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Listeria monocytogenes Dose Response
Revisited—Incorporating Adjustments for Variability
in Strain Virulence and Host Susceptibility

Régis Pouillot*, Karin Hoelzer, Yuhuan Chen, and Sherri B. Dennis

Evaluations of Listeria monocytogenes dose-response relationships are crucially important
for risk assessment and risk management, but are complicated by considerable variability
across population subgroups and L. monocytogenes strains. Despite difficulties associated
with the collection of adequate data from outbreak investigations or sporadic cases, the lim-
itations of currently available animal models, and the inability to conduct human volunteer
studies, some of the available data now allow refinements of the well-established exponential
L. monocytogenes dose response to more adequately represent extremely susceptible popu-
lation subgroups and highly virulent L. monocytogenes strains. Here, a model incorporating
adjustments for variability in L. monocytogenes strain virulence and host susceptibility was
derived for 11 population subgroups with similar underlying comorbidities using data from
multiple sources, including human surveillance and food survey data. In light of the unique
inherent properties of L. monocytogenes dose response, a lognormal-Poisson dose-response
model was chosen, and proved able to reconcile dose-response relationships developed based
on surveillance data with outbreak data. This model was compared to a classical beta-Poisson
dose-response model, which was insufficiently flexible for modeling the specific case of L.
monocytogenes dose-response relationships, especially in outbreak situations. Overall, the
modeling results suggest that most listeriosis cases are linked to the ingestion of food con-
taminated with medium to high concentrations of L. monocytogenes. While additional data
are needed to refine the derived model and to better characterize and quantify the variabil-
ity in L. monocytogenes strain virulence and individual host susceptibility, the framework
derived here represents a promising approach to more adequately characterize the risk of
listeriosis in highly susceptible population subgroups.
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1. INTRODUCTION

Listeria monocytogenes is one of the leading
causes of hospitalization, fetal loss, and death due to
foodborne illnesses in the United States.(1) Deriva-
tions of L. monocytogenes dose-response relation-
ships, though crucially important for risk assessment
and risk management, are impaired by the difficul-
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ties of collecting adequate data from outbreak inves-
tigations or sporadic cases, by the lack of appropriate
animal models, and by the inability to use volunteer
studies due to ethical and practical concerns.(2,3)

Two well-accepted L. monocytogenes dose-
response models have been developed by U.S.
agencies(4) and an international expert panel,(5) both
scaled to epidemiological data. In 2003, the Food
and Drug Administration (FDA) of the U.S. Depart-
ment of Health and Human Services and the Food
Safety and Inspection Service (FSIS) of the U.S.
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Department of Agriculture published a joint risk
assessment for L. monocytogenes in 23 selected cat-
egories of ready-to-eat (RTE) foods.(4) The risk as-
sessment evaluated the risk of invasive listeriosis and
death due to listeriosis for the total U.S. popula-
tion as well as for three separate population sub-
groups: (i) neonates infected in utero through con-
taminated food consumed by their mothers; (ii) the
intermediate-age population; and (iii) older adults.
One dose-response relationship (i.e., modeling
mortality in humans following the ingestion of L.
monocytogenes) was initially developed and differ-
ent multipliers were subsequently applied to gen-
erate models for invasive listeriosis for each of the
population subgroups. To derive the dose-response
relationship for mortality in humans, five dose-
response models (i.e., probit, exponential, logis-
tic, multihit, and Gompertz-log) were initially fit-
ted to data obtained in mice challenged with a
single L. monocytogenes strain. These models were
weighted and used simultaneously to characterize
uncertainty in the shape of the dose-response curve,
with the best-fitting exponential model receiving the
greatest weight. A distribution of median lethal dose
values (LD50) observed in mice challenged with dif-
ferent L. monocytogenes strains was subsequently in-
corporated in the dose-response model to character-
ize L. monocytogenes strain variability in virulence
and its uncertainty. Variability and uncertainty in
host susceptibility within the three population sub-
groups were estimated based on observations in mice
and epidemiological data, and incorporated in the
dose-response model as well. Finally, because the
derived model considerably overestimated the ex-
pected number of invasive listeriosis cases, surveil-
lance data on the incidence of listeriosis in the United
States were used to scale the dose-response relation-
ship to reflect differences in susceptibility between
humans and mice.(4)

In 2004, an international expert panel of the
Food and Agriculture Organization of the United
Nations (FAO)/World Health Organization (WHO)
developed another dose-response model based on a
data subset extracted from the exposure estimates
and the estimated annual number of cases used
to derive the draft FDA/FSIS dose-response model
published in 2001. The FAO/WHO dose-response
model for invasive listeriosis is an exponential dose-
response model.(6) The exponential dose-response
model is a “single-hit” model:(6,7) it assumes that the
probability of a given bacterial cell causing the ad-
verse effect is independent of the number or char-

acteristics of other ingested pathogens, so that a sin-
gle ingested microorganism is sufficient to cause the
adverse effect with some probability greater than
zero. The exponential dose-response model further
assumes that the bacterial cells are randomly dis-
tributed in the food, hence the dose per portion
follows a Poisson distribution, and that the average
probability, r, that one pathogen, within a given ex-
posure of a particular consumer to a specific popu-
lation of pathogens, will survive the host-pathogen
interaction to initiate infection and cause illness is
constant.(8)

If the virulence of pathogens or the susceptibil-
ity of consumers varies from exposure to exposure,
then r may vary and may be represented by a random
variable with distribution f(r). (8) Challenges remain
regarding how best to quantify the distribution of r
in relation to the host, the bacterial strain, and the
exposure scenario. To account for differences in host
susceptibility for L. monocytogenes, the FAO/WHO
group of experts assumed the existence of two dis-
tinct values for r, applicable to the general population
and population subgroups with increased susceptibil-
ity, respectively. The two r parameters (i.e., one value
for each of the two population subgroups) were esti-
mated from epidemiological(9) and food exposure(10)

data obtained in the United States. The estimated r
parameters were extremely low (i.e., approximately
10−12–10−13 for the population with increased sus-
ceptibility and 10−13–10−15 for the general popu-
lation), translating into a very low probability of
illness following the ingestion of a low dose of bac-
teria. This dose-response model or some adapta-
tions of the model have been used in various risk
assessments.(11-14)

