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ABSTRACT

This article compares and contrasts microbial and chemical risk assessment methodologies in
order to evaluate the potential for a common framework for ranking of risk of chemical and
microbiological hazards, and developments needed for such a framework. An overview of micro-
bial (MRA) and chemical (CRA) risk assessment is presented and important differences are high-
lighted. Two microbiological and two chemical hazard-food combinations were ranked based on
both a margin of exposure and a risk assessment approach. The comparisons illustrated that it is
possible to rank chemical and microbiological hazard-food combinations with traditional
approaches from each domain and indicated that the rank order but not the absolute measures is
similar using either approach. Including severity in the assessment using DALY reduced differences
between hazards and affected the outcome more than which approach was used. Ranking
frameworks should include assessment of uncertainty as an integral part of the ranking, and be
based on assessment of risk, not safety, and expressed in a common health metric such as disease
burden. Necessary simplifications to address data gaps can involve the use of default scenarios.
Challenges include comparisons of case-based vs. non-case-based health-endpoints, e.g. biomarker
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concentration, and integration of the severity of health effects into ranking.

Introduction

In the current paradigm of applying risk analysis to food
safety, management of safety issues should ideally be risk
and science based. Other key values include transparency
and the clear separation of the roles and responsibilities of
risk assessors and risk managers, as well as the pivotal role
of risk communication (FAO/WHO 2006; CODEX 2007).
The disease burden due to chemical and microbiological
hazards continue to be high and an impediment to socio-
economic development (WHO 2015), and at the same time
limited resources require a prioritization between problems.
This situation has prompted initiatives for developing meth-
ods and data to support decisions on risk based prioritiza-
tion and control, such as classification of food business
operators (ANZFA 2001; FAO 2011), as well as schemes to
compare and rank different hazards and foods (Newsome
et al. 2009; EFSA 2012b; Chen et al. 2013). In relation to
the need for transparency, attempts to communicate the
outcome of risk assessments and risk rankings in common
formats or metrics to managers and consumers/stakeholders
have been published (EFSA 2015b; Sand et al. 2015; van der
Fels-Klerx et al. 2015; BfR 2018). However, risk communica-
tion and risk management can become complicated if results
are presented on different scales or have been evaluated by

principally different conceptual methods with qualitatively
and quantitatively different data. This can be potentially
misleading for risk managers, consumers and other stake-
holders and may even result in controversies, and possibly
to less than optimal prioritization.

Methods used for chemical and microbiological risk
ranking have been reviewed (Van der Fels-Klerx et al. 2018).
Risk assessment was the most frequently used method for
ranking and other methods were risk ratio, scoring, risk
matrices and flow charts (decision trees and influence dia-
grams). These methods were mostly applied to chemical
hazards. Additional methods used were cost of illness (Col),
health adjusted life years (HALY), and expert judgments,
and these were mostly applied to microbiological hazards.
The most important requirement for ranking of hazards is
that it should be based on sound methods and data so that
the outcome results and metrics truly reflect risk. Of
concern in this respect is the observation that risk ranking
outcomes of hazard-food combinations based on semi-
quantitative scorings and full quantitative risk assessments,
respectively, were not well correlated (EFSA 2015b). In add-
ition, to be able to compare across hazard types, rankings
need to be expressed in similar risk metrics and thus,
ideally, be estimated based on similar conceptual
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frameworks. For instance, when exposure is compared to
a health-based guidance value (HBGV) it may be argued that
safety rather than risk of chemical hazards is assessed. Further,
in using HBGV approaches severities of the health end points
have not been considered to any great extent. Also, risk rank-
ings should ideally be applicable to most hazard food combina-
tions, with reasonable resource needs, and with the available
data. Thus, there are inevitably tradeoffs between these require-
ments, and fully comparable metrics may not be feasible. The
optimum solution may lie somewhere in the continuum
between wholly subjective opinions to full quantitative risk
assessments for all hazards/foods being ranked.

The purpose of this article is to compare and contrast
microbial and chemical risk assessment methodologies in
order to evaluate the potential for a common framework for
ranking of risk of chemical and microbiological hazards and
the developments needed for such a framework. The devel-
opments would aim for metrics more applicable for a com-
mon risk ranking which would facilitate risk communication
to risk managers and other stakeholders, including consum-
ers, in terms of transparency and consistency. This work is
part of a project to explore and, if feasible, develop an
approach for combined risk ranking of these classes of haz-
ards and aims to identify and evaluate the main issues to
address in this context. The specific objectives are to (1)
give an overview of microbial (MRA) and chemical (CRA)
risk assessment, (2) highlight important commonalities and
differences, and 3) identify the main issues to address when
developing common approaches for risk ranking of both
classes of hazards, including the applicability of such a
framework. The last objective is partly addressed by includ-
ing case studies where the risks associated with chemical
and microbiological hazard-food combinations are estimated
using both a chemical and a microbiological risk assessment
approach, respectively. The resulting rank-orders using the
two approaches are then compared.

Overview of risk assessment methodologies

Risk analysis in the Codex Alimentarius Commission frame-
work consists of risk management, risk communication and
risk assessment (CODEX 2007). Clear roles and responsibil-
ities are allocated to each of these three processes. In this
framework, risk assessment should be a science based and
transparent process only taking into consideration scientific
evidence relating to human health in order to provide non-
biased input to decision makers, i.e. risk managers. A princi-
pal difference between hazard and risk is acknowledged in
both MRA and CRA. According to Codex (2007) hazard is
a biological, chemical or physical agent in, or condition of,
food with the potential to cause an adverse health effect,
while risk is a function of the probability of an adverse
health effect and the severity of that effect. In Principles and
Methods for the Risk Assessment of Chemicals in Food,
published in the context of the International Program on
chemical safety (CODEX 2007; FAO/WHO 2009), hazard is
defined as an inherent property of an agent or situation to
cause adverse effects on an exposed organism or system,

whereas risk is defined as a the probability of the adverse
effects to take place under specific circumstances. Thus,
without the explicit consideration of the associated severity.
Overall, CRA and MRA follow the same basic four steps of
hazard identification, hazard characterization, exposure
assessment and risk characterization. The definitions and
the terms used to describe the risk assessment process in
this review follow CODEX (2007). Key in the assessment is
to evaluate uncertainties related to input data, assumptions
and modeling, and both deterministic and stochastic
approaches are applied for this. Deterministic models use
point values, often related to mean or other measures of
central tendency in data or a theoretical mean, to provide
one result for a given set of input values. In contrast, sto-
chastic models use probability distributions that may reflect
variability, uncertainty or both in the input data and predic-
tions. The approach and data needed for a risk assessment is
dependent on the risk management question(s) and the reason
for doing an assessment. Therefore, initially the scope of a risk
assessment should be defined and an unambiguous statement
of the problem and its context developed. Depending on the
risk assessment question, it may be important to address sub-
populations at higher risk due to consumption patterns or pre-
disposing physiological conditions.

