impact of foodborne illness on a 

population is the estimation of the incidence of diseases associated with specific pathogens. Such 
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incidence estimates may result from studies that first target syndromes, such as e.g. gastroenteritis, 

followed by etiological studies on the agents involved, or may result from studies that first target a 

specific pathogen, followed by studies on associated syndromes.  

Most often used as a basis for such estimates is the reported laboratory-confirmed incidence of 

specific pathogens or syndromes, which may be captured in a number of different surveillance 

systems, including outbreak surveillance, passive surveillance of notifiable diseases, and active 

surveillance and monitoring of laboratories. Outbreak surveillance may be based on national 

reporting from local or regional public health agencies or individual physicians, and often includes 

laboratory confirmation of etiology. Laboratory-based surveillance collects on a continuous basis, 

capturing information obtained for the treatment of individual patients. Many of these surveillance 

systems capture both enteric and non-enteric diseases due to specific pathogens.  

Surveillance systems are often sustained on a permanent basis, which allows data to be analyzed for 

trends. Most of these types of surveillance system are passive-surveillance approaches based either 

on physician reporting of sporadic cases of notifiable diseases and the reporting of (foodborne) 

outbreaks. Passive surveillance systems rely on patients visiting physicians and those physicians 

identifying the pathogen through stool or blood tests. A Dutch study has shown that the test 

requests do not always comply with existing knowledge of the etiology of gastroenteritis 18. Further, 

in a passive surveillance system the tests used across public health laboratories may not be necessary 

standardized, as might be also the case for the reporting of laboratory-confirmed cases to the 

surveillance system. These problems might be largely overcome in a more advanced surveillance 

system such as e.g. the US FoodNet (Foodborne Diseases Active Surveillance Network), in which 

each sample is always tested for a clearly defined range of pathogens, using standardized tests and 

standardized reporting methods, and in which reporting is actively monitored. Active surveillance 

activities such as FoodNet may increase quality by limiting the set of pathogens or covering only a 

subset of geographic area.  

For many syndromes associated with foodborne disease, such as e.g. gastroenteritis (GE), only a 

small proportion seeks medical care. Consequently the incidence of laboratory-confirmed cases 

associated with specific enteric and non-enteric pathogenic illness, whether collected in an active or 

passive surveillance system, represents only the tip of the iceberg of actual illness in the population 19 
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20. There are numerous approaches to estimating the degree of under-ascertainment, or under-

reporting, of diseases in the population by such surveillance systems.  

One approach to estimate GE incidence in the population – and thus to get at the under-

ascertainment of surveillance systems – are telephone surveys of physicians and of the general 

population that might allow to estimate the proportion of cases unrecognized at each layer in the 

surveillance pyramid, and correct for this. Such surveys are generally based on self-reported 

syndromes that occurred in the past. It is also possible to perform serological testing on such self-

reported cases to identify etiology, but precise knowledge of antibody decay profiles for enteric 

pathogens is poor and so this type of follow-up is rare. Studies with self-reported syndromes, 

however, are generally overestimated and do normally not include etiological information. Incidence 

estimates for specific pathogens, therefore, are only possible by combining different source 

information. But these types of surveys are far less time-consuming and far less expensive than e.g. 

prospective conducted population cohort studies. However, potential biases, and difficulties to 

determine the robustness of the pathogen-specific multipliers are the price to pay. 

One application of surveys to account for under-reporting is presented by Mead et al. 15, which 

estimated the total number of cases, using information from active and passive surveillance systems, 

and adjusted for underreporting using multipliers from the literature. Many of the multipliers were 

based on FoodNet surveys of the population that asked how often they would visit physicians under 

differing severities of diarrhea, and similar surveys of physicians that asked how often when 

presented with patients with diarrhea they requested stool samples and how often they tested for 

specific pathogens. Specificity and sensitivity information on microbial tests were also used in these 

multipliers. 

Detailed analysis of large outbreaks might be another source to determine pathogen-specific under-

reporting. It may be possible to estimate the relationship between the levels of a pathogen-specific 

GE reporting pyramid by examining how the cases entered the outbreak surveillance system (e.g. 

whether by hospitals, physicians, or directly from consumer complaints). Such information, in 

combination with data from laboratory-confirmed surveillance systems, might allow for an 

extrapolation of the number of cases in the general population. Outbreak situations might not be 

comparable to sporadic cases in the population, however. Differences in susceptibilities of 

subpopulations, in size of doses, or in other key areas can lead to differences in clinical symptoms, 
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and therefore in likelihood of seeking medical care. Intensive press coverage during an outbreak may 

also lead to increased health care seeking behavior 21. 

In addition to surveillance systems based on laboratory-confirmation of etiology, alternative 

approaches to estimating incidence may first start with estimating incidence of a syndrome, such as 

e.g. gastroenteritis, and subsequently follow up with studying etiology. One of these approaches is 

the telephone survey approach mentioned previously, but there are other examples. A prospective 

conducted community-cohort study combined with a GP-cohort study was used in the UK 20 22 and 

in the Netherlands 19 23 to estimate gastroenteritis incidence at the different layers of the surveillance 

pyramid. Conducting prospective studies, targeting at specific syndromes such as e.g. GE, followed 

by etiological studies and with a registration of outcomes and medical services used, are probably 

one of the most viable information source available, for incidence numbers, etiologies, multipliers 

and outcomes. Depending on the information collected such studies might also offer information 

on the resources used, both medical and non-medical for either all gastroenteritis cases 24 25 or for 

some specific pathogen estimates 24 26. However, such studies are very time-consuming and 

expensive, given that a large cohort has to be included in order to obtain a sufficient number of 

cases 27.  

For pathogens such as e.g. Toxoplasma gondii, serological markers might be used to estimate incidence 

numbers. Using either incidentally collected population samples (e.g. 28), or routinely collected 

serology such as for example for Toxoplamsa gondii the pre-nuptial tests in France and Luxembourg 

(J. Mossong (Luxembourg), pers. communication, June 2006), the pre-natal tests from pregnant 

women 29 or newborns 30, country-specific antibody decay profiles might be estimated. Having a 

detailed knowledge of antibody decay profiles (e.g.31), the so-obtained prevalence estimates of 

infection might be transformed into incidence estimates‡.  

Syndromes and outcomes  

While the number of illnesses is a useful measure of the public health impact of enteric and non-

enteric diseases, it does not capture the important information regarding the syndromes and 

outcomes of these illnesses. Not all illnesses are the same, not even for those primarily presenting 

with gastroenteritis. Illnesses due to different pathogens vary in terms of clinical symptoms and 
 

‡ This issue is the subject of the MED-VET-NET workpackage 32. For more details see:  

www.medvetnet.org/cms/templates/doc.php?id=63&searchstring=workpackage%2032 . 
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medical treatment. As severity of illness also varies by pathogen, so too do rates of hospitalization 

and mortality. Even for pathogens presenting with very similar initial symptoms, subsequent 

outcomes may differ markedly. 