Since 2004, new scientific data have become
available, demonstrating the considerable variabil-
ity in virulence among L. monocytogenes strains and
molecular subtypes.(15–18) New data have, for ex-
ample, shown that the entry of L. monocytogenes
into certain human epithelial cells is primarily recep-
tor mediated, depending on specific interactions be-
tween internalins on the bacterial surface and their
respective host cell receptors.(19–22) Therefore, point
mutations in the inlA gene can lead to virulence at-
tenuation of L. monocytogenes strains.(16,23,24) New
data are also available regarding the variability in
susceptibility among individuals with different pre-
disposing conditions such as pregnancy, old age, or
other underlying conditions.(25–28) The relative risk of
listeriosis for pregnant women, for example, has been
estimated to be approximately 100 times higher than
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that for nonpregnant women.(25–27) Relative risks
higher than 1,000 have been reported for individuals
with chronic lymphocytic leukemia when compared
to a reference population of individuals <65-year old
without any known underlying conditions.(26)

Because of the challenges in developing ade-
quate dose-response models of listeriosis, an inter-
agency expert workshop was held in the United
States in 2011, with the goal of identifying new data,
strategies, and insights for L. monocytogenes dose-
response modeling. Short-term strategies identified
during this workshop included updating the dose-
response model developed by FDA/FSIS(4) by in-
corporating new data and insights about differences
in strain virulence and L. monocytogenes patho-
physiology. A key-events approach to dose-response
modeling(29) was identified as a promising though ex-
tremely challenging, data-intensive, and potentially
unachievable framework for future microbial dose-
response models.(2)

Current dose-response models linked to epi-
demiological data tend to agree that a low dose of
L. monocytogenes leads to an average low probabil-
ity of invasive listeriosis in the general population as
well as in broadly defined populations with height-
ened susceptibility.(4,5,30) However, a more nuanced
evaluation of L. monocytogenes dose response for L.
monocytogenes strains with different virulence and
for different human population subgroups at height-
ened risk of listeriosis is needed to adequately char-
acterize the listeriosis risk in different population
subgroups, including those with highest susceptibil-
ity. Such nuanced models would allow for more in-
depth inference about the listeriosis risk posed to
highly susceptible population subgroups by highly
virulent L. monocytogenes strains, and may become
instrumental for evaluating key risk management is-
sues such as the potential public health threat as-
sociated with the ingestion of a given dose of L.
monocytogenes.

In this article, the existing exponential L. mono-
cytogenes dose-response model(5) for invasive liste-
riosis is being revisited. A mathematical framework
for considering variability in L. monocytogenes vir-
ulence and in host susceptibility is derived and ap-
plied to currently available epidemiological data, in-
cluding data from one well-documented listeriosis
outbreak.(4,5,31) Unlike other foodborne pathogens
such as Salmonella,(32–34) Campylobacter,(35) or
norovirus,(36,37) L. monocytogenes is characterized by
an extremely low probability of illness at low expo-
sure doses when averaging across the total popula-

tion or broadly defined population subgroups(4,5,30)

and by extreme variability in the probability of in-
fection among population subgroups with different
predisposing risk factors.(5,26,27,38) Two dose-response
models are evaluated and compared here in light of
the unique challenges associated with modeling L.
monocytogenes dose response.(2,4,5,29) The first eval-
uated model uses beta distributions to characterize
variability in r from exposure to exposure, resulting
in an “exact beta-Poisson” dose-response relation(6)

(also known as “hypergeometric”(7) or “actual beta-
Poisson”(8) dose-response relation), which may be
simplified to an approximate “beta-Poisson” model if
certain conditions are met.(7,39) The second model, a
newly developed “lognormal-Poisson” model, char-
acterizes variability in r due to variability in strain
virulence and host susceptibility using lognormal dis-
tributions. As will be illustrated in this article, the
lognormal distribution was found appropriate and
useful for modeling the special case of L. mono-
cytogenes dose response whereas the beta-Poisson
model showed insufficient flexibility to adequately
model one of the well-described L. monocytogenes
outbreaks.

2. FRAMEWORK, MODEL, AND DATA

2.1. General Derivation of the Evaluated
Dose-Response Models

A single-hit model is assumed.(6,7) The probabil-
ity of acquiring the adverse effect under study (i.e.,
invasive listeriosis) if a dose of d bacterial cells is in-
gested in a certain serving is given by:

P (ill; d, r) = 1 − (1 − r)d
, (1)

where “ill” stands for “illness” (here, invasive lis-
teriosis) and r is the probability of developing in-
vasive listeriosis from the ingestion of a bacte-
rial cell in a given, specific serving. Note that r
may be seen as constant for that serving,(6) or as
an average probability that one cell of the spe-
cific population of pathogens present in the meal
will survive and initiate the infection and illness of
this specific consumer.(8) Assume that each serv-
ing is specific to a given context, determined by
the individual i (characterized by the presence of a
given set of predisposing risk factors at the time of
consumption) consuming the food and by the L.
monocytogenes strain s present in the ingested food
(with a certain set of given virulence determinants at
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the time of consumption). In this study, r is consid-
ered constant for this particular serving, but variable
across servings, with its variability determined by the
variation in susceptibility across individuals and the
variation in virulence across strains.

Assume further that the L. monocytogenes dose
in a given serving is Poisson distributed and the dis-
tribution of r across a given population of servings
is described by a random variable with density func-
tion f (r ; θ). Then the marginal probability of infec-
tion for an average dose d is described by:(6)

P (ill; d, θ) =
∫ 1

0
(1 − exp (−rd)) f (r ; θ) dr. (2)

Any probability density function with practical
domain [0; 1] can be chosen for f. A beta distribu-
tion is a convenient choice for modeling variabil-
ity in r because its domain is restricted to [0,1], it
provides flexibility over the domain, and the sim-
plified beta-Poisson model is easy to implement.(6)

The exact and simplified beta-Poisson dose-response
models have been repeatedly used for modeling
illnesses from other foodborne pathogens such as
norovirus,(37,40) Salmonella,(33,34) or Campylobacter
jejuni.(8) The beta-Poisson model was also used to
model L. monocytogenes dose-response from animal
data.(41) If a lognormal (base 10) distribution is cho-
sen for f, that is, log10(r) � normal(μ, σ ), with negli-
gible probability that r � 1, Equation (2) leads to:

P (ill; d, μ, σ ) = log10 (e)

σ
√

2π

∫ 1

0

(
1
r

(1 − exp (−rd))

× exp

(
− (log10 (r) − μ)2

2σ 2

))
dr. (3)

Equation (3) has no closed form and requires
numerical integration. However, it simplifies to an
exponential dose-response model for any given
value r.