Chemical risk assessment

Hazard identification

Chemical hazards can enter food at any stage including
processing steps, and the weight of evidence for adverse
health effects based on scientifically credible reports are
evaluated and pathways that may lead to exposure are iden-
tified. Hazards are identified mainly based on experimental
animal studies and human epidemiological studies, but also
on in vitro tests and environmental studies.

Hazard characterization

This step involves qualitative or preferably quantitative
descriptions of the relationship between the administered
dose of, or exposure to, a chemical, and its health effects.
For binary responses (i.e. a yes or no response per individ-
ual exposed) the health effect is expressed as a probability of
effect, given exposure. For continuous responses such as the
body weight or concentration of a biomarker, the health
effect is the measured response in the exposed individuals.
Required toxicity data are traditionally provided from con-
trolled experiments with laboratory animals. These data pro-
vide the basis for determining the critical effect defined as
“the first adverse effect or known precursor that occurs to
the most sensitive species as the dose rate of an agent
increases” (EPA 2002) for which an overall reference point
(RP), also called point of departure (POD), is derived. The
RP represents a starting point for further risk assessment,
e.g. establishment of health based guidance values (HBGVs),
for chemicals considered to have a threshold. The RP based
on the critical health effect observed in the pivotal study is
derived by the benchmark dose (BMD) approach, or



represented by the no-observed adverse effect level
(NOAEL) (Crump 1984; Dourson et al. 1985; EFSA 2005;
EPA 2005; EFSA 2009a; EPA 2012a; Hardy et al. 2017).
Whenever the BMD method is applied, the lower confidence
limit of the BMD (BMDL) is generally used as the RP to
account for uncertainties. For development of a HBGV, assess-
ment factors (AF) are applied to the RP to account for inter-
(for uncertainty) and intra-species (for variability) differences
in susceptibility. In the absence of chemical-specific data an
overall assessment factor of 100 is used if the RP is based on
experimental toxicity data (WHO/IPCS 1994). Additional con-
siderations may modify the overall AF used, e.g. the route and
duration of exposure in the critical study, and limitations of
the database (EPA 2002, 2012a). For chronic (long-term)
exposure, the HBGV is determined as a tolerable daily/weekly
intake (TDI/TWI) for contaminants and as an acceptable daily
intake (ADI) for substances with intended use, such as food
additives and pesticides. The TDI/ADI corresponds in practice
to the reference dose (RfD) or reference concentration (RfC)
established by the EPA. HBGVs are not set for compounds
that are both genotoxic and carcinogenic, and more generally
when the critical dose-response relationship is suspected or
considered not to have a threshold (EFSA 2010).

Exposure assessment

Dietary exposure assessment combines data on concentrations
of chemicals in specific foods and food consumption recorded
in dietary surveys. Consumption patterns and concentration
levels of chemicals in different foods can lead to large differen-
ces in the exposure. Food handling may reduce some chemical
exposures (e.g. washing, peeling) or increase the exposure to
some compounds (e.g. frying, barbecuing). To address variabil-
ity and uncertainty a range of values are generally presented as
part of the exposure assessment, e.g. the mean/median as well
as upper percentiles of exposures (e.g. the 95 percentile), for
different population subgroups like adults and children.
Resulting estimates may refer to acute exposure or long term
usual exposure (e.g. average exposure per day). A distribution
of usual exposures describes the variation between individuals
in their usual exposures over an unspecified ‘long’ time span,
not accounting for changes over age groups. A distribution of
acute exposures describes the random single day exposures for
an individual or population group.

Risk characterization

The final step combines information on hazard characteriza-
tion with the exposure assessment to provide a qualitative or
quantitative estimation of risk for a specific hazard to cause
adverse health effects under different exposure scenarios.
However, in practice “risk” is not directly addressed in
CRA. Rather, the exposure is compared to the HBGV, and
there may be a health concern if the estimated human
exposure to a chemical exceeds this exposure guideline
value. In the case of compounds that are both genotoxic and
carcinogenic, a margin of exposure approach (MOE =RP
divided by the estimated human exposure) is recommended
by EFSA, and they consider that a MOE of 10,000 or greater
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would generally be of low concern (EFSA 2005). Variability
and uncertainty in the risk characterization mostly reflects
the exposure assessment side, since a single value, ie. a
HBGV or RP, is generally compared to several exposure
estimates describing different subpopulations (that may also
account for uncertainty to some extent). Stochastic methods
have been suggested to account for both uncertainty and
varijability (Van Der Voet and Slob 2007; WHO/IPCS 2014).

Microbial risk assessment

Hazard identification

In contrast to CRA, it is generally known which biological
agents, i.e. microorganisms and/or their toxin(s) have a
potential to cause adverse health effects. This step is often
more concerned with the next step of defining which micro-
organism(s), food(s), sub-population(s), or processes that are
of relevance for the scope of the risk assessment. Thus, there
is some overlap and similarities with a risk profile (CODEX
2007). However, the latter also involves risk management
perspectives. Important information includes epidemio-
logical investigations to indicate major sources of exposure
and contributing factors leading to foodborne illnesses and
outbreaks. This information can be further supported by
clinical and microbiological evidence that may also indicate
if sensitive populations exist. Surveillance studies may iden-
tify high-risk products or processes. Experimental and clin-
ical studies can contribute insights about the nature and
behavior of the hazard (Lammerding and Fazil 2000).

Hazard characterization

Characterization of adverse health effects caused by a food-
borne microorganism involves the type and the severity as
well as the duration of effects. Hazards can be differentiated
based on their mode of pathogenicity into three broad
classes, infectious; causing adverse effects after adherence,
subsequent multiplication and invasion of the epithelium or
other damaging effects, toxigenic; secreting pre-formed toxin
in the food (food intoxication), or toxico-infectious; where
the microorganism is secreting toxin after introduction into
the host (Buchanan, Smith and Long 2000). The outcome of
exposure, i.e. the response in terms of adverse health effects
depends on the integration of properties of the microorgan-
ism, the food and the host. Microorganisms display variable
capabilities to survive and grow in different foods, as well as
to cause adverse effects in the host. This variability is evi-
dent both between and within microbial species. In addition,
different human subpopulations may also display widely dif-
fering dose-response relationships depending on immunity
in relation to previous exposure or the existence of risk
groups with several orders of magnitude higher susceptibility
(Pouillot et al. 2015). Published dose-response studies may
consider different population subgroups than those in ques-
tion. The food vehicle can impact both the survival and the
virulence of a microorganism, e.g. by elevating the gastric
pH barrier and by inducing the expression of specific genes
(Gahan and Hill 2014). Dose response models for toxin
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producing agents include probability of toxin production
and threshold types of models, often with the threshold
defined by the number of microorganisms considered neces-
sary to produce significant amounts of toxin. For infectious
agents the working hypotheses include non-threshold type
of models assuming independent action of microorganisms
and that one microorganism may be sufficient to initiate
infection and illness. These single hit models are character-
ized by linearity in the low-dose region (WHO/FAO 2003).
The end-point of the dose-response relationship may be
infection, illness (commonly gastro-enteritis symptoms) or
mortality. Conditional dose-response models have also been
used, i.e. models describing the probability of illness given
infection (Teunis, Nagelkerke and Haas 1999). Dose-
response models can be based on data from human volun-
teer studies, animal data, epidemiological (outbreaks) data,
expert knowledge elicitation or combinations of these data
(WHO/FAO 2003). Despite of known sources of bias, assess-
ment factors are generally not applied.