In addition to acute gastroenteritis, infection with enteric pathogens can result in sequelae that may 

develop as complications of acute symptoms or that can present themselves following recovery. The 

most well known sequelae are hemolytic uremic syndrome, Guillan-Barré Syndrome, reactive 

arthritis, post-infectious Irritable Bowel Syndrome, sepsis and others. The main challenge to 

associating these syndromes with foodborne infection is that these sequelae occur infrequently; 

disease onset is often only after a few weeks of recovery from acute gastroenteritis, so a link to 

specific pathogens cannot be accurately identified; and furthermore these sequelae can be caused by 

several microbiological agents, both enteric and other pathogens. The different sources of 

information described hereafter are suitable for both, enteric and non-enteric pathogens, but also for 

the analysis of sequelae. However, a longer follow-up period than usually applied, and eventually 

larger sample sizes might be required, depending on the illness and the expected risk to develop the 

syndrome under study. 

For information of the upper layer, regular hospital discharge diagnosis, mortality registration and 

other similar sources might provide useful for incidence estimates, outcomes and resources used, at 

least for certain syndromes. For gastroenteritis, however, those sources are often too general, as the 

ICD codes (ICD = International Classification of Diseases) of interest, include not only 

gastroenteritis. Furthermore, the microbiological agent causing GE is seldom registered 27. The 

records are further influenced by the purpose of reporting, i.e. the amount of money received 

depending on the code used. Prospective hospital studies, followed by etiological studies, would 

provide accurate information about hospitalization, potential complications, including premature 

death, and the resources used. But as already mentioned earlier, any type of prospective study 

conducted, independent of the population studied, is generally very time-consuming and expensive, 

and therefore rather an exception.  

A novel epidemiological method to estimate illness outcomes was applied in Denmark for 

Salmonella, Campylobacter, Yersinia enterocolitica, Escherichia coli and Shigella 32 33. Based on a personal 

identification number attributed to each citizen residing in Denmark and used in public health 

registries, it was possible for the authors to link different registries. Registry-based, matched cohort 
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studies were run, where for every laboratory-confirmed patient, a reference group of ten persons 

was selected. In addition, data on all hospital admissions and discharge diagnoses within the time 

span of up to ten years prior to entry in the study to one year after, were used to control for pre-

existing illness (comorbidity) and to determine the excess mortality associated with infections 32, as 

well as to determine the risk of hospitalization associated with severe gastroenteritis, complications 

or long-term sequelae 33. These registry-based cohort-studies target first a specific pathogen, 

followed by studies on associated syndromes, whereas in most of the other data sources discussed so 

far, incidence estimates first target syndromes, such as e.g. gastroenteritis, followed by etiological 

studies on the agents involved. The only exception is serological marker surveillance data. 

Case-control studies may also be used to estimate outcomes of disease for specific pathogens. Case-

control studies are performed for several purposes, such as determining risk factors or attributing 

illnesses to foods, and are usually conducted for laboratory-confirmed cases, but can be applied to 

most of the approaches discussed above. Case-control studies are conducted either as a prospective 

or a retrospective study, mostly relying on self-reporting. Self-reported symptoms should ideally be 

confirmed by medical examinations. For example, Hannu et al. 34 conducted a prospective 

conducted case-control study to determine the risk of developing reactive arthritis (ReA) after a 

laboratory-confirmed Campylobacter infection. About 38% of the contacted patients reported 

recent joint or other muscular-skeletal symptoms, however, after medical examinations and tests, the 

authors estimated that only 7% had developed ReA and 1% reactive tendonitis, enthesopathy or 

bursitis. The same authors found a comparable occurrence of reactive arthritis following Shigella 

infection (7%) in another population based study 35. These authors reported both, incidence 

numbers and the use of medical services, similar to Locht et al. 36, however, the latter was a 

retrospective study without medical examinations. Studies of selected sequelae have been run by 

FoodNet between 1998 – 2000. Persons with a laboratory confirmed infection caused by a bacterial 

pathogen, i.e. Campylobacter, Salmonella, Shigella, Yersinia, E.coli O157, Vibrio or 

Cryptosporidium were asked about any health problems before their enteric infection and any health 

problems developed since their infection. Several sequelae were reported, but infrequently 37.  

Complicating factors 

Quantifying the public health impact of foodborne illness is complicated, perhaps increasingly so, by 

a number of additional factors that may need to be considered, such as sensitive or susceptible 
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populations, distinct pathogen subtypes, antimicrobial resistance, demographic and behavioral 

changes, and changes in the food system.  

There are pathogens that result only in mild or subclinical infections in the general population, but 

can cause severe symptoms and premature death in specific subpopulations, such as the 

immunocompromised or pregnant women. For example, Cryptosporidium has been known to 

develop severe illness in HIV patients, resulting in premature death, a very unlikely outcome for 

otherwise healthy individuals. In such situations, extrapolations from a surveillance system or from 

other studies towards the whole population may require corrections for such affected 

subpopulations. In addition, pathogens may affect certain age groups, such as children or the elderly. 

Although integrated measures of disease burden allow for illnesses in different groups to be 

compared, the decision-maker or society may be particularly sensitive to certain groups, such as 

pregnant women, infants, or young children. 

Furthermore, pathogen subtypes can differ in terms of virulence or severity levels in the population, 

but detailed information is not often known and may not be adequately captured in surveillance 

systems, making it difficult to extrapolate from such data to the full population. Similarly, changes in 

the antimicrobial resistance of pathogens may affect the severity of clinical symptoms as well as the 

effectiveness of medical treatment, and also may not be adequately captured in disease surveillance 

systems. Depending on the scope of differences in strains, whether in virulence or in anti-microbial 

resistance, separate or specialized data collections may be necessary to fully characterize the impacts 

of certain pathogens on the population.  

These factors are further complicated by a food system that is dynamic. Changes in food production 

processes and technologies, global supply chains that are constantly shifting, population 

demographic trends, and shifting consumption patterns mean that the supply and demand for food 

are never static, and foodborne risks may change from year to year.  

Attributing Illnesses to Foods 
To make informed prioritization decisions about foodborne illnesses, it is important to identify and 

quantify the vectors of disease, which means identifying the pathogens that cause illnesses and the 

vehicles of exposure to these pathogens (e.g. foods, water, pets, etc). For broad prioritization 

decisions, this means determining the proportion of total illnesses that can be attributable to food, 
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identifying which specific foods are responsible for which illnesses (“food attribution”), and 

quantifying the relative contribution of these foods to the total disease burden associated with 

foodborne pathogens. 

The attribution of illnesses to foods is a growing area of research that incorporates an increasing 

number of analytic approaches and data sources. A detailed discussion of food attribution issues, 

including the advantages, applications, and limitations of many of these approaches, may be found in 

Batz et al. 38. It is important to note that the utility of different approaches varies by the question 

driving the attribution. For example, a cost-benefit analysis of a specific intervention in a specific 

food requires good estimates of the number of illnesses “saved” due to the intervention, but broad 

priority setting calls for understanding the relative importance of numerous exposure routes.  