P (ill; d, r) = 1 − exp (−rd) (4)

In this study, we investigated a beta distribution
and a lognormal distribution to characterize the dis-
tribution of r from meal to meal, using data from mul-
tiple sources, including human surveillance and food
survey data. The derivation using the beta-Poisson
model can be found in the Appendix, which shows
that this model is inappropriate for the special case
of modeling L. monocytogenes dose response in hu-
mans, most notably because it could not adequately
model extreme situations such as outbreaks. The log-

normal distribution was eventually chosen because
its heavy-tail property was deemed useful for mod-
eling the special case of L. monocytogenes dose re-
sponse, and because its infinitively divisional prop-
erty allowed for mathematically relatively simple
separation of different sources of variability in dose
response.

2.2. Dose-Response Model Within
Populations Subgroups

The probability of developing listeriosis after in-
gesting a given dose of L. monocytogenes is highly
variable from meal to meal, and considerably im-
pacted by the L. monocytogenes strain and the
presence and nature of underlying host conditions
such as pregnancy, old age, or certain diseases and
conditions.(25–27) The variability in r may be sepa-
rated into three sources: variability in susceptibil-
ity across mutually exclusive population subgroups
with a shared predisposing risk factor, variability in
susceptibility across individuals within a given popu-
lation subgroup, and variability in virulence among
L. monocytogenes strains with different virulence
determinants.

For a given population subgroup g, the marginal
dose response can be rewritten as:

P (ill; d, θ g) =
∫ 1

0
(1 − exp (−rd)) f (r ; θ g) dr,

where θg is characteristic of the subgroup g. The dis-
tribution f (r ; θ g) represents the remaining individ-
ual (within group) susceptibility variability and strain
virulence variability in r.

The resulting distribution of r across all pop-
ulation subgroups can be expressed as a mixture
of distributions for individual population subgroups,
weighted by the relative size of each population sub-
group in the total population:

g (r) =
∑

g

πg f (r ; θ g) , (5)

where πg,
∑

g πg = 1, is the proportional size of the
population subgroup g within the total population.

Substituting f(r) by g(r) in Equation (2) leads to
the dose response for the total population. This dose-
response relationship integrates, in addition to those
factors accounted for by the subpopulation-specific
dose-response model, the variability in mean suscep-
tibility across population subgroups.
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2.3. Specification of μg and σ g from
Surveillance Data

Let cg equal the number of invasive listeriosis
cases in a given population subgroup g and Md,g equal
the number of servings with a given mean dose d in-
gested by the population subgroup g. Then, the ex-
pected value of cg is given by:

E [cg] =
∫ ∞

0
Md,g P (ill; d, θ g) dd. (6)

Estimating cg from epidemiological data and
Md,g from food exposure data generates an infinite
number of solutions for the ordered pair (μg, σg).
However, if a measure of variability of rg is known,
the problem simplifies to a root-finding problem. As
an example, if we are able to characterize Q90, the
log10 of the ratio between the 5th and the 95th per-
centile of f (r ; θ g), we can estimate θg for estimated
E[cg] and Q90 using some iterative solver routine.

2.4. Characterization of Variability

2.4.1. Specification of σg

Under limited assumptions, the infinitively divi-
sional property of lognormal distributions allows for
a characterization and separation of interindividual
and interstrain variability. The potential of a given
L. monocytogenes strain to cause disease (i.e., strain
virulence determined by a given set of transient and
fixed virulence factors) may be considered indepen-
dent of the susceptibility of a given host to listeriosis
(i.e., host susceptibility due to a given set of comor-
bidities and other factors impacting individual sus-
ceptibility such as genetic predisposition).

In this study, r is defined as the probability of in-
fection for a given individual following the ingestion
of one given L. monocytogenes cell during a given
serving. Note that r may be considered for our pur-
pose as the product of two independent probabilities:
the probability pi, linked to events controlled by host
factors that ultimately lead to a failure to stop infec-
tion, and ps, which reflects bacterial factors that con-
trol virulence and pathogenicity:

r = pi × ps . (7)

We assume that ps and pi follow lognormal dis-
tributions. Because the product of two independent
lognormally distributed random variables is itself a
lognormal random variable, r is also lognormally dis-
tributed. Let pi ∼ lognormal (μi , σi ) for all i � g,
and let ps ∼ lognormal (μs, σs) for strains s. Based on

Equation (7) we see that for a given population sub-
group and strain,

r ∼ lognormal
(

μi + μs,

√
σ 2

i + σ 2
s

)
, (8)

and the marginal density across all strains can there-

fore be found by μg = μi + μs and σg =
√

σ 2
i + σ 2

s .
Q90,i is defined as the log10 of the 90% individual

within-group susceptibility variability range. Note
that σi can be estimated as σi = (Q90,i/2) /�−1 (0.95)
where �−1 denotes the inverse of the standard
normal cumulative density function. Here, σs can
be estimated using the same rationale for the in-
terstrain variability. If Q90,s is the log10 differ-
ence between the 5th and the 95th percentile, σS =
(Q90,s/2) /�−1 (0.95).

The subroutine must find (μg, σ g) solution of:

E [cg] =
∫ ∞

0
Md,g P (ill; μg, σg) dd, (9)

where

σg =
√

Q90,i
2 + Q90,s

2

2�−1 (0.95)
. (10)

2.4.2. Intragroup Variability Q90,i

Due to a variety of factors, such as genetic pre-
disposition, susceptibility to infection differs across
individuals, even after accounting for underlying co-
morbidities, albeit with considerably decreased vari-
ability. To derive estimates for our model, we used
the estimates of variability in susceptibility presented
in FDA/FSIS.(4) In FDA/FSIS,(4) three distributions
that encompass the range of susceptibility observed
in animal studies were used to adjust the log10 cfu of
the effective dose for populations with low, medium,
and high variability.(4) Assuming exponential dose
response in animal studies, the range of variation in
the log10 LD50 translates into the range of variation
in the log10 r parameter.1 Therefore, we represented
the variability in the probability of illness from a sin-
gle cell (in log10 r) using the variability in the log10

cfu that had been used to modify the effective dose
in FDA/FSIS.(4) According to FDA/FSIS (Table IV-
8 in Ref. 4), 90% of the individual variability within
the population group with low, medium, and high

1We have, for an exponential dose response, r = −ln(.5)
LD50

. The
LD50 is inversely proportional to r. A variation of ± x log10 in
log10 LD50 corresponds to a similar variation of ± x log10 in log10
r.
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variability in susceptibility may be contained within
a range of 0.8 log10, 1.8 log10, and 2.9 log10, respec-
tively. FDA/FSIS(4) used the medium variability dis-
tribution for neonatal populations and high variabil-
ity for intermediate-age and elderly subpopulations.
In this study, we divided the population into 11 pop-
ulation subgroups with similar underlying conditions
(Table I), essentially as described previously.(11,42)

Assuming that our 11 subpopulations would be more
precisely defined with regard to predisposing risk fac-
tors and therefore less variable in susceptibility than
the broadly defined “elderly” and the “intermediate-
age” population subgroups defined by FDA/FSIS,(4)

we used FDA/FSIS(4) “medium variability” estimates
for all of the 11 groups, that is, Q90,i = 1.8 log10.