Exposure assessment

The data needed to estimate exposure include serving sizes
and frequency of consumption of the relevant foods and this
is combined with the frequency and concentration of con-
tamination of the pathogen at the time of consumption.
Data on the latter is usually missing. Instead data from pre-
ceding steps in the food chain is used and subsequent
changes due to the biological processes of inactivation and
growth or other non-biological processes such as partition-
ing, mixing/pooling, cross-contamination, addition, redistri-
bution, evaporation/dilution and removal (Nauta 2001; Chen
et al. 2013), are generally modeled using predictive micro-
biology, e.g. McMeekin and Ross (2002). Which part of the
food chain that is included and modeled in the assessment,
is determined both by the scope of the risk assessment and
the data available to estimate exposure and risk. The growth
of microorganisms in foods depends on intrinsic food prop-
erties (e.g. food composition, pH, water activity, potential
antimicrobials) and extrinsic food parameters (e.g. storage
temperature, humidity). A major challenge is to predict the
lag phase duration, i.e. the adjustment time before growth
starts. This will depend both on the prior, usually unknown,
history of the microorganism affecting the physiological
state, and the current environmental factors of the food.
Knowledge of the prevalence and levels of the pathogen at
one stage in the food chain may not be sufficient, since
microorganisms can enter the food chain or their numbers
may change at any step, i.e. primary production, processing,
retail, transport and the consumer stage.

Risk characterization

The estimate of risk with associated uncertainties in the
population of interest may be expressed as risk per serving
or as annual population incidence per 100,000, or since the
objective of a quantitative MRA may also be to evaluate risk
mitigation options by running what-if scenarios, as relative
risk between different intervention scenarios. In addition,

sensitivity and uncertainty can be evaluated using different
scenarios, assumptions, and distributions. Many common
sources of uncertainties can lead to large uncertainties in the
final risk estimates, especially when they are expressed as
absolute risk. Although not rigorously tested, relative risk
estimates may be more robust since common sources of
uncertainties are expected to cancel out between scenarios.

Epidemiological considerations

Commonly both CRA and MRA apply a bottom-up
approach, i.e. based on the occurrence of hazards in food
servings and on the consumption, to estimate and rank risk.
This approach has advantages in employing a detailed
description of the entire pathway, but this may also be a
limitation since uncertainties over several critical factors in
the food chain can be prohibitive for accurate estimation of
absolute population risk. Top-down approaches, based on
epidemiological data on the occurrence of illness may also
be employed in ranking of chemical and microbiological
hazards. Epidemiological data can serve as input for all steps
of the risk assessment process but they can also be used dir-
ectly as a measure of final risk characterization. Before the
incidences or the number of cases can be used as measures
of risk, the inherent limitations of epidemiological data need
to be addressed. These include the need for factors for
underreporting/under-ascertainment of cases (van Lier et al.
2016), and the attribution of cases to the different transmis-
sion pathways, hazards and food sources being ranked. For
the latter there is a need for combining several types of data
to obtain source attribution (Pires 2013), or to estimate the
effect of removing the exposure in order to estimate the
population-attributable fraction (PAF) or risk (PAR)
(Stafford et al. 2008). Chronic illness after long-term expos-
ure, which is common for chemical hazards or sequelae fol-
lowing infection, raises particular difficulties when
attributing cause-effect relationships. Further, chronic dis-
ease outcomes may also have multiple etiological factors.
Likewise, infections of foodborne pathogens can be due to
sources other than food. This inability to accurately link
exposure and related disease consequences from public
health data is a source of large uncertainties, especially for
chemical hazards. Particularly if predicting long-term popu-
lation effects based on current exposures that may well
change over time. For this reason, a top down ranking
approach is generally not used for CRA of hazards in food.

Important commonalities and differences between
MRA and CRA

Since chemical and microbiological hazards may vary widely
in their behavior (survival, growth, inactivation vs. persist-
ence, transformation and other processes affecting the con-
centration of a chemical) and associated adverse health
effects, substantial differences exist between CRA and MRA.
The US EPA (2014) examined the applicability of chemical
risk assessment methods to microbial risk assessment and
concluded that many of the concepts developed for chemical
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Table 1. A summary of general properties of chemical and microbiological hazards that are of relevance for risk assessment.

Property

Chemical hazards

Microbiological hazards

Nature of hazard

Detection

Type of health effects
Epidemiology

Dose response data

Potential for control

Effect of processing (manufacturing, storing,
preparation, etc.)

Regulatory maximum levels in food

Safety/assessment factors in risk characterization
Dose-response modeling

In practice continuous due to large number of
molecules/atoms resulting in gradual effects,
may accumulate in host over time

Often at concentrations below levels of concerns

Generally chronic

Often no attributable (apparent) cases

Continuous (e.g. a marker) or case based
health effects

Many hazards can be effectively controlled at the
farm level

Generally not considered except for chemicals
produced during processing (e.g. heat induced
compounds, smoking)

Defined for many chemicals used in the food
chain, but large groups not regulated

Applied

Several models considered descriptively, no
distinction between threshold and non-

Discrete, smallest unit is one, can multiply, host
can become carrier

Detection of single cells often not possible

Generally acute

Both outbreaks and single cases identified and
attributed to hazard but less often to food

Generally case based health effects

Many hazards cannot be effectively controlled at
the farm level

Large effect on many microbiological hazards due
to growth, inactivation, etc.

Not defined for most microbial hazards
Not applied

Non-threshold approaches except for
toxin producers,

threshold effects at the level of the BMD.