Methodological Issues 

One critical issue is the importance of the “point of attribution” – that is, the location in the 

production to consumption continuum that is addressed by a specific approach. Attribution focused 

at the point of production identifies the animal reservoirs or sources of on-farm microbiological 

contamination prior or during harvest, whereas attribution at the point of consumption or exposure 

identifies dishes as they are eaten, after preparation and cooking. Different types of data and 

different analyses may point to different points of attribution, and even the same type of data may 

point to multiple points of attribution.  For example, one outbreak may be traced back to the farm 

while another may be traced to cross-contamination in the kitchen from another food product. 

Aggregated outbreak data (across geography and over time) that simply identifies food vehicles may 

include both of these kinds of attribution points, so care must be taken in the analysis and in the 

reporting of results. 

The food system is dynamic, which means that attribution estimates are snapshots in time that 

quickly become out of date. It may not be clear how to interpret apparent trends moving forward or 

how to aggregate data over time. Changes in the durable immunity of the population or of the 

antimicrobial resistance of pathogens affect attribution, as do changes in consumption patterns and 

changes in contamination due to regulatory change or implementation of interventions.  

The issue of “food categorization”, while seemingly straightforward, is important, and often a 

difficult issue to resolve. Due to the complexity of the food system, there are many ways in which 
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foods can be grouped into bins, with important implications for interpretation of results. 

Categorization also impacts the ability to compare the results of different methods. Without 

standardized categories, there is a reduced potential to validate or “ground-truth” results, or to 

combine data in a meaningful way. It may be difficult to compare the differences between countries 

or over time if the categories don’t line up.  

Data on contamination may come at any point in the farm to fork spectrum, and the grouping of 

foods may depend on where in this spectrum attribution is being made. Foods as eaten are complex 

dishes made up of numerous ingredients, so categories used to analyze data on foods as eaten 

should reflect this, whereas on-farm or reservoir attribution targets specific species of plant or 

animal. Even so, there are multiple ways to categorize foods. For example, one might organize 

products into fruits and vegetables to reflect common sense groupings, or into row crops and tree 

crops to reflect differences in production (and likely risk factors) that apply to fruits and vegetables 

alike. Similarly, there may be fuzzy boundaries between foods: for example, should bean sprouts be 

binned with legumes and beans to reflect their species, or with salad greens to reflect how they are 

most often consumed? Additional categorization factors may be location of production (domestic, 

imported), production type (organic, conventional), level of processing (raw, fresh-cut, canned, etc), 

location of preparation (home, restaurant, etc), or degree of preparation (raw, cooked, reheated).  

Difficulties arise when there may be categorical schemes that have overlapping purposes. For 

example, one scheme may group all pork products together and then differentiate between cuts and 

processed deli meats, while another scheme may first separate out cuts and deli meats and then 

differentiate between animal species. While these two schemes might be able to be broken down 

into the same ultimate categories (e.g. cuts/pork and deli/pork), the aggregated numbers cannot be 

compared. Given these kinds of complexities, it may be difficult to develop a standardized scheme, 

but a nested or tiered approach might resolve most of the major issues and allow for more 

generalized studies. 

Attribution Approaches 

There are a number of approaches that have been used for the attribution of illnesses to pathogen-

food pairs, including analysis of outbreak data, retrospective case-control studies, natural 

experiments, microbial fingerprinting, risk and exposure assessments, and expert elicitation.  
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Microbial fingerprinting approaches to attribution are based on the premise that animal species carry 

unique host-specific populations of microorganisms, which can be identified through microbial 

subtyping and used to link isolates drawn from infected persons to specific animals. The term 

“microbial fingerprinting” is most often used in relation to genetic subtyping approaches such as 

pulsed field gel electrophoresis (PFGE) and phenotyping approaches such as the use of serotypes, 

but the concept can be pursued using a number of other methods, including the use of antimicrobial 

resistance patterns, chemical markers, biomarkers, bacteriophages, and viral markers 39. Using 

different analytical methods, Denmark and the Netherlands have been employing fingerprinting to 

successfully attribute salmonellosis cases to animal species for some time, and the U.S. has recently 

begun investigating this approach 40-42. Subtyping approaches have shown promise for some other 

pathogens, such as E. coli O157:H7 and Yersinia enterocolotica biotype 4 serotype O:3, but have not 

been as yet successful for other pathogens, such as Campylobacter. The fingerprinting approach is 

data intensive, as it requires advanced laboratory analytics be performed on isolates from infected 

humans as well as on a substantial number of representative isolates drawn from multiple 

reservoirs/sources. While microbial fingerprinting identifies the animal reservoir ultimately 

“responsible” for illness, some illnesses may not be caused by consumption of that species but due 

to cross-contamination during processing or preparation or to environmental exposure. This is 

particularly important for attribution of disease to produce. For example, the subtype of E. coli 

O157:H7 identified in the 2006 U.S. spinach outbreak matched subtypes taken from nearby cattle 

and feral pigs, but whether or not diseases should be attributed to spinach or animal species depends 

on the context. People got sick from eating spinach, to be sure, but the policy response to these 

illnesses may ultimately extend beyond the borders of spinach production.  

Epidemiological approaches to attribution rely on public health surveillance and work “backwards” 

from incidence of disease to determine the food vehicles. Compilations of the results of outbreak 

investigations are useful because they provide a direct measure of attribution, and the data may be 

analyzed to suggest, for example, what percentage of illnesses due to a specific pathogen were due to 

a specific food vehicle. There are numerous examples of outbreak attribution (e.g. 10 43-45). The key 

advantage of analyzing outbreaks is that common data are available for many pathogens by year at 

the national level, and therefore comparable data exists for a wide swath of illnesses. The major 

disadvantages of using outbreaks are misclassification bias because outbreaks are uncharacteristic of 

sporadic cases, investigation bias due to variation in investigations by geography, time, and outbreak 
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characteristics such as size, duration, setting, causative organism, and others, and detection bias due 

to the fact that there are systematic reasons why certain vehicles may be identified over others 46. It 

is important to recognize that outbreaks provide point of consumption information that often 

includes illness due to improper handling and preparation practices, including cross-contamination, 

and care must be taken not to make inferences about foods further back in the production chain. 

The other major epidemiological approach used is case-control studies, in which patient-cases for 

specific pathogens and asymptomatic controls are interviewed about recent food consumption and 

other behaviors, and the data statistically analyzed to determine the population attributable fraction 

(PAR) due to each identified exposure route 47. Case-control studies have been performed in 

numerous countries, including the U.S., Denmark, and the Netherlands 48-52. Two advantages of 

case-control studies are that they are usually based on sporadic cases and controls are matched 

demographically to cases, so they are more representative of overall causes of illness than outbreak 

data, though unlike outbreak data, food vehicles are not laboratory-confirmed. As case-patients are 

usually selected from laboratory surveillance (and not surveillance of the general population), they 

are biased by severity and medical treatment. Interview-based data are affected by recall bias and by 

selection bias of what risk factors are in the questionnaire. Due to long exposure windows and 

durable immunity, it is difficult to identify PAR for common (non-emerging) illnesses and those 

associated with commonly consumed foods. Commonly consumed foods also require large study 

sizes. Despite these factors that might affect the accuracy of individual PAR, case-control studies 

can identify the rank-order of risk factors. 