2.4.3. Interstrain Virulence Variability Q90,S

In the FDA/FSIS assessment, variations in
host susceptibility and in strain virulence were
represented by distributions that modified the
effective dose for individual servings.(4) The distri-
bution for strain virulence was estimated notably
by the observed variation in LD50 (in log10 cfu)
among different L. monocytogenes strains in
mouse experiments.(4) According to FDA/FSIS
(Table IV-6 in Ref. 4), 90% of the strain variability
ranges within a 5 log10, leading to Q90,s = 5 log10.

Substituting these values in Equation (10) gener-
ates σg = 1.62 log10.

2.5. Integration of the dose-response Models

2.5.1. Exposure Data

The L. monocytogenes concentration distribu-
tion reported by Chen et al.(30) was used for ex-
posure estimates. This distribution was obtained by
fitting data from a survey of more than 31,000 RTE
retail food samples, representing eight RTE cate-
gories sampled in the years 2000 and 2001 in two
states of the United States.(43) L. monocytogenes was
not detected in 98.2% of the samples. The log10 con-
centration (log10 cfu/g) in the remaining contami-
nated products followed a four-parameter beta dis-
tribution2 with parameters α = 0.29, β = 2.68, a =
−1.69, and b = 6.1.(30) A 50 g serving size was as-
sumed in this study. The number of servings of these
eight RTE categories consumed by the U.S. popula-

2x follows a four-parameter beta distribution with parameters
(α, β, a, b) if (x-a)/(b-a) � Be(α, β)

tion was estimated at 1.23 × 1011 servings per year
based on the FDA/FSIS risk assessment.(4) As con-
sidered in previous risk assessments,(4,5) we made the
assumption of an identical distribution of L. mono-
cytogenes doses and strains for all population sub-
groups.

2.5.2. Epidemiological Data

To allow comparisons across population sub-
groups g with similar underlying conditions, we iden-
tified population subgroups with specific predispos-
ing risk factors (e.g., different types of illness, old age,
pregnancy), and evaluate variability in susceptibility
within and across these subgroups.

Goulet et al.(26) published data on the relative
risk of listeriosis in France for 36 mutually exclu-
sive susceptible population subgroups, each consist-
ing of individuals sharing a specific underlying condi-
tion. Because the data were too scarce to derive dose-
response models separately for 36 mutually exclu-
sive subgroups, the 36 subgroups identified by Goulet
et al.(26) were combined (where appropriate) and
regrouped into 11 subgroups based on underlying
pathophysiology and expected degree of T-cell inhi-
bition, essentially using a grouping scheme as previ-
ously described.(11,42)

We assumed that the relative risk of listerio-
sis for a given population subgroup and the relative
size of each evaluated population subgroup would be
comparable between France and the United States.
The number of cases in each subgroup had to be
normalized to the listeriosis burden estimates from
the United States to allow extrapolation of the data
(Table I). We evaluated two estimates of the total
listeriosis cases in the United States, the first based
on 1996–1997 data(9) and the second on 2005–2008
data(1) from FoodNet surveillance. We chose the lat-
ter, i.e., 1,591 cases per year, as input to derive the
dose-response relationship because the 2000–2001
timeframe for the food survey(43) corresponded to
the timeframes for the listeriosis estimates and, more
importantly, the latter listeriosis estimate was based
on new and improved methods for estimating overall
foodborne illness in the United States.(1)

2.5.3. Sensitivity Analysis

As will be discussed below, we identified two
major assumptions needed to use the data described
above. To evaluate the impact of these assumptions
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Table I. Number of Persons with Underlying Conditions and Number of Cases of Invasive Listeriosis Observed in France, 2001–2008;(26)

Expected Number of Invasive Listeriosis Cases per Subgroups in the United States; See Text for Underlying Assumptions and Ref. 26 for
a More In-Depth Description of the Population Subgroups

Population Subgroup

Number of Individuals
in France (from and

Adapted from Ref. 26)

Listeriosis Cases
During an 8-Year
Period in France

(from and Adapted
from Ref. 26)

Relative Risk
(CI 95%)a

Expected Number
of Listeriosis Cases
in the United States

(Based on 1,591
Cases from Ref. 1)

Less than 65 years old, no known
underlying condition (i.e., “healthy
adult”)

48,909,403 189 Reference group 153

More than 65 years old, no known
underlying condition

7,038,068 377 13.9 (8.6, 23.1) 306

Pregnancy 774,000 347 116 (71, 194.4) 282
Nonhematological cancer 2,065,000 437 54.8 (34.2, 90.3) 355
Hematological cancer 160,000 231 373.6 (217.3, 648.9) 188
Renal or liver failure (dialysis, cirrhosis) 284,000 164 149.4 (82, 270.1) 133
Solid organ transplant 25,300 16 163.7 (26.3, 551.5) 13
Inflammatory diseases (rheumatoid

arthritis, ulcerative colitis, giant cell
arteritis, Crohn’s disease)

300,674 68 58.5 (25.2, 123.4) 55

HIV/AIDS 120,000 22 47.4 (10.5, 140.4) 18
Diabetes (type I or type II) 2,681,000 79 7.6 (3.5, 15.6) 64
Heart diseases 1,400,000 29 5.4 (1.5,14.4) 24
Total population 63,757,445 1,959 1,591

aEstimated using a Poisson regression without adjustment. These 95% CIs should be considered only as indicative but suggest that all those
groups have a risk of listeriosis significantly higher than the reference group.

on the generated risk estimates we conducted the
following sensitivity analyses for these two assump-
tions. (i) Due to the lack of sufficient data, we
assumed equal exposure to contaminated food for
all population subgroups. This assumes that out-
reach targeted at minimizing foodborne exposures of
high-risk population subgroups is ineffective. As a
sensitivity analysis, the model was tested with the
alternative assumption that the number of servings
containing a given number of bacteria for all of the
more susceptible subgroups are one-tenth of that for
“healthy adults” (i.e., the <65 years of age with-
out any known underlying conditions). (ii) The ex-
posure data we used in deriving the dose-response
model did not consider bacterial growth from retail
to consumption, and considered a maximum level of
contamination of 6.1 log10 cfu/g. Because growth in
the consumer home has been identified as a poten-
tially important risk factor in previous risk assess-
ments, we conducted a sensitivity analysis to eval-
uate the impact of this assumption. The model was
tested using the four-parameter beta distribution of
log10 concentration described in Section 2.5.1, with
a maximum parameter increased from b = 6.1 to
b = 8.1 log10 cfu/g. This distribution leads to an

average concentration in contaminated products of
20,545 cfu/g as compared to 390 cfu/g for the baseline
scenario.