Part of food chain modeled
Processes modeled

Consumer phase only
Consumption

Guidance values

Disease burden
to lack of data
Approach of risk assessment

Outcome of risk assessment
or similar)
Scope of risk assessment

HBGV or reference point often applied

Often unknown and seldom estimated partly due
Bottom-up (from exposure to risk)

Safety (over or below or margin to a HBGV

Often no What-if scenarios evaluated

Farm to fork or relevant parts of food chain

Many (e.g. biological such as growth, inactivation,
toxin production, and physical processes
affecting prevalence and concentration such as
mixing, partitioning)

Microbial food safety criteria exist for some but
not always strictly health based

Often estimated in terms of DALY, QALY, COI etc.
based on data

Bottom-up and top-down (from epidemiological
data to risk)

Risk (probability of illness or number of cases)

What-if scenarios important for evaluating
management options

risk assessments have parallels in MRA, but additional fea-
tures had been developed to account for the differences
between chemicals and microbes (EPA 2012b, 2014)).
Distinguishing features associated with microorganisms
included growth and death; detection methodologies; genetic
diversity and evolution of pathogens; host immunity and
susceptibility; a wide dose range due to inter- and intra-spe-
cies (strain) variation resulting in a great diversity in health
end-points for different hosts, species, strains and over time;
secondary (human-to-human) transmission; more heteroge-
neous spatial and temporary distribution; and zoonotic
potential (ability of some pathogens to amplify in animals
which then may act as sources of contamination and illness)
(EPA 2014). The main, general (true for most but not all),
differences and commonalities between chemical and bio-
logical hazards are summarized in this section (Table 1).
These differences, as well as traditions, contribute to differ-
ent approaches being used in CRA and MRA. Recent devel-
opments, e.g iRisk (Chen et al. 2013) have adopted
approaches which enable a greater commonality working
with both classes of hazards for instance by addressing both
in the same tool, and using a common risk metric.

Detection methodologies

In contrast to methods for detection of pathogens in food
and water, chemical methods can generally quantify concen-
trations well below levels known to cause human health
effects. Theoretically, a single infectious pathogenic

microorganism may colonize a host and cause symptoms.
Microbiological analytical methods for detecting levels corre-
sponding to a single microorganism are often not available.
Also, viable and non-viable micro-organisms may not always
be distinguished and the detection outcome is always spe-
cific on the sampling and analysis time and location. The
interpretation of non-detects when estimating concentration
distributions may differ where chemicals usually are
assumed to be left-censored whereas for microorganisms
this may be the assumption or not in the estimation model.

Acute vs. lifetime effects

Most interest in relation to chemical hazards is directed
towards health effects that have a long latency period before
progressing to more severe adverse effects over time as
result of low chronic exposure doses. In contrast, most
interest for microbiological hazards has been directed at
acute effects. However, acute and long-term effects/sequelae
may be relevant for both types of hazards (Fink-Grernmels
1999; Pitt 2000; Keithlin et al. 2014) but the short-term
(symptomatic or asymptomatic) infection is always a pre-
requisite for long-term effects caused by microorganisms.

Continuous vs. case based effects

Another important difference is that in CRA the potential
critical health effect may be continuous and not binary in
terms of outcome, i.e. the endpoint is not a case of illness.
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For example a change in body or organ weights in experi-
mental animals, which historically have been common crit-
ical effects (Sand et al. 2018). Such data on continuous
effects do not reflect a discrete case of illness and is there-
fore difficult to translate into measures of disease burden.

Attribution of health effect to hazard

Information on specific incidences of adverse health effects
will rarely be available for chemical hazards since potential
disease outcomes develop over long times and are often
chronic in nature and may have multiple etiological factors.
Thus, the contribution of a particular chemical hazard to
the overall disease burden may not be easily determined,
and is less straightforward than for microbial hazards.
Hazard identification, characterization and exposure assess-
ment that can be supported by clinical data and case studies
facilitate the establishment of a causative link to the food
chain. The latter type of data allows a top-down approach
(from number of human cases to risk) to epidemiological
risk estimation in addition to the bottom-up (from exposure
to risk) predictive approach.

Exposure assessment

Microorganism numbers can change several orders of mag-
nitude along the food chain depending on food handling
and storage conditions whereas the potential change in
chemical concentration along the food chain is generally
smaller. For this reason, exposure assessment in MRA
often requires a multi-step analysis employing modeling to
provide estimates on microbial contamination at the level
of consumption, although data on concentration and levels
of microorganisms may be available at earlier stages in the
food chain. Methods in predictive microbiology are generally
used to predict changes in microorganism numbers under
conditions in food. Direct measurements for microbes in
foods may even be infeasible due to large samples needed to
detect rare occurrences. Changes in chemical concentration,
e.g. as a result of processing or food preparation prior to
consumption, may also occur but this issue is not addressed
in CRA at the same level of detail as in MRA. For risk
assessment of pesticides it can, however, be noted that
processing factors may be used, e.g. Scholz et al. (2018).

Dose-response models

With the notable exception of genotoxic carcinogens most
of the chemicals are generally assumed to have thresholds.
In practice, however, the same types of (sigmoidal)
dose-response models are used descriptively for all groups
of chemicals as part of the hazard characterization and
derivation of the RP. CRA differs between compounds with
respect to what is done after derivation of the RP. Dose-
response modeling in MRA generally uses non-threshold
models (a single pathogen can cause infection) for infectious
microorganisms and threshold or probability of toxin
production for toxin-producing microorganisms (e.g. Cl.
botulinum). Microbial dose-response modeling has been

reviewed (WHO/FAO 2003). In contrast to CRA, assessment
factors are generally not employed in MRA even when mod-
els are based on animal data or on specific population sub-
groups but are considered as a source of uncertainty (e.g.
(FDA/FSIS 2003)). In one approach to address the potential
limitation of using animal data, the shape of the Listeria
monocytogenes dose response curve was based on animal
data whereas the location of the curve along the dose-range
was anchored based on human mortality data (FDA/FSIS
2003). Another approach employed for L. monocytogenes
was to estimate the model parameter r, the probability of
infection if exposed to one bacterium, in an exponential
dose-response model, by finding the values that when com-
bined with extensive exposure assessments predicted the
reported number of human cases in the whole population or
in sub-populations defined by age or susceptibility (WHO/
FAO 2004). Recent developments also include approaches to
account for variability in pathogen virulence and suscepti-
bility of different human populations and how it can be
characterized in terms of the r-parameter (Pouillot et al.
2015). The two main differences between chemical and
microbiological dose response modeling is the exposure time
in the experiment and the lower dose limit. Dose response
data typically represent lifetime exposures for chemical and
one-time exposures for microbiological hazards, respectively.
Further, conceptually there is a lower dose limit for micro-
bial hazards, namely one cell. In practice, and assuming that
cells are distributed according to a Poisson distribution, it
is not possible to prepare defined doses with less than 10
cells in a serving. For human volunteer studies, given the
probability of illness per microorganism and the number of
individuals available for studies higher doses are usually
required to be evaluated. The consequence, as for chemical
hazards, is that it is necessary to extrapolate the dose-response
curve into the low dose region. The recommendation of
the 'WHO/FAO is to use microbiological dose-response
models that are linear in the low-dose range (WHO/FAO
2003). Linear low-dose extrapolation in the case of carcino-
genic substances has been accepted by the scientific commu-
nity and is a suggested strategy in the US EPA cancer risk
guidelines (EPA 2005). However, Jakobsen et al. (2016) esti-
mated the dietary burden of acrylamide expressed as HALYs
using two different low dose linear extrapolation methods
for which results varied by a factor of five. For chemical
hazards estimation of benchmark doses associated with
responses below 5 or 10% are not recommended to avoid
extrapolation below the range of the experimental doses in
which case results may be quite model dependent. For deriv-
ation of a RP using the BMD method benchmark response
(BMR) levels of 5 or 10% are therefore used as standards to
define the BMD (EFSA 2009a), i.e. the starting point for fur-
ther risk assessment by application of assessment factors or
low-dose linear extrapolation. Lower BMRs (e.g., 1%) have
been applied for human epidemiological data since such
response levels, in this case, have been regarded to be in the
observable region (e.g., EFSA 2009b) - so far default recom-
mendations on the BMR have been exclusively based on
experimental data. While the BMR ideally may be