Natural experiments are “silver lining” events in which changes in consumption patterns due to 

food shortages, mass recalls, regulatory changes, or other causes, can be quantifiably associated with 

changes in illness surveillance (e.g. 53)54 55. Although useful, such occurrences are rare and provide 

limited snapshot information about a single exposure route. 

While epidemiologic approaches work “backwards” from illness to attribute to foods, risk 

assessments based on predictive microbiology work “forwards” from pathogen contamination of 

foods to estimate illnesses due to that pathogen-food pair. Risk or exposure assessments are 

generally performed for a specific pathogen and exposure pathway such as consumption of a 

particular food product, so in order to compare the relative importance of numerous foods or 

pathways, a suite of assessments must be performed. Quantitative microbial risk assessments rely on 
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many different kinds of data including survey data on contamination of foods and water, models of 

pathogen growth, persistence, and inactivation in relevant conditions, data on these conditions and 

risk factors between contamination and human exposure, food consumption data, and dose-

response models, among others. Large uncertainties in the exposure assessment modeling can make 

comparisons between pathways difficult, and uncertainties in dose-response functions hinder the 

ability to compare across pathogens, but there are also significant - though less often explicitly 

quantified - uncertainties in other attribution approaches. Due to their high resource requirements, 

risk assessments hold more promise for targeted prioritization questions than for priority setting 

across a large number of pathogens and foods. In the U.S., risk assessments for Listeria monocytogenes 

in 23 ready-to-eat foods were used to understand relative risks between these foods 56, while in the 

Netherlands, exposure assessments were performed to compare 20 food and water consumption 

pathways and 11 environmental contact pathways for Campylobacter spp. 57.  

When scientific data are lacking, uncertain, or conflicting, as is often the case with food attribution, 

expert judgment gathered through structured elicitation protocols may be used to fill data gaps or 

combine information in a coherent and meaningful way. Expert judgment derived through formal 

protocols are increasingly used and recommended for risk assessment and cost-benefit analysis 58 59. 

Elicitations might ask experts to provide relative attribution percentages across a set of foods, as was 

done in the FSRC study 10 60, or to provide weights for combining multiple estimates, or simply to 

provide the rank-order of a set of exposure pathways. Expert judgment is not “data driven” in the 

traditional sense, though elicitations should attempt to maximize the extent to which experts can 

reflect on available data. Likewise, as with any survey or interview approach to data collection, there 

are many biases that can affect results, from subtleties of wording to choice of experts to systematic 

biases in existing data or knowledge, so effort must be made in the elicitation protocol to minimize 

these biases. Lastly, critical to success of expert approaches is that they are transparent. 

In comparing data from attribution studies, and in developing new approaches, it is important to 

evaluate the characteristics of these efforts. Namely, Batz et al. 38 suggests to consider “scientific 

accuracy and uncertainty, quality and breadth of data, computational consistency, practical feasibility, 

cost of implementation, flexibility and scalability, utility for targeting interventions, and congruency 

with other relevant data sources,” and to “balance such factors as scientific accuracy and practical 

feasibility to produce attribution data that will be both useful and affordable.” 
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There may be yet new methods to attribution that have not yet been explored. It is likely that the 

approaches that are likely to yield the best attribution numbers are those that explicitly link data 

from surveillance of human illnesses with data on pathogenic contamination of foods. It is also 

likely that to improve the results of attribution approaches, we need to improve the data upon which 

they are based. This might entail increases in the microbial testing of foods, animals, and non-food 

exposure routes and greater inclusion of attribution purposes in large active surveillance efforts. 

Regardless, differences in data are likely to persist. Therefore, through expert or analytical 

approaches, we must improve the ability to combine information, particularly data from 

epidemiological investigations with predictions from risk assessments. 

Integrated Measures of Disease Burden 
Combining the impact of the number of cases with the cases’ severities, and eventually with the 

associated economic impact, is in economic literature frequently referred to as the burden of disease 
5, 61-64. Estimates of the incidence of disease are useful but limited measures of the impact of 

foodborne illness because they are incomplete and because they cannot be easily compared to one 

another or to other public health concerns. Simple incidence numbers do not capture the full 

impacts of illnesses – i.e. the number of illnesses, hospitalizations, and deaths do not capture 

important aspects of symptom severities, treatments, or chronic sequelae.  Moreover, without 

integrated measures, different diseases cannot be compared to one another, or to other public health 

concerns. For example, if a decision maker wished to compare the impacts of foodborne infections 

to the impacts of other infectious diseases, such as hepatitis B, or other public health problems, such 

as car accidents, using the number of cases would be inadequate. For such comparisons, it is 

preferable to use an integrated measure of disease burden that combines the incidence estimates 

with information on severities, outcomes, treatments, and chronic sequelae. Furthermore, with full 

economic accounting, in which monetary values are applied to all direct and indirect effects and 

costs, including intangible costs such as suffering and premature death, it is possible to compare 

health projects to projects in other sectors 63 65, such as for example the building of a bridge. 

A burden of disease analysis is generally composed of two steps 66. The first step is a thorough 

evaluation of the epidemiologic data describing the illness, whereas the second step consists of an 

analysis of the health effects in terms of their impact on the ill and society. There are three 

prominent approaches to valuing impacts of disease: Health-Adjusted Life Years (HALYs), Cost-of-
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Illness (COI) and Willingness-To-Pay (WTP). There are examples of all three methods published in 

the food-safety literature and related areas (e.g. 67-72). There are significant differences between the 

three main methods and their underlying assumptions, and further distinctions within each method.  

Health indices to value human health 

Health-adjusted Life Years (HALYs) are non-monetary health indices that are often used in cost-

effectiveness studies. In the HALY approach, an individual’s health is evaluated on a severity scale 

(usually from 0 to 1) and this health score is multiplied by the duration of that health state. HALYs 

are generally additive, which means that one can add up HALYs for an individual over time, and one 

can add up HALYs across individuals. Thus, for a particular pathogen over a full year, one can add 

up the HALYs lost through premature mortality, through mild, moderate, and severe health states, 

and through chronic sequelae of illness.  

Referring to a specific HALY, known as a Quality Adjusted Life Year, or QALY, Krupnick et al. 64 

describes the situation thus:  

‘A basic assumption is that the QALY values are additive, so that a treatment eliminating 

extreme pain for one year for two individuals (2 x 0.5) is equivalent to a treatment that adds one 

healthy year of life. Life years are treated equally for all individuals, implying that a single healthy 

year is weighted the same regardless of age or income.’ 