2.6. Dose-response Relationship Using
Outbreak Data

It was assumed that a single food item and L.
monocytogenes strain are involved in an outbreak af-
fecting a specific population subgroup g, thus elimi-
nating the impact of strain-to-strain variability in the
dose-response evaluation. The virulence of the out-
break strain, ps(outbreak), is then fixed but unknown.
We used the lognormal-Poisson model (and the beta-
Poisson model; see the Appendix) to analyze a well-
documented listeriosis outbreak, the butter outbreak
that occurred in Finland in 1998–1999,(31) as re-
examined by FDA/FSIS(4) and FAO/WHO.(5) This
outbreak was characterized by a relatively high at-
tack rate among immunocompromised individuals
(mostly hematological or organ transplant patients)
for a relatively low dose of L. monocytogenes.(4,5)

The FAO/WHO panel derived an r value of 3.15 ×
10−7 from data collected during this outbreak.(5)
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The lognormal dose-response properties help to
evaluate the dose response during outbreaks. As can
be inferred based on Equation (7), r is the product of
a fixed value ps(outbreak) and a lognormally distributed
variable pi. Thus:

r ∼ lognormal
(
μg + log10

(
ps(outbreak)

)
, σi
)
. (11)

Given that ps ∼ lognormal (μS, σS), the jth
quantile of ps is given by ps ( j) = 10(μs+�−1( j)×σs).
Assuming that ps(outbreak) = ps ( j):

r ∼ lognormal
(
μi + μs + �−1 ( j) × σs, σi

)
. (12)

Substituting μg for μi + μsgives for r:

r ∼ lognormal
(
μg + �−1 ( j) × σs, σi

)
. (13)

Percentiles of interest can now easily be esti-
mated using the parameters derived above.

All numerical integrations and optimizations of
the models were performed using the R software.(44)

The code is available from the corresponding author
on request.

3. RESULTS

3.1. Estimation of r for Different Population
Subgroups Using Food Exposure and
Epidemiological Surveillance Data

Solutions for the ordered pair (μg, σg) for all 11
population subgroups, based on numerical integra-
tion, are presented in Table II. Notably, estimates of
μgvaried widely across population subgroups, rang-
ing from μg = −14.1 for those less than 65 years of
age without any known underlying conditions (i.e.,
“healthy adults”) to μg = −11.0 for individuals with
hematological cancer. These estimates translate into
mean values of r equaling 7.9 × 10−12 and 9.6 × 10−9,
respectively. The corresponding 99.9th percentiles
equal 7.7 × 10−10 and 9.3 × 10−7 for healthy adults
and individuals with hematological cancer, respec-
tively, indicating that the risk of illness per ingested
cell generally remains relatively low for most pop-
ulation subgroups and most types of exposure. The
variation in dose response across population sub-
groups is illustrated in Fig. 1, highlighting in par-
ticular the comparison among the total population,
pregnant women, and healthy adults. As expected,
the marginal dose-response model for the total pop-
ulation more closely resembles that for healthy
adults than those for the most susceptible population
subgroups.

The probability of illness and the expected num-
bers of cases for a variety of population subgroups
and ingested doses are presented in Table III. For
healthy adults <65 years old, the mean probability
of illness remains below 1:10,000 if doses below 7.5
log10 cfu/serving are ingested. However, for those
with hematological cancer, ingestion of doses in the
range of 5.5 log10 cfu/serving translates into a mean
probability of illness around 1:1,000. Considering this
dose-response relationship and the exposure to L.
monocytogenes through food consumption, most of
the 1,591 cases analyzed in this study are expected to
be due to foods contaminated with doses between 3.5
and 7.5 log10 cfu/serving (Table III). Notably, 20%
of the 188 expected cases among those with hemato-
logical cancer are expected to be due to contamina-
tion with doses �5 log10 cfu/serving. Doses of 4 log10

cfu/serving or lower are estimated to be responsible
for 2% of cases among healthy adults, but an esti-
mated 4% of cases among pregnant women and an
estimated 5% of cases among individuals with hema-
tological cancer are expected to be caused by such
relatively low doses.

As shown above in Equation (4), for a fixed value
of r, the dose-response model simplifies to an ex-
ponential dose-response model. Fig. 2 illustrates the
dose-response relationships for the total population
for the 0.01st, 0.1st, 1st, 50th, 99th, 99.9th, and 99.99th
percentiles of the distribution (including group-to-
group, individual within-group, and strain-to-strain
variability) of r. This figure also overlays the marginal
lognormal-Poisson model from this study with the
exponential dose-response models reported previ-
ously by FAO/WHO(5) for the susceptible popula-
tion as well as the one by Chen et al.(24) for L. mono-
cytogenes strains with genes encoding a full-length
inlA for the 25% higher-risk population. Notably,
the dose response for the total population derived
here results in a higher risk of infection for low doses
than either of the two published dose-response mod-
els (Fig. 2). The dose-response model obtained in this
study for the least virulent strains, however, leads to
a considerably lower risk of illness at low doses than
either of the published models.

3.2. Sensitivity Analyses

When the model was tested with the alterna-
tive assumption that the number of servings includ-
ing a given number of bacteria for all of the more
susceptible subgroups equals one-tenth of that for
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(      )

(
)

Fig. 1. Marginal (over strains and individuals within subgroups) lognormal-Poisson dose-response models for the 11 population subgroups
(thin lines), emphasizing (thick lines) the dose-response relationship for those <65 years of age without known underlying conditions
(“healthy adult”; bottom thick line) and for pregnant women (top thick line). Marginal (over strains and individuals) lognormal-Poisson
dose response for the total population (thick dashed line).

“healthy adults,” the dose response was shifted to the
left for the susceptible groups. In this case, the over-
all expected number of cases for servings containing
�4 log10 cfu equaled less than 6% of all cases as com-
pared to 3% of all cases in the baseline scenario. The
assumption of equal food consumption across popu-
lation subgroups therefore only had a modest impact
on our analysis. When the model was tested with a
maximum L. monocytogenes level of 8.1 log10 cfu/g,
a shift of the corresponding dose response to the
right was logically obtained: with this maximum level,
0% of the cases would be predicted for a dose of
4 log10 cfu/g and 4% for a dose of 6 log10 cfu/g for
the total population.