determined to represent a non-adverse level of change in
response of the given health effect, default values (5-10%)
are used in practice (Sand, Portier and Krewski 2011; Hardy
et al. 2017)). It may be noted that the BMD method adopts
a risk conservative approach and addresses data quality by
considering the lower confidence bound on the BMD as the
RP, rather than the BMD point estimate.

Risk assessment vs. safety assessment

The assessments considered fit for purpose in CRA and
MRA are fundamentally different. In CRA, if exposure
assessment is lower or higher than the corresponding
HBGYV, the situation related to the chemical substances are
considered to be of no or potential concern, respectively.
For compounds that are both genotoxic and carcinogenic
EFSA recommends a margin of exposure (MOE) [MOE =
RP/exposure] of 10,000 or higher Thus in CRA the esti-
mated exposure is usually compared, in one way or another,
with a HBGV, RP or similar. Therefore, CRA relates in
most cases to safety assessments rather than risk assess-
ments, since a margin between the current exposure and
some guideline value intends to ensure the absence of
adverse effects rather than an estimate of the probability or
degree of response under the current exposure. In contrast,
MRA aims to calculate the probability of illness based
on the current exposure and estimates the consequences
in terms of the selected end-point of the dose-response
model with any biases associated with the data, assumptions
and models.

Treatment of variability and uncertainty

There are numerous sources of variability and uncertainty in
both CRA and MRA, and this has increasingly been
acknowledged by development of stochastic modeling in the
assessments. In general, variability and uncertainty is com-
monly addressed by stochastic modeling in MRA. Stochastic
methods that account for both variability and uncertainty
have also been developed in CRA (WHO/IPCS 2014),
but practical risk assessments are often deterministic.
For example, exposure assessments by EFSA account for
variability in consumption patterns, by evaluating results
associated with specific percentiles of exposure (point esti-
mates), but so far with limited consideration of uncertainty
although this may change with new proposed guidelines
(Benford et al. 2018). In both CRA and MRA, there is
a general lack of consumption data to account for variability
in usual, chronic exposures between individuals, in acute
exposures between days or servings, and the dependency
between consumption of different food items and their
handling. For assessment of chronic exposure to chemicals,
mean concentrations in different foods are generally used
as a basis, since this may best reflect long-term lifetime
exposure. Similar to MRA a range of concentration values
would, however, be used for acute assessments.
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Main issues to address when comparing chemical
and microbiological risk

Items to be ranked can include combinations of one hazard-
one food, one hazard-multiple foods, one food-multiple haz-
ards, or multiple hazards-multiple foods. Several major food
safety agencies have issued work on the methods and tools
used for ranking. For instance, a conceptual risk ranking
framework for microbial hazard-food combinations has been
suggested by EFSA (2012b), and this framework was later
used for the development of a risk ranking toolbox (EFSA
2015b). Critical steps that define the final ranking outcome
include definitions of what is to be ranked, selection of risk
metrics, ranking approach, model types and model variables.
A review on the methods for risk ranking including also
chemicals and nutrition (van der Fels-Klerx et al. 2015),
classified methods into eleven categories based on their
characteristics such as modeling type (comparative risk
assessment, risk ratio, scoring methods, risk matrices, multi
criteria decision analysis) and risk metrics (cost of illness,
health adjusted life years). The simultaneous assessment of
more than one class of hazard offers in some ways similar
challenges as the combined assessment of both risk and
benefits. Risk and benefit analysis in different domains
have been the subject of some research projects, e.g
BEPRARIBEAN (Verhagen et al. 2012), Brafo (Hoekstra
et al. 2012). The experiences from the BEPRARIBEAN
project of risk-benefit analysis in the different domains;
Medicines, Food Microbiology, Environmental Health,
Economics & Marketing-Finance and Consumer Perception,
were summarized into a list on how to advance integrated
risk-benefit analysis of food and nutrition (Tijhuis et al.
2012). It can be observed that many of the areas proposed
were not in the risk/benefit assessment domain but rather
associated to communication and management components.
One of the assessment-related proposals was to integrate
risk and benefits from many domains to achieve a greater
applicability and practical use of assessment results. This
reasoning, if transferred to the context of the present article,
may be interpreted as advocating for a need to address
chemical and microbiological hazards in a common frame-
work to allow risk ranking across these classes of hazards.
Simultaneous comparisons of both chemical and micro-
biological risks require a common metric for both classes of
hazards. Different HALY metrics, e.g. Disability Adjusted
Life Years (DALY) (Havelaar et al. 2015), or economic
measures such as cost of illness (COI), Willingness to pay
(WTP) can be used. These measures often give different
rankings of hazards. This reflects their emphasis on different
components of the disease burden and illustrates the impact
that the choice of metrics may have on ranking (Mangen
et al. 2015). DALY addresses the impact of exposure to a
specific hazard and the resulting different health endpoints
associated with potentially different severities in an inte-
grated measure of the disease burden. The burden is
expressed as the total years lost in a population due to pre-
mature deaths and time lived with disabilities (Lopez et al.
2006). While the use of DALYs for microbiological hazards
is well established, DALYs are not up to now a common
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metric in CRA due to the poorly defined chronic effects of
exposure since the use of DALYs requires estimation of
quantitative effects in the population.