HALYs are used in economic cost-effectiveness analyses (also sometimes referred in the literature as 

cost-utility analysis or weighted cost-effectiveness analysis). Quality-adjusted life years (QALYs) and 

disability-adjusted life years (DALYs) are probably the two most prominent examples of HALYs 

found in the literature. 

In the QALY approach, the quality adjustment is based on a set of values or weights called utilities, 

one for each possible health state, that reflect the relative desirability of the health state. In the 

QALY approach is death weighted with 0 and perfect or excellent health is equal to 1. Every health 

state in between is given a quality weight ranking between zero and one 62 64. The quality-adjusted life 

expectancy in the population is measured without and with the condition. The attributed quality 

weight is comprised of different attributes or dimensions components describing the health state. 

Different instruments exist to attribute a specific quality weight to a certain health state, resulting in 
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slightly different quality weights, if used simultaneously (for examples see Gold et al. 73 and 

Drummond et al. 62).  

The DALY approach was first developed by the World Health Organization’s Global Burden of 

Disease (GBD) program to compare the impact of specific diseases in different countries 74. The 

DALY method presumes perfect health for the entire life span, and therefore measures the loss due 

to ill health. Death, - that is the worst possible health state -, is then also assigned a disability weight 

of 1 and 0 represents the best health state. The burden of disease in a population is measured by 

taking the prevalence or the incidence multiplied by the corresponding DALY loss. In the original 

GBD project age-weighting was applied to reflect the fact that individuals have different roles and 

changing levels of dependency and productivity with age 74 75. Age-weighting, however is highly 

debated 76. Studies that do not apply age-weighting argument, that their disease burden estimate 

reflects solely the intangible costs of suffering, bad health and premature death. Disability weights 

are generally estimated in panel elicitation. There exist several preference measurement methods, 

giving different results if used simultaneously, but they are highly correlated.  

Although, DALYs and QALYs, as two examples of HALYs, were developed for distinct purposes 

(for an overview see for example Gold et al.73), both methods are suitable as a measure of disease 

burden for analysis in food safety, having both strengths and weaknesses. Furthermore, HALYs are 

a suitable tool allowing the comparison of food safety projects with other health projects.  

Attributing monetary values to human health 

A significant disadvantage of the HALY approach is that a comparison with non-health projects is 

not possible. Further, one cannot compare the economic costs of an intervention to the potential 

benefits. To do so, non-monetary effects such as e.g. health effects require the assigning of a 

monetary value. But what is the monetary value of an improvement in life quality or length of life? 

According to the literature there are two general approaches to the monetary valuation of health 

outcomes. These are: (1) the human capital approach, which measures a person’s renewed or 

increased production in the market-place; and (2) the willingness-to-pay (WTP) approach, which 

measures what individuals would be willing to pay to obtain health improvements, or less 

commonly, what individuals would be willing to accept (WTA) for a health decline 62 64. The WTP 

and WTA approaches are not only suitable to value mortality but are also used to value other non-

monetary goods. 
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With the human capital approach, the benefit of a health programme is measured by how it helps 

the patient return to, or increase, their productive output. The human capital approach is generally 

restricted to the impacts on labour productivity 62. One issue however, is what “shadow-price” to 

consider for non-market resources such as for example a homemaker? Opportunity costs of time or 

a replacement cost approach are the two methods usually used to value this time 62. However, this 

production-based method for valuing health is not a real measure of individual or social welfare, 

since it makes no attempt to include intangible, but real, losses in well-being.  

In contrast, the WTP approach is based on the trade-offs that individuals must make between health 

and other goods, and are therefore consistent with the theoretical foundation of welfare economics 
62. The most well-known WTP measure is the VSL or value-of-statistical-life, a practical estimation 

that is not intended to place a monetary value on life itself, but which refers to what an average 

individual in a population is willing to pay to avoid the risk of premature death. WTP can be 

measured by evaluating the trade-offs people actually make (revealed preferences) or by presenting 

people with hypothetical choices (stated preferences) 62 64. In revealed preference studies, the 

relationship, between particular health risks associated with a hazardous job and wage rates that 

individuals require to accept the job, is evaluated. This approach is theoretical based on ‘individual 

preferences regarding the value of increased (decreased) health risk, such as injury at work, as a 

trade-off against increased (decreased) income, which represents all other goods and services the 

person might consume’ 62. In the stated preferences of WTP respondents are hypothetical scenarios 

measuring a) preferences for reductions in the risk of death; and b) measuring preferences for 

reductions in morbidity 64. Various research methods have been developed to elicit from individuals 

their monetary valuation of health benefit, whereby hypothetical questions may be asked in a closed 

or open-ended manner. Stated preference and revealed preference approaches each have their 

advantages and limitations. Stated preference studies can be designed for a specific question, but rely 

on a hypothetical construct that may not reflect the choices people make in the real world, once 

acting as “consumers”. Likewise, revealed preference studies depend on real-world situations and 

data that are often hard to come by and difficult to collect, which may not reflect the specific value 

sought, and which may include confounding factors that make it difficult to draw the revealed 

preference from the data. WTP is a successful research area and is developing rapidly. However, 

willingness to pay is a function of ability to pay and therefore results may be a reflection of wealth as 

much as a valuation of benefit. The values reported in the literature vary quite widely between 
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countries, and even within countries. For example, Viscusi and Aldy 77 summarize the results from 

30 labour market studies and find that the estimate of the value of a statistical life varies between 

$0.7 million to $20.8 million per statistical life in 2000 US dollars. A complicating factor in economic 

evaluation of food safety problems is that severe cases and fatalities are more likely to occur in 

immunocompromised individuals, such as children and the elderly. But the WTP of elderly people 

and of children (or rather of the parents of children) may differ from the WTP of an average 

population 78.  

Adverse health and economic flow of associated monetary costs 

A third approach is the cost-of-illness (COI) method. The COI approach traces the economic flow 

associated with an adverse health outcome by identification and quantification of the associated 

monetary costs. Unlike WTP estimates, COI estimates do not measure “pain and suffering” as COI 

includes only measurable costs to the economy, such as medical costs and productivity losses (lost 

days of work).  

A cost-of-illness study is therefore a cost study whereby the mostly negative effects of illnesses 

(costs) are described and quantified. There are four categories of costs that might be included: 1) 

Direct Healthcare Costs (DHC), 2) Indirect Healthcare Costs (IHC), 3) Direct Non-Healthcare 

Costs (DNHC), and 4) Indirect Non-Health Care Costs (INHC). DHC includes the valuation for 

medical services such as doctor consultations, hospitalization, drugs and other medical services used 

by the patients themselves as a consequence of the illness acquired. If insured, these costs are largely 

covered by health insurances. IHC would comprise the future savings in health care costs in the life 

years lost due to premature death, a highly controversial category (see e.g. Brouwer et al. 79) usually 

omitted in cost studies. Travel costs of patients, informal care (= care delivered by family members 

and other non-medical persons) and other co-payments paid by patients are some examples for 

DNHC. These are costs that are directly related to the illness but occur outside the health care 

sector. INHC are all type of costs indirectly linked to the illness and occurring in other sectors than 

the health care sector. Productivity losses due to work absence of patients and/or third persons 

taking care of sick people are one of the major costs in this category.  Examples of other costs 

include costs for special education or re-education after having been disabled due to illness.  