3.3. Application of the Dose-response Framework
to Listeriosis Outbreaks

Fig. 3 compares the published exponential dose-
response model(5) estimated from the Finnish but-
ter outbreak data (r = 3.15 × 10−7)(5,31) to the
dose-response model for transplant recipients de-
rived in this study, showing both the prediction aver-
aged across individual strains and for individual per-

centiles of the virulence distribution ps. Fig. 3 sug-
gests that the dose-response model from this study is
able to predict the data observed in the Finnish out-
break, and that the strain was highly virulent, as the
corresponding dose-response overlays that of a strain
with a level of virulence close to the 99.9th percentile
of r.

4. DISCUSSION

4.1. The New Framework for L. Monocytogenes
Dose-response, Adjusted for Variability in
Host Susceptibility and Strain Virulence

The FAO/WHO(5) dose-response model can be
considered as a marginal dose-response model for a
population exposed to a cross-section of L. monocy-
togenes strains. As such, this model averages across
numerous individuals with differing levels of sus-
ceptibility and multiple L. monocytogenes strains
with varying levels of virulence. While such evalua-
tions can be highly informative for many purposes
they may be inappropriate to evaluate certain rare
but potentially highly relevant events, such as the
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Fig. 2. Marginal lognormal-Poisson dose-response model for the total population (black solid line) and exponential dose-response model
for r in the 0.01st, 0.1st, 1st, 50th, 99th, 99.9th, and 99.99th percentiles of the strain and individual distribution (thin black lines, from right
to left). These estimates are compared to the dose-response relationships generated by FAO/WHO(5) for invasive listeriosis in the fraction
of the population with increased susceptibility (r = 1.06 × 10−12; see Ref. 5, p. 56) (dashed line) and by Chen et al.(24) for L. monocytogenes
with genes encoding a full-length inlA for the 25% higher-risk population (log10(r) = −10.44; dotted line).

ingestion of a highly virulent L. monocytogenes strain
by a highly susceptible individual. Moreover, small
population subgroups with extremely high suscepti-
bility may not be adequately reflected in such dose-
response relationships, potentially explaining at least
in part why traditional exponential dose-response
models of L. monocytogenes could so far not be rec-
onciled with outbreak data.

The lognormal-Poisson dose-response models
derived here extend and advance L. monocyto-
genes dose-response modeling to explicitly consider
variability in strain virulence and in susceptibility
across population subgroups. As such, the extended
model more accurately captures the risk of liste-
riosis in those population subgroups at highest risk
of listeriosis. Because the relative risk of listerio-
sis has been shown to vary by as much as 1,000-
fold across population subgroups with clearly de-
fined risk factors,(26) the ability to accurately char-
acterize the listeriosis risk for different population
subgroups is of paramount importance for risk man-
agement and for a comprehensive characterization
of the listeriosis risk posed by different RTE food

items. Similarly, strains differ considerably in viru-
lence. Chen et al.(24) found a 2–3 log10 difference
in the marginal exponential dose-response parame-
ters r for L. monocytogenes subtypes encoding a full
length or truncated version of inlA, respectively. In
a guinea pig model, Van Stelten et al.(23) found more
than a 1 log10 increase in median infectious dose for
a L. monocytogenes strain carrying a premature stop
codon (PMSC) in inlA compared to that for an epi-
demic clone. Accounting for variability in strain vir-
ulence is therefore clearly of great importance. The
variation in virulence used in this study (i.e., variabil-
ity of 5 log10 based on inter 5th–95th percentiles) is
higher than the differences in strain virulence that
would be expected based on the data for strains with
and without PMSCs in inlA. However, other viru-
lence factors likely also contribute to virulence differ-
ences among L. monocytogenes strains.(21,45) There-
fore, the true variability in strain virulence is likely
larger than that estimated solely based on differ-
ences in inlA alleles. In addition, food matrix ef-
fects were implicitly accounted for in the variabil-
ity in strain virulence, thus likely also increasing
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Fig. 3. Lognormal dose-response relationships for invasive listeriosis following the ingestion of L. monocytogenes, comparing the marginal
dose response for the transplant recipient population (solid thick line), the dose response for individual strains with virulence in the 0.01st,
0.1st, 1st, 50th, 99th, 99.9th, and 99.99th percentiles of the virulence distribution (thin lines, from right to left), and the exponential dose-
response model for invasive listeriosis based on a butter outbreak in Finland, 1998–1999,(31) as reexamined by FAO/WHO (r = 3.15 ×
10−7,(5) p. 34; dashed line).

variability. Despite the progress that has been made
in recent years, a better understanding of virulence
differences among L. monocytogenes strains and, in
particular, experimental data evaluating the poten-
tial impact of food matrix effects, is clearly needed
to further refine L. monocytogenes dose-response
models.

4.2. Beta-Poisson vs. Lognormal-Poisson
Dose Response

The beta distribution was introduced as a prag-
matic choice to model the variability in r. (6,39) It
offers a great amount of flexibility on the [0; 1]
domain,(6) but a mechanistic basis for the choice
of beta distributions is lacking. In the case of L.
monocytogenes, the expected value of r is extremely
low when averaging over the general population or

even over relatively broadly defined susceptible pop-
ulation subgroups, leading to extremely high values
of parameter β. The shape of the beta distribution
when used with such extreme parameters does not
allow sufficient flexibility, making it impossible to fit
the model to certain epidemiological listeriosis data,
including the Finnish outbreak data, as illustrated
in the Appendix. Therefore, even though the beta-
Poisson represents a useful and often-used choice for
modeling a number of foodborne pathogens, it ap-
pears suboptimal for the unique case of L. monocy-
togenes as evaluated here. Interestingly, if a gamma
distribution with r � gamma(α, 1/β), with a negligi-
ble probability of r > 1, would be used to describe
r variability, the associated probability of infection
would also lead to the beta-Poisson dose-response
model (Equation (12)).(8,46) Our result thus suggests
that the use of a gamma distribution to model r would
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similarly not be suitable for the unique case of L.
monocytogenes dose response.