A semi-quantitative approach for ranking of both patho-
gens and chemicals in food employing HALYs was suggested
by Newsome et al. (2009). This framework was later devel-
oped by US FDA into FDA-iRisk, a web based risk assess-
ment system. This system allows simultaneous comparisons
of hazard-food pairs and ranking of risks coming from both
chemical and microbiological hazards for acute and chronic
(chemical) effects in single or multiple foods based on
Monte Carlo simulation (Chen et al. 2013). The tool is
based on standard data entry templates for seven compo-
nents: the food; the hazard; the population of consumers;
process models describing the occurrence and amounts of
the hazard up to the time of consumption; consumption
patterns; dose-response curves; and health effects. Based on
data and assumptions, the mean risk of illness and disease
metrics, such as number of cases and DALYs is estimated.
Users can choose from a range of default models and distri-
butions but can also add and model their own data, e.g.
dose response curve with alternative mathematical models.
However, the parameters in the seven components have to
be supplied by the user, e.g. for the distributions and dose-
response models. The tool offers the ability to use functions
to evaluate variability and uncertainty, carry out sensitivity
analysis and compute changes in hazard concentration due
to physical processes such as partitioning and mixing. For
comparisons and ranking the chronic effects are scaled
down to a per year basis based on the average lifetime used
in the assessment. To be able to compute DALYs, QALYs,
Cost of illness (COI) for the specific health endpoints, the
estimate per case must be supplied by the user. The dose-
response models describe the probability of an effect for dif-
ferent doses and if the endpoint does not represent or is
equivalent to a frank case of illness, a possibility would be
to scale this endpoint to represent a fraction of a case value,
between 0 and 1. This can potentially be seen as a mechan-
ism to translate non-case based effects, e.g. weight of a body
organ, enzyme levels into cases. The final assessment and
ranking of hazards is based on the estimates of disease bur-
den in terms of DALYs or QALYs or COIs. Another gov-
ernment initiative to compare chemical, microbiological and
nutritional hazards include the Our Food Our Health report
from the Netherlands (van Kreijl, Knaap and Van Raaijj
2006). The report estimated, based mostly on epidemio-
logical data, the DALYs associated with different hazards.

Introducing the case studies

Case studies were carried out to identify main issues to
address when comparing chemical and microbiological risks.
It is emphasized that the hazard-food combinations are
selected based on the convenient availability of data. It is
the comparison between approaches and the resulting out-
comes in terms of rank order that are of interest, not the
rankings as such, since these studies represent different geo-
graphic areas, populations and time periods. Two microbial

hazard-food and chemical hazard-food combinations,
respectively, were developed in the case studies to estimate
the risk and subsequent ranking using either a chemical or a
microbiological risk assessment approach. The microbio-
logical case studies were: (i) The risk in elderly men
(>75years old) in the EU associated with Listeria monocy-
togenes and consumption of seven categories of ready to eat
foods using dose-response models and data from Ricci et al.
(2018). (ii) The risk associated with Salmonella in under-
cooked broiler for the general population in no specified
geographic area, using dose-response models and data from
WHO/FAO (2002). The chemical case studies were: (iii) The
cancer risk associated with total dietary acrylamide exposure,
and (iv) the risk of chronic kidney disease, defined as a
globular filtration rate, GFR, below 60 mL/1.73 m* body sur-
face/min, the critical effect used by Efsa (2010), associated
with total dietary exposure to lead. The data used in the
case studies are detailed in Table 2.

The chemical approach consisted of using BMDs corre-
sponding to a 10% increased, added (lifetime) probability of a
health effect. The margin of exposure, MOE, here defined as
the ratio between the BMD;, (point estimate) and the esti-
mated current mean exposures, was then calculated. BMD,,
values are sometimes adjusted by assessment/uncertainty fac-
tors, for instance due to uncertainties associated with the
extrapolation of dose response data for an animal species to
humans. This was not done in the present study. Animal data
is used for the acrylamide dose-response curve but extrapola-
tion to humans is in this case considered part of the unquan-
tified uncertainty of the assessments. The BMDs for the
chemicals were determined from the dose-response data
described in Table 2, as the dose corresponding to a 10%
effect. The BMDs for the microorganisms were calculated
from Equations (1)-(4) (shown with the listeria dose-response
model as the example) as per RTE serving dose (assuming all
RTE servings considered are contaminated with the dose
‘BMD,’) corresponding to a lifetime (70 years) probability of
at least one illness of 10% (Table 2). Illnesses from exposures
(servings) were assumed independent events. Since the illness
is rare, multiple infections per person are still rare.

Plifetime iliness = 0.1

70 xannual servings
=1- (1 — Pitiness per serving) s
(1)
From qu Piliness per serving is solved as
1/(70 x ) i
Pillness per serving = 1-0.9 /( annual  servings) (2)

Based on dose-response literature (Table 2), per serving
probability is also written as a function of the dose ‘BMD,,’

—BMDyy * 2.9x107 '
Pittess per serving — I—e 10 (3)

Then, BMDyj is solved from Eq. (2) and Eq. (3) as
BMDyy = —10g(0.9) /(70 x annual servings x 2.9 x 10~*)
(4)

where annual servings is the reported total number of serv-
ings per year of the RTE food categories considered in Ricci



Table 2. Data and literature sources used in the case studies.
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Case study

Parameter

Value

Source/comment

Listeria-RTE food

Salmonella -broilers

Probability of illness per serving
Dose-response (DR)

DR end point (Health effect)
Annual servings

Assessment factor to adjust DR
BMD;, (log10 CFU)

Current mean exposure (log10 CFU)

DALY per case (including mortality)
Probability of illness per serving
Dose-response

DR end point (Health effect)

Py =331 x 1078

P=1— e—duse»«Z.‘)x‘lO’*4

Severe illness (e.g. sepsis, meningitis)

417

1

8.10

log(1 —3.31 x 108)/(—2.9x 10™) =
1141379, i.e. 6.06 log10 CFU

0.60

Py=113 x107°

P=1—(1 +5d1%)70.1324

Gastrointestinal symptoms

(Ricci et al. 2018)

(Ricci et al. 2018)

(Ricci et al. 2018)

(Ricci et al. 2018)

Assumption current paper

Estimated current paper (Eq.4)

Estimated from Py, and P
defined above

(Mangen et al. 2015)

(WHO/FAO 2002)

(WHO/FAO 2002)

(WHO/FAO 2002)

Annual servings 26 (WHO/FAO 2002)
Assessment factor to adjust DR 1 Assumption current paper
BMD;, (log10 CFU) —1.64 Estimated current paper
Current mean exposure (log10 CFU) —2.36 Estimated current paper
DALY per case (including sequelae 0.046 (WHO/FAO 2002)

and mortality)

Acylamide - food BMD;, (ng/kg/day) 384 BMD associated with additional risk
of 10% according to log-logistic
model using data in (EFSA 2015a)

DR endpoint (Health effect) Cancer (EFSA 2015a)
Assessment factor to adjust DR 1 Animal data used but no AF used for
extrapolation to “average” human
Mean exposure (ug/kg/day) 0.5 (EFSA 2015a)
DALY per case (including cancer 6.7 (Pennington et al. 2002)
illness and mortality)
Lead - food BMD (ng/kg/day) 0.68 BMD,o = 16.3 pg/L (associated with

DR endpoint (Health effect)

Chronic kidney disease defined as a

additional risk of 10%) according
to the log-logistic model using
data in (EFSA 2010). This BMD has
been converted to 0.68 ng/kg/day
using the same approach as in
(EFSA 2010)

(EFSA 2010)

globular filtration rate, GFR, below
60mL/1.73 m? body surface/min.