Apart for the evaluation of productivity losses (INHC), few differences exist for valuing costs. 

However, differences in national health care systems (e.g. going directly to specialist, or only after 
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being transferred by a general practioner) complicate the transferability of data from one country to 

another. In the case of productivity losses, there are two valid methods, the human capital approach 

and the friction cost approach. The human capital approach, which is based on neoclassical labour 

theory, estimates the value of potential lost production (or the potential lost income) as a 

consequence of disease of an individual. In the case of permanent disability or premature death at a 

specific age the total productivity value (or income) from that age until the age of retirement is 

counted as productivity losses. The human capital approach is in some studies also used as a proxy 

to value human health, as was highlighted in the previous section 62 64 80.  

According to the developers of the friction cost approach, however, the assumption of flexibility in 

prices which in turn results in markets clearing - one of the main assumption of neoclassical labour 

theory - is in many parts of the world no longer realistic 81. According to Koopmanschap et al  82, the 

real production losses for modern society are smaller. ‘The friction cost approach aims then also to 

adjust the human capital estimates of productivity costs for the compensations that are likely to 

occur as a result of a labour market’ 81. The friction cost method considers only production losses 

for the period needed to replace a sick, invalid or dead worker including a period of adaptation, the 

‘friction period’ 83. The length of the friction period depends on the situation of the labour market. 

A high unemployment rate generally allows fast replacement, whereas a low unemployment rate 

results in a longer average time for replacement. The friction cost method places a zero value on a 

person outside the labour market, such as children 15 and younger and retirees 65 and older. The 

human capital approach results in much higher cost estimates  than the friction cost approach 82, 

especially when there are large numbers of deaths or disabled cases. 

Comparing Integrated Measures of Disease Burden 

To compare the three approaches, we used the five criteria presented by Alan Krupnick at the 

workshop. These five criteria are: 1) meaningful with respect to priority setting; 2) understandable to 

public and policy makers; 3) flexible with respect to aggregation over all types of effects; 4) 

comprehensive across realm of health states; 5) believable, as shown through validity tests. 

With respect to meaningfulness, the HALY approach is built on assumption that a life-year is the 

appropriate metric. HALYs may or may not be trade-off based. A strong point of the HALY 

approach is that utilities and disability weights are not income-constrained. The WTP is built on the 

concept of consumer sovereignty and individual welfare. WTP can be based on individual 
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preferences towards group preferences. Although WTP is theoretically the golden standard, the 

trade-off value estimates are strongly income-constrained. The COI does not represent preferences, 

but is built on the concept of economic output. The COI is, when using the human capital 

approach, implicitly trade-off based and income constrained, conditions that might not hold when 

using the friction cost approach.  

With respect to understandability, monetary values are implicitly understandable to people in terms 

of their daily lives. WTP is widely used in environmental risk assessments, but the methodologies for 

computation are complex and their use remains controversial, particularly in analyses with valuation 

of mortality. The COI method is not controversial, and most people understand and accept how it is 

computed. HALYs, a health metric, is widely used and well accepted method in medical decision 

making (choosing between alternative treatments, primarily), though controversial in other settings 

such as policy-making. The concept of applying index scores to health states is understandable to 

most people. 

WTP is probably the most flexible method as in principle it can be applied to any type of effect, 

both health-related and non-health related effects. WTP can be used in cost-benefit analysis allowing 

a comparison not only of food-safety and health-related projects, but also of any other project. 

HALYs apply to all health effects and can be used in cost-effectiveness analysis. A comparison of 

projects is limited to health-related projects only. COI applies to all expenditure-based health and 

health-related effects. If not used as a method to value human health but rather to measure the 

economic flow associated with an adverse health outcome, the COI method might be combined 

with the HALY approach or the WTP approach.  

The WTP covers in theory, if corrected for direct health care costs, nearly everything and would 

therefore be the most comprehensive method to apply. However, developing WTP measures is far 

more labour-intensive than developing HALYs because the latter approach provides weights for 

many different health states or domains in a given survey, while WTP studies yield values for at most 

a few health endpoints at a time. Therefore in practice most WTP studies do show many holes. 

Whereas the HALY approach mostly covers everything in its domain, and existing holes in practice 

are mostly relatively easily filled. However, this approach misses all non-health effects and health-

related monetary costs. The COI method can be as complete as one wants within its domain, but 

this method misses all type of intangible costs such as pain and suffering.  
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Extensive internal and external validity testing is applied for the WTP method. For HALYs the 

focus of testing is on the validity of indices and on the validity of weights. Weights are sensitive to 

duration of effect, but also the method applied to estimate them. The underlying assumptions made 

in COI studies normally extensively documented, however often ad hoc choices cannot be excluded 

from this type of study. 

The final conclusion is that there is no clear winner between HALY, WTP, and COI. All three have 

some pros and cons. WTP is conceptually the method most in line with economic theory, but it is 

controversial (low income people, misperception) and not comprehensive. And although HALY is 

accepted in the medical profession and simple to understand, there are many problematic underlying 

assumptions. The COI has the broadest coverage, but is not a welfare measure. The COI approach 

however, provides an accounting of the money spent, which is useful information to economists and 

policymakers. Therefore a combination of the COI methodology with either WTP or HALYs, both 

useful tools to measure health effects (mortality and morbidity), would provide an added value 

above any of the three methods alone. HALY and COI results in cost-effectiveness analysis (in the 

literature also sometimes referred as cost-utility analysis), limited to comparisons between other 

health-related projects. WTP and COI could be used in cost-benefit analysis, which has the 

advantage that a comparison between health and non-health projects is possible, e.g. reducing 

Salmonella versus building a new bridge.  

A last point to remember is that all three methods, independent how complete they are, cover only a 

part of the national and international economic impacts. In order to decipher the full economic 

impact of illness and premature death, additional studies would be necessary. COI might then 

indicate the direction and magnitude of the economic flows resulting from health shocks to the 

economy 80, if combined with e.g. a general equilibrium analysis the redistribution of economic 

activities in other sectors might be evaluated, which would be a first step in deciphering the full 

economic impact of illness and premature death.  

Data Integration 
Just as there is no single approach for estimating incidence, attributing illnesses to foods, or valuing 

the economic or quality-of-life impacts of illness, there is no single approach for combining the 

information into an integrated framework. Two examples of prioritization efforts – those initiated 
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for the Netherlands by RIVM and for the U.S. by the FSRC – illustrate two similar, yet distinct, 

applications of data integration. 