We used a lognormal distribution to model vari-
ability in host susceptibility and strain virulence,
leading to a “lognormal-Poisson” dose-response re-
lationship. Importantly, the resulting lognormal-
Poisson dose-response equation does not simplify
to a simple mathematical formula and requires
numerical integration, thus making the use of this
model mathematically more challenging. The do-
main of the lognormal distribution is defined as
[0; �). Yet, in this study we found that even for the
most susceptible population subgroup (i.e., hemato-
logical cancer patients) the probability of r exceed-
ing 1 is estimated at 4.5 × 10−12, thus in the order of
1 in a trillion, and therefore de facto negligible. Be-
cause the probability of r exceeding 1 is de facto zero,
r is theoretically [0; �) but practically distributed on
the domain [0; 1] in the considered L. monocytogenes
case. Importantly, this is most likely not true for
pathogens other than L. monocytogenes. For other
foodborne pathogens, the probability of illness after
ingestion of a single cell is usually much higher than
that for L. monocytogenes and the probability of r >1
would be nonnegligible, which would make it incor-
rect to use the lognormal-Poisson dose response. The
lognormal distribution is a heavy-tail distribution.
Using heavy-tail distributions is an appropriate mod-
eling assumption if the objective is to describe ex-
treme events such as the ingestion of a highly viru-
lent L. monocytogenes strain by a highly susceptible
individual. Importantly, the lognormal-Poisson dose-
response model was able to predict a well-described
outbreak of listeriosis where traditional models of L.
monocytogenes dose response failed to do so, indicat-
ing the potential usefulness of this model.

4.3. Limitations of the Currently Available Data

Whenever possible, health-protective assump-
tions that would lead to estimating a higher proba-
bility of infection for low doses were preferentially
chosen in this study. However, the potential impact
of some assumptions is more difficult to evaluate
than for others. For instance, French data were used
as the basis of extrapolations of the expected num-
ber of listeriosis cases per population subgroup in
the United States. This extrapolation appears appro-
priate for several reasons. One key finding of the
FAO/WHO(5) risk assessment of L. monocytogenes
in RTE foods is a lack of evidence for differences in

the risk of listeriosis after consumption of a given L.
monocytogenes dose by a member of given popula-
tion subgroup across countries. Similarly, epidemio-
logical studies have shown that the relative risk of
listeriosis for pregnant women appears to be com-
parable between France and the United States.(26,27)

Unfortunately, data on the relative risk of listeriosis
is currently lacking for other population subgroups
in the United States.(27) It was estimated that for
each case of invasive listeriosis, 1.1 cases were not
diagnosed in the United States.(1) This figure might
be higher in neonatal and elderly cases as compared
to other subpopulations.(47) Due to a lack of infor-
mation, we have not addressed this uncertainty in
the partitioning of the total number of cases in the
United States among the different population sub-
groups.

In addition, the French relative size of popula-
tion subgroups was directly extrapolated to the U.S.
population. Even though certain indicators, such as
the proportion of individuals with diabetes, are not
the same in France and in the United States,(48) some
major demographic parameters relevant in this study
appear comparable between these countries, such as
the proportion of people under 65 year of age, the
proportion of people living with cancer, the fertility
rates, and life expectancies.(49,50) Actually, the esti-
mation of the relative size of population subgroups
in the French study is based on a rigorous, specific,
and complicated method designed to avoid dupli-
cated counts.(26) Therefore, it appears preferable to
use the French estimates directly rather than further
adjusting the estimates to the relative size of U.S.
populations with similar comorbidities.

For every risk assessment anchored to human
surveillance data—such as our risk assessment pre-
sented here—the assumptions used to estimate expo-
sure data highly influence the dose-response model
and prediction. If it is estimated that only a small
number of bacteria are consumed, any dose-response
scaled to epidemiological data will mathematically
be shifted to the left (i.e., toward a higher risk at
low dose). We used data from Chen et al.,(30) which
was the most extensive food survey in the United
States on record. However, even this large of a study
may not capture the true variability in the num-
bers of L. monocytogenes in RTE foods, particu-
larly for the high end of the concentration distribu-
tion, and thus may be considered as underestimat-
ing exposure. Using these data leads to three im-
plicit assumptions: (i) all bacterial cells consumed
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in the population originate from only eight RTE
food categories (i.e., fresh soft cheeses, bagged salad,
blue veined cheeses, mold ripened cheeses, seafood
salads, smoked seafood, luncheon meats, and deli
salads) even though other products, such as low
acid cut fruits(51,52) or vegetables,(53) could also be
nonnegligible sources of L. monocytogenes; (ii) no
growth is considered to occur between retail and con-
sumption even though postretail growth has been
shown to be one important factor increasing the risk
for listeriosis(4,5)—these data have the advantage of
being actual observed L. monocytogenes levels orig-
inating from a market basket survey(43) and not re-
lying on predictive modeling that may overestimate
the bacterial growth in products; and (iii) the max-
imal achievable concentration of L. monocytogenes
in products equals 6.1 log10 cfu/g. This assumption is
also underestimating exposure since others assume
that L. monocytogenes can reach a maximal popu-
lation density of 8 log10 in a food.(4,5) Altogether,
these assumptions lead to an estimated lower ex-
posure compared to other available data sets. In
our study, it is estimated that only 120 servings in-
clude L. monocytogenes levels at or above 108 cells
each year in the United States; by comparison, the
FDA/FSIS(4) report, considering bacterial growth at
the consumer step and 23 contaminated products, es-
timates 70,000,000+ servings at these levels. When
tested with a maximum level of L. monocytogenes
contamination of 8.1 log10 cfu/g, we confirmed the
shift of the corresponding dose response to the right:
with this maximum level, 0% of the cases would be
predicted for a dose of 4 log10 cfu/g. Indeed, the max-
imum population density in a food has been shown
to be an influential parameter for the predicted risk
of invasive listeriosis.(54,55) Given the same dose re-
sponse, the higher the maximum population density,
the higher the predicted number of cases.(54,55) In ad-
dition, assumption on the maximum population den-
sity affects dose-response model parameters based
on surveillance data.(5) The FAO/WHO risk assess-
ment of L. monocytogenes in RTE foods(5) shows
that a shift in the maximum population density by
2 log10 results in approximately one order of magni-
tude shift in the r value. The resulting dose-response
presented here may be overestimating the probabil-
ity of illness from a given dose.

As considered in previous risk assessments,(4,5)

the assumption of equal exposure to contaminated
food for all population subgroups does not con-
sider the potential effectiveness of prevention cam-

paigns to change behavior of susceptible populations,
notably for pregnant women, people with cancer,
transplant recipients, for older adults, or for people
with diabetes. Reported consumption estimates for
certain food types suggests differences do exist in
food consumption across population subgroups.(25,56)

Nevertheless, the model appeared relatively insen-
sitive to this assumption when tested with an alter-
native assumption of a lower exposure for the more
susceptible subgroups than for “healthy adults.”
Refinements accounting for differences in consump-
tion habits across population subgroups would im-
prove the current dose-response models. How-
ever, such data are currently not available for
many of the 11 population subgroups analyzed
here.