Assessment factor to adjust DR 1
Mean exposure (ng/kg/day) 0.5
DALY per case (including 0.67

kidney damage)

Data on humans used
(EFSA 2012a)
(Pennington et al. 2002)

et al. (2018). The current mean exposure per RTE serving to
the microorganism were calculated from the probability of
illness, Py, reported in the literature sources using the dose-
response relationships directly (Table 2). Baseline probability
of illness caused by the microorganism via other than the
investigated foods was not considered. Dose-response data
for the microorganisms was from humans and no assess-
ment factor was applied to the BMD,,

The microbiological approach consisted of estimating the
probability of illness per person and year based on the esti-
mated current mean exposures and the corresponding dose
response curves (chemical hazards) or directly using the
probabilities of illness reported in the literature sources
(microbiological hazards) (Table 2). The latter have been
estimated based on data on the prevalence of contaminated
servings whereas the data on exposure to chemicals were
based on the average exposure over all servings. The proba-
bilities of illness were adjusted and expressed as the average
probability of illness per person and year. For microorgan-
isms, the average probability of illness per serving reported
in the literature sources were converted to yearly probability
based on the consumption frequency, i.e. using Equation (1)
and the annual number of servings instead of lifetime num-
ber of servings (Table 2). For chemical hazards, the

probability of a lifetime effect, given the estimated average
exposure for adults within the EU, was divided by the life-
time, i.e. 70years, to obtain the yearly risk. In addition, the
yearly probability of illness per person was also calculated
based on the estimated current exposures but using a linear
extrapolation from the BMD;, down to zero instead of the
actual dose response curves. This was done to investigate
the sensitivity to this assumption since extrapolation into
the low dose range may be sensitive to model choice. To
address the impact of severity, the disease burden was calcu-
lated based on the estimated mean yearly risk per person
and the reported DALY per case for microorganisms
(Mangen et al. 2015) or the DALY per illness category
reported for defined effect categories in Crettaz et al. (2002)
for the chemical hazards.

Ranking using a chemical BMD/MOE approach or a
microbial risk assessment approach

Based on the chemical approach, total dietary exposure of
lead was associated with the lowest margin of exposure, fol-
lowed (in increasing order of margin of exposure) by sal-
monella in broiler, listeria in ready to eat foods in elderly
men, and lastly by acrylamide in food (Table 3). The same
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Table 3. A summary of risk estimates and rankings from the case studies described in Table 2, using either a chemical or a microbiological risk assessment

approach for ranking of four different hazard-food combinations.

CRA MRA - Probability MRA - DALY
Mean probability Mean probability DALY (mean DALY

of illness per of illness per UDALY per (mean pDALY

person and person and person and per person
Hazard-food combination MOE Rank year (DR-curve)® Rank year (BMDm)b Rank year)? Rank and year)b Rank
Listeria — RTE food 110 3 14x107° 3 14x107° 3 8 3 8 4

(men >75 years)

Salmonella-broiler 5 2 29x107* 2 29x107* 2 13 2 13 2
Lead - food 1.4 1 0.0011 1 0.0011 1 730 1 700 1
Acrylamide - food 770 4 29x1077 19%10°° 4 2 4 12 3

“Based on estimated/calculated dose-response curve (DR).
PBased on linear extrapolation from BMD;, to zero.

rank order resulted when using the microbial risk assess-
ment approach based directly on the dose response curves,
with roughly the same absolute differences between hazards
except for acrylamide. The differences in MOE varied a fac-
tor of 550 between highest and lowest, i.e. acrylamide and
lead whereas the differences in probability of illness per year
varied a factor of 3800 (Table 3). If an assessment factor
would have been used for acrylamide due to the use of ani-
mal dose response data the MOE would have decreased a
factor of 10 and changed the acrylamide rank from four to
three. Ranking using a microbiological approach, but based
on a linear extrapolation approach from the BMD;q down
to zero instead of the actual dose-response curve did not
affect the rank order, but did increase the estimated yearly
acrylamide probability of illness (Table 3). The increased
estimated risk of acrylamide when using linear low-dose
extrapolation from the BMD;, instead of the full dose-
response curve reflects that the former approach can be con-
servative, possibly overestimating probability. This is not a
general observation since this was not the case for lead
where the estimated probabilities were practically the same
(Table 3). In contrast, the estimates for microbial hazards
were the same independent of using the dose-response curve
directly or low-dose extrapolation from the BMD (Table 3).
This is a consequence of the dose-response curves used
being linear in this dose range, which is in line with the rec-
ommendation of using single hit models (WHO/FAO 2003).

Rank order based on the MRA approach but also includ-
ing severity, using DALY, resulted in essentially the same
ranking order except when using the linear extrapolation
method when acrylamide ranked in third and listeria in
fourth place (Table 3). However, the absolute differences in
DALY per person and year were small, less than a factor of
seven between ranks two to four and a factor of 366
between ranks 1 to four, compared to using only the proba-
bilities of a health effect (Table 3). This reflects the import-
ance of the severity of the health effects being evaluated and
emphasize the need for good DALY estimates. The DALY
values for the chemical hazards were based on categorized
default values (Crettaz et al. 2002), whereas for microbial
hazards they were based on actual data applied to disease
models describing health outcomes associated with the spe-
cific hazards (Mangen et al. 2015). In addition, ranking of
lead was based on data describing a continuous variable,
glomerular filtration rate, where observations below a cutoff

value for the continuous response was defined as cases of ill-
ness (kidney disease) with an associated health effect of 0.67
DALY per case. These assumptions imply additional uncer-
tainties in the risk ranking.

Discussion

The case studies illustrate that it is possible to estimate and
rank chemical and microbiological hazard-food combina-
tions based on average MOE or average yearly risk per per-
son with traditional approaches from each domain.
Although based only on few examples they indicate that
rank order but not the differences in absolute measures is
similar using either the CRA or MRA approach. This is
interesting, especially if acknowledging that the uncertainties
associated with the risk estimates may be significant.
Including a measure of severity in the form of DALY
affected the outcome more, in terms of reduced differences
between hazards, than the separate CRA and MRA
approaches based only on the probabilities of, or margins to,
a health effect. However, there are limitations using either
approach for ranking hazards from the chemical and the
biological domain. The main limitations of applying the
microbiological risk assessment approach is the extensive
demand for data and resources, which is true for bottom up
approaches in general. The main limitation of the chemical
approach is that the outcome is not risk and case-based in
the sense that it is not directly clear what a margin of expos-
ure reflects in terms of disease burden. This is especially
true since the severity of health effects is not generally con-
sidered. Sand et al. (2015) suggested the use of a specific
assessment factor for the severity of the critical effect to esti-
mate a severity-adjusted margin of exposure (Sand et al.
2015). This addresses severity within the current approach
in a systematic manner but does not change the fundamen-
tal nature of the risk characterization metric used in CRA.
In contrast, the microbiological approach may be translated
into cases for any given population in order to estimate not
only individual risk but also population risk which is an
advantage/necessity for ranking. Importantly also for rank-
ing, when data is given per case it is also possible to use
DALY to address the effect of differences in severity
between hazards.