For the Netherlands, an incidence-approach is used to estimate the disease burden, expressed in 

DALYs, and the associated cost-of-illness for the acute illness and sequelae for various community-

acquired pathogens. Incidence estimates in the general population and at GP-level are mainly based 

on two prospective conducted studies, one a community-cohort study 19, and the other one a GP-

cohort study 23. Hospitalization rates for the various pathogens under study are either based on 

laboratory-confirmed surveillance data and various Dutch case-control studies, or are subtracted 

from the Dutch hospitalization database. Fatality rates are based on the published literature, as data 

on reported incidence of fatal cases is rather scarce. For estimates of sequelae and symptom 

duration, Dutch studies are used where available and international studies are used otherwise. Where 

possible, information on resources used and their required quantities are based on Dutch studies. If 

international literature has to be consulted, specificity of the Dutch health care system and the 

Dutch cost prices are used. Direct-health care costs, direct non-health care costs and indirect non-

health care costs (mainly productivity losses whereby using the friction approach) are estimated from 

a social perspective.  

The integrated results can be ranked by incidence numbers, Disability Adjusted Live Years (DALY) 

or cost-of-illness, for either all cases affected, or for a specified section in the gastroenteritis pyramid 

separately. The attendant uncertainty with the single results is also presented. Under development is 

the attribution of incidence and health valuation estimates, by percentage, to food categories.  

For the U.S., the FSRC’s Foodborne Illness Risk Ranking Model (FIRRM) combines incidence data, 

attribution information, and valuation of illnesses in monetary terms and in Quality Adjusted Life 

Years (QALYs) to enable ranking of pathogen-food combinations by their overall impact on public 

health. The annual number of cases, hospitalizations, and deaths due to 28 pathogens are estimated 

based on illness surveillance data and information on under-reporting from published literature. 

Laboratory-confirmed FoodNet surveillance data are used for 10 pathogens, passive surveillance of 

notifiable disease reporting are used for another 8 pathogens, outbreak data are used for 3 

pathogens, and community studies and published literature are used for the remaining pathogens. 

Reported incidence is multiplied by under-ascertainment factors based on studies of population 

under-reporting, physician under-reporting, and test specificity and sensitivity. Hospitalization and 
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fatality rates are based on these same surveillance systems and the published literature. Health 

outcome trees divide total cases into branches (with associated likelihoods) for each pathway of 

health states; for example, total cases may be divided into those who require hospitalization, those 

who see a physician, and those who do not seek medical care, while hospitalized cases may 

subsequently recover completely, require long-term medical care for chronic symptoms, or die due 

to their symptoms. Each state (or branch) in each tree is valued in monetary terms and given a 

QALY health score. Willingness-to-pay estimates based on published literature are used to value 

mortality, while morbidity is valued using cost-of-illness approaches that consider medical costs and 

productivity losses. In FIRRM, COI values are not intended to estimate costs to the economy, but 

rather are used as a proxy for WTP values, as WTP estimates are sparsely available for non-mortality 

health states. 

Attribution of illnesses (and associated health outcomes) to foods is performed in FIRRM based on 

two sources of data: outbreak surveillance and an expert elicitation study performed specifically for 

the model. For each pathogen, the proportion of outbreak cases in each of 11 major food categories 

(and 46 sub-categories) determines the percentage of illnesses to attribute to each category. In the 

expert study, participants were asked to attribute illnesses by percentage to the same major food 

categories, as well as prompted for uncertainty information. The user can choose either the outbreak 

data or expert data for rankings. Rankings are produced for pathogen-food combinations, 

pathogens, and foods by annual number of cases, hospitalizations, and deaths, as well as by 

monetary value and by QALY loss. The model is designed as an analytical tool, and allows for 

changes of assumptions and data sets. FIRRM also incorporates probabilistic uncertainty 

distributions for many input and output variables.  

Discussion and conclusions 
There are several approaches for estimating incidence, attributing illness to foods, valuing the 

economic or quality-of-life impacts of illness, and combining the information into an integrated 

objective data-driven framework. In an ideal world the different approaches would come up with the 

same general result. But, things are in reality much more complicated. The main difficulties exists in 

how data from different approaches can be compared, and whether certain methods can be 

standardized and generally applied. Therefore, cross-validation for all levels, from incidence 
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estimates through data integration, is important to fully understand the comparability of results from 

study to study, country to country and year to year. 

It is important to recognize that the analysis in itself is not the end of the story. The data-driven 

analysis is but part of a decision-making process that includes many additional factors. To properly 

and fully convey the results to the decision-maker – and to the public – effort must be put into risk 

communication activities throughout the process. Likewise, there is a need to reconcile the possible 

difference between analytical estimates of the most important risks or hazards and the perceptions 

of the public.  

An important aspect of the presentation of analytical results is the treatment of uncertainty. Any 

analysis is going to have uncertainties; the broad models and analyses used to prioritize foodborne 

illnesses and zoonoses are no different. Indeed, their scope is that of the full system, and the 

uncertainties are likely to be quite large. There are significant uncertainties in the estimates of 

incidence of disease, in the health outcomes of these illnesses, in the attribution of these illnesses to 

food vehicles, in estimates of QALY or DALY loss, and in health valuation and economic 

components. In addition to measurement uncertainties, there is temporal and geographic variability, 

heterogeneity in the population, and model uncertainties due to lack of information forcing the 

analyst to make assumptions and choices in the analysis.  

It is widely acknowledged that uncertainties should be presented to decision-makers to provide them 

with a full understanding of the analysis, so as to avoid over-confidence in uncertain results. 

However, decision-making under uncertainty is an ongoing area of research. Non-technical readers 

and users may have difficulty with quantitative approaches, and even graphical approaches require 

some familiarity to be comprehended. Probabilistic measures of uncertainty, including variance, 

skewness, and kurtosis, as well as the distributions themselves, may not be understood. As such, 

there is no consensus as to the ideal way to present uncertainties. In general, point estimates should 

be avoided whenever possible; ranges or confidence intervals should be used in their place. Likewise, 

presentation of estimates should follow standard procedures for significant digits.  

Even when uncertainties are presented, and risks fully communicated to the decision maker, the 

analysis is only one component, albeit a key component, in the ultimate decision. Additional factors 

play an important role, when taking a decision in the real world, including social values, public and 
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peer opinions and perceptions of risk, economic aspects, available resources, equity, and politics. 

Objective and data-driven analysis can help provide a scientific answer to the question “which 

problem is most important?” but these other factors may provide conflicting advice to the decision 

maker. 

One factor that explicitly and directly affects the analysis is the perception of risk. According to 

Jensen et al. 84, the lay perspective is primarily personal, whereas experts have a more impartial point 

of view of risks to society. Therefore, risks as estimated by the analysis may differ markedly from 

what the public, or even ‘experts’ believe to be the most important hazards. These perceptions are 

important because public agencies serve not only to minimize the public health burden of 

foodborne illness, but also to promote confidence in the food supply. Public agencies serve at the 

will of the people, and so public perceptions are important to consider in any decision framework. 