Another limitation of the chemical risk assessment
approach when applied to microorganisms is conceptual. In



the case studies (Table 2), the mean current exposures
estimated from the reported current probability of illness
and mean dose-response curves corresponded to millions of
bacteria per serving (listeria) as well as to fractions of a cell
per serving (salmonella). Neither estimates is representing
reality and is partly a consequence of BMD not taking the
concept of prevalence, i.e. the proportion of contaminated
servings, into consideration. In addition, the case studies did
not address variability in doses per serving or in susceptibil-
ity between individuals. Only mean doses and dose
responses for the population of interest were used and this
is a limitation especially for listeria where susceptibility may
vary widely within risk groups (Pouillot et al. 2015). Thus,
the mean exposure to bacteria per any serving is not a good
estimate for exposure to microbial hazards since it does not
reflect an actual scenario, in violation of validity concepts
and good risk assessment practices (Burmaster and
Anderson 1994; EPA 2000; Lammerding 2007; Fenner-Crisp
and Dellarco 2016), and the effect of this on risk ranking is
not clear. One potential solution may be to consider only
servings contaminated with microorganisms. However, the
impact of prevalence on ranking must then be
addressed separately.

Other issues include differences between different time
spans for exposure, per serving vs. lifetime, and acute vs.
chronic health effects. These challenges should be possible
to overcome conceptually by converting risk per serving to
lifetime risk and evaluating the severities associated with the
hazards, e.g. by the use of DALY. The main issue when
assessing lifetime risk is how to apply this for children or
age dependent risk groups, e.g. elderly, using constant con-
sumption and dose-response models, since a scenario not
happening in real life is assessed. In the case studies, life
expectance was assumed to be 70years to not include the
childhood period but the problem remained in the listeria
case study since elderly are not elderly for such a long
time period.

A ranking based on risk rather than safety is desirable, as
performed in the microbiological risk assessment approach.
This approach is however resource intensive and is associ-
ated with difficulties when translating dose-response models
based on animal data into absolute human risk, e.g. number
of human cases. To support such efforts epidemiological
data can assist (WHO/FAO 2004), and if wide discrepancies
between approaches exist, e.g. as found in the estimates of
the incidence of campylobacteriosis in the Netherlands based
on epidemiology and QMRA, respectively, this is the starting
point for further analysis (Bouwknegt et al. 2014). This is
also a challenge for chemicals and top down CRA based on
epidemiological data to anchor estimated cases to the
observed cases are usually not available. One option to
address any lack of data in risk assessment approaches
would be to apply initial, screening level, risk assessments
for ranking where default scenarios are being evaluated, but
still including evaluation of potential effects of uncertainty
and variability. It will still be a challenge to compare a case-
based risk estimate with a non-case-based health-endpoint
such as a biomarker or the filtration rate described in the
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lead example above. This is also related to the problem of
integrating the severity of the health effect into ranking and
the use of a common health metric of health burden such
as DALY. One potential solution would be to define the
continuous level as a percentage of a case, and thus, as
a percentage of DALY per case, similar to what is done in
iRisk for chemical hazards not frankly associated with a case
(Chen et al. 2013). This is somewhat analogous to using one
dose-response relationship for infection and one for illness
for microorganisms, eg campylobacter dose-response
(Teunis, Nagelkerke and Haas 1999). Sand et al. (2018)
presents a method relating to this issue for chemicals. The
method is based on a model (denoted “reference point
profile”) that describes the relation between the BMD for
various effects (non-case-based as well as case-based effects),
and the severity of toxicity determined for these effects. The
concept can be generalized resulting in a description of the
complete dose-response-severity volume. Outputs from the
model, accounting for multiple effects, are weighted and
summarized in units of a severe (case-based) outcome.

Concluding remarks

To achieve the goal of risk and science based management
of foodborne hazards risk ranking based on the estimation
of risk to human health is a first and important step. Prior
to final ranking, uncertainties of the risk estimates also need
to be taken into consideration. However, subsequent
decisions on actions and priorities will be taken in a risk
management context where rankings based on health risk
will be one basis for decisions and where consideration of
other legitimate factors such as economic costs and benefits,
politics, trade, consumer views, also will be taken into
account (Fazil et al. 2008). Thus, with the increasing
demand for prioritization and holistic approaches for mak-
ing decisions in relation to public health, sustainability and
the environment, it would be useful to develop an approach
that can address risk ranking of both chemical and micro-
biological hazards in food.

Risk assessments and ranking across hazard types has to
be based on a common health metric, and, in line with the
Codex risk analysis framework, preferably a HALY, eg
DALY, rather than a monetary metric since economic costs
are in the domain of risk management and other legitimate
factors. As described in this article, there are many chal-
lenges associated with this task and several decisions have to
be made to simplify the problem, but at the same time with-
out losing the scientific soundness for the assessment and
the ranking. Simplifications in the case of missing data or
time constraints may be related to the level of detail of the
assessment, e.g. screening level assessments, and the evalu-
ation of a set of default (baseline) scenarios depending on
the context. It can be argued that lifetime risk expressed as
the yearly probability of a health effect is probably the best
compromise to use for ranking across hazard types since it
is easier, conceptually less problematic, to extrapolate from
acute to lifetime exposures than from chronic to per serving
exposures. As indicated in the case studies, the conversion
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to yearly risk will be made differently for chemical and
microbiological hazards, due to the differences between
acute and chronic effects in relation to exposure. Health
risks should be the basis for ranking without the inclusion
of conservative management considerations. The uncertainty
of the outcome based on the data, assumptions and models
should be addressed as an integral part of the ranking. It is
necessary to take severity into consideration, and in this
context also be able to include data describing continuous,
graded, effects and preferably convert (or translate) them
into cases. One potential way forward would be to use
separate approaches for the two classes of hazards or combi-
nations of these two approaches, i.e. top down based on
epi-data and attribution to pathways and food sources, and
bottom-up approaches, respectively, while being aware of
the biases this may introduce. The outcomes of assessments
comparing both types of hazards would probably need to be
a ranking based on disease burden, for example in terms of
DALY, associated with the estimated number of cases, or
proxy cases. Further work is required to explore which types
of risk models or combinations of models and evidence that
may best meet these requirements.
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