There may be ways to integrate public perceptions of risk and social values more explicitly into 

priority setting analyses, and a few attempts in this direction in related fields can be found in the 

literature 85 86. Social scientific research, using surveys or other tools, might be employed to rank risks 

according to public perception, and these data might be compared to the results of the data-driven 

analysis. The decision maker could use both sets of information to make resource allocation or 

priority setting decisions, and the analysis might suggest which pathogens are seen by consumers as 

having more or less impact than the data. It has to be noted, however, that public perception is only 

a snapshot, new events occur and public perception might change 85. Alternatively, democratic 

deliberation may be used to bridge the gap between expert and lay perceptions or preferences about 

risk. 

Research Needs 

While the aforementioned methods for estimating incidence, accounting for severities and 

outcomes, attributing illnesses to foods, and computing integrated measures of disease burden are 

advanced and mature, there are substantive and pervasive gaps in data and knowledge throughout 

many of these steps. Many points were made during presentations and discussions at the conference 

identifying research needs. While the previous sections of this paper highlighted many of the 

limitations of various aspects of the analytical framework for priority setting and associated research 

needs, we find it useful to summarize the most urgent and important points here. 
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The surveillance of foodborne illnesses has advanced significantly in recent years, though 

improvements in these systems are still necessary. The etiology remains unknown for a large portion 

of cases of gastroenteritis likely associated with food consumption; this calls for improvements in 

detection methods, particularly for viruses, and for increased numbers of pathogens included in 

standard etiological tests. Likewise, increased subtyping and antimicrobial testing of pathogens may 

provide important information on the virulence of specific strains, and may be critical to establishing 

certain subtypes with particular species for attribution purposes. Improved reporting methods and 

rates would also increase the utility of these systems for estimating incidence. In particular, there is a 

need to better quantify the degree of under-ascertainment of surveillance systems at various levels of 

the reporting pyramid, including outbreaks and laboratory-confirmed cases. Improving the 

knowledge of antibody decay profiles for pathogens might be helpful in obtaining incidence for the 

whole population, as well as sub-populations. For priority setting purposes, the differences in under-

reporting rates between pathogens may be critical, as current estimates for under-reporting range 

from 2 to 40 for common pathogens, and may be even higher for rarer or emerging pathogens.  

There is also a need to better understand the symptoms, severities, and sequelae associated with 

different pathogens, as well as the likelihoods of these different outcomes. In particular, greater 

attention should be focused towards the chronic sequelae that may result from enteric infections 

from different pathogens. Irritable bowel syndrome, reactive arthritis, and Gullain-Barre syndrome 

have been associated with specific foodborne infections, but the mechanisms for causation are not 

fully known, and the rates of such sequelae are quite uncertain. It is possible that a significant 

portion of such chronic diseases in populations may be associated with foodborne infections, which 

only increases the importance and public health impact of these pathogens. Knowledge of antibody 

decay profiles for enteric pathogens might help to link these sequelae with enteric pathogens. Longer 

and more intense follow-up studies, combined with medical examinations, retrospective and 

prospective cohort studies, and case-control studies may help to obtain better estimates for such 

outcomes.  

Collecting more economic information in addition to epidemiological data in future studies would 

help not only to improve estimates of incidence and outcomes, but also help to better quantify 

disease burden estimates and other economic impacts of the illness. Improved economic estimates 

may be useful for priority setting purposes, as well as for further cost-benefit studies on 

interventions aimed at specific pathogens. In addition, willingness-to-pay measures currently exist 
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for relatively few health states, namely mortality and some severe sequelae. WTP studies for mild 

and moderate health states are necessary to better understand how individuals value their ability to 

avoid these outcomes, so that integrated monetary valuation estimates are more accurate.  

While these improvements to estimating incidence and quantifying health outcomes need further 

development, the area of greatest need in the priority setting framework is the attribution of illnesses 

to foods. Our ability to associate portions of population disease to specific pathogen-food 

combinations is impacted greatly by a dearth of information on sporadic cases of illness; while 

outbreak investigations attempt to identify a food vehicle, laboratory confirmation is rarely done in 

sporadic cases. For some pathogens, novel techniques such as the use of sub-typing to identify 

animal reservoirs, as has been done for Salmonella, may prove useful for estimating systematic 

attribution to food sources. This data-intensive approach has not been used as effectively for other 

pathogens, however. The direct linking of food isolates and human isolates on a system-wide scale is 

a good goal, but a distant one. Rather, in the short term, the array of methodological approaches that 

may be utilized for attribution should be considered an advantage, and rather than try to figure out 

which one is best, we should move towards trying to combine or integrate these attribution 

approaches. For example, for a particular pathogen-food pair, estimates of sporadic illness based on 

a case-control study might be added to estimates of outbreak cases based on past outbreak data. 

CDC is currently developing just such an approach, as discussed during this conference by Angulo 
87. By combining outbreak data and case-control studies and comparing to exposure assessments or 

risk assessments, it may be possible to bound estimates. 

Approaches to integrating the various components of the framework may be improved. For 

example, the incorporation of lay or public perceptions of risk into the framework may be of some 

benefit. Other criteria, such as impacts to specific subpopulations, might also be brought into the 

framework. 

There is a particular need to focus greater attention on the treatment of uncertainty in such priority 

setting efforts. Uncertainties in one part of an analysis may be characteristically distinct from those 

in other parts of the analysis, and thus might be treated differently; for example, self-expressed 

expert confidence levels used in attribution estimates might be best modeled differently than 

differences in the quality of disease surveillance between two regions.  Eventually, however, these 

estimates must be combined into measures of uncertainties in overall results. This is complicated by 
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the likelihood of correlations between uncertainties. For example, the under-reporting multiplier for 

Salmonella is uncertain but is likely highly correlated with the multiplier for Campylobacter, since 

acute symptoms are so similar (though there are important differences in etiological testing). Thus, 

while the estimate of the number of cases of Salmonella and Campylobacter may have very wide 

confidence intervals, the relative difference between the two pathogens may be much less uncertain. 

These complicated aspects of results play into the need for research into improved methods for 

communicating risk and presenting uncertainty to decision-makers and the public. Similarly, there is 

a need to put greater emphasis on cross-validation of different approaches. Validating results and 

understanding limitations and advantages impact the ability to compare results from study to study, 

year to year, and from country to country. 

Conclusion 

To make better food safety decisions informed by science and analysis, there is a need for an 

integrated framework to support priority setting decisions that combines epidemiological 

information on disease incidence, data on the attribution of these illnesses to foods, knowledge 

about the symptoms, medical treatments, and health outcomes of disease, and the economic and 

quality-of-life impacts of these health outcomes. There are alternative methodologies to each of 

these components of the model, though the overall approach retains some consistent principles and 

design features. There are important data gaps and uncertainties in many aspects of the integrated 

framework, and the need for further research to inform these types of analysis. Although an 

integrated analytical framework for priority setting is only a part of the whole decision-making 

process, we believe that such an objective and data-driven approach forms a basis for effective and 

efficient decisions on the control, prevention and surveillance of foodborne pathogenic micro-

organisms.  
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