4.4. Dose-response Evaluation in Highly
Susceptible Groups and in Outbreak Situations

For the most susceptible population subgroup
(i.e., hematological cancer patients), the marginal
probability (i.e., averaged across all strains) of illness
following the ingestion of 1 L. monocytogenes cell is
estimated at 9.5 × 10−9. It is 9.3 × 10−7 following the
ingestion of 100 cells and 7.2 × 10−5 for the ingestion
of 10,000 cells (e.g., 100 g of product contaminated
with 100 cfu/g). These estimates are considerably
higher than the ones estimated by FAO/WHO,(5) av-
eraged over all possible risk factors. The correspond-
ing estimates, using their r parameter of 5.85 × 10−12,
would be 5.9 × 10−12, 5.9 × 10−10, and 5.9 × 10−8, re-
spectively, that is, 1,610, 1,576, and 1,220 times lower,
respectively.

By characterizing specifically the most suscepti-
ble individuals and the most virulent strains in this
study, the lognormal-Poisson dose-response analysis
reconciles data observed in outbreaks with dose re-
sponse derived from epidemiological studies, as illus-
trated Fig. 3. The high fat content of the food vehicle
in the Finish butter outbreak (�80% fat) could po-
tentially be partially responsible for this high proba-
bility of infection. High fat content in food may actu-
ally protect bacteria from gastric acid and, possibly,
enhance uptake and survival in host cells via interac-
tion with cell membrane lipids.(4,57)

4.5. The Need for Better Data

Assumptions were made in the derivation of this
model that lead to higher risk predictions at low dose
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(higher predicted marginal probability of illness)
compared to previously published dose-response
models.(4,5) The estimates presented here should gen-
erally be viewed as overestimating the probability of
illness. The characterization of the range of the indi-
vidual susceptibility within groups and of the range
of the strain virulence variability should be refined
for a better characterization of these dose-response
relationships. A mix of illness data from France(26)

and the United States,(1) and exposure data obtained
in two states from the United States,(30,43) were used,
with the underlying assumptions that characteristics
of listeriosis would be comparable in these areas.
More current and detailed exposure data and data on
the relative risk of listeriosis among different popu-
lation subgroups in the United States are needed to
refine this model. The primary purpose of this study
was to derive a framework and to test with currently
available data; to provide a definitive dose-response
model is a secondary goal that would likely require
refinements.

5. CONCLUSIONS

The exponential model has the oversimplifying
assumption of a constant probability of infection
following the ingestion of L. monocytogenes in a
given population. This study incorporates variabil-
ity in strain virulence and host susceptibility into
the dose-response relationships. Additional data are
needed to better understand and model the process
from the ingestion of L. monocytogenes cells to the
development of invasive listeriosis. However, several
general conclusions can be made based on the avail-
able data. Overall, our model predicts the expected
number of cases linked to the consumption of 10,000
cfu or less in 55 out of 1,591 cases, i.e., 3.5% of
cases. Notably, these servings are expected to rep-
resent 99.96% of all RTE servings, indicating that
most cases are expected to be caused by highly con-
taminated food items. Importantly, however, most of
these cases attributable to low contamination doses
are predicted to occur in the most highly susceptible
population subgroups, including, for example, preg-
nant women. Using the model and assumptions dis-
cussed above led to the conclusion that, while most
of the cases are linked to a medium to high expo-
sure doses to L. monocytogenes, those at greatest
risk of developing listeriosis are also at a measur-
able risk of illness when consuming food contami-
nated with relatively low doses of L. monocytogenes,

especially if highly virulent bacterial strains are
involved.
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APPENDIX: DERIVATIONS USING A
BETA-POISSON MODEL

If a beta distribution Be(α, β) is chosen for f in
Equation (2), this integrate leads to the “exact beta-
Poisson,”(6)

P (ill; d, α, β) = 1 − 1 F1 (α, α + β,−d) , (A.1)

in which 1F1 is the Kummer confluent hypergeomet-
ric function. Equation (A.1) simplifies to the “beta-
Poisson” dose-response model:

P (ill; d, α, β) = 1 −
(

1 + d
β

)−α

, (A.2)

when β � α and β � 1.(7,39) Note that these con-
ditions are expected to be fulfilled for L. monocy-
togenes: the average probability of infection is very
low,(30) thus E [r ] = α

α+β
� 1, leading to β � α and

β � 1.
Assume Be(αg, βg) accounts for variability in

r among L. monocytogenes strains and individuals
within a given population subgroup g. Contrary to
the lognormal distribution, the beta distribution does
not easily allow for separation among interstrain
and interindividual variability components of this
distribution as in Equation (10). An overall (i.e.,
interindividual and interstrain) measure of the vari-
ability in r therefore needs to be estimated. De-
note Q90, the log10 of the combined 90% individ-
ual susceptibility and strain virulence variability. Q90

equals the range between the 5th and the 95th per-
centile of Be(αg, βg). Using and combining FDA
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FDA/FSIS(4) strain-to-strain virulence variability dis-
tributions (Table IV-5 in Ref. 4) and host susceptibil-
ity variability (Table IV-7 in Ref. 4) lead to an over-
all log10 of the inter 5%–95% variability of Q90 = 5.4
log10.

Equivalently to Equation (9), the subroutine
must find (αg, βg) solutions of:

E [cg] =
∫ ∞

0
Md,g

(
1 −

(
1 + d

βg

)−αg
)

dd

Q90 = log10 (q0.95) − log10 (q0.05)
, (A.3)

with qx the xth quantile of the Be(αg, βg) distribution.
The quantile function of beta distributions is not

available in a closed form, and a numerical routine is
required. Nevertheless, a solution exists for the pa-
rameters of a beta distribution given any combina-
tion of a lower and an upper quantile constraint.(58)

The 11 pairs (αg, βg) were evaluated numerically us-
ing R optimization subroutines. As expected, the βs
were extremely high. Similar αs were obtained for all
populations. The parameters for the “healthy adult
population” (i.e., the less susceptible subgroup) and
the “hematological cancer population” (i.e., the more

susceptible subgroup) were (0.253, 3.86 × 1010) and
(0.253, 9.9 × 107), respectively.

A Be(0.253, 2.3 × 108) was estimated for
the “solid organ transplant” population subgroup.
With this set of parameters, the probability to ob-
tain a r parameter equal or higher than 3.15 ×
10−7, estimated from the Finnish butter outbreak
data,(5,31) equals 2.7 × 10−34. This extremely low
probability proves that the Finnish outbreak cannot
be predicted using the beta-Poisson dose-response
model, as parameterized here. Fig. A.1 illustrates
the density of the underlying beta distribution of
the beta-Poisson dose-response model and the un-
derlying lognormal distribution of the lognormal-
Poisson dose-response models. The graph clearly
illustrates the contrast between the very sharp de-
crease in the density for the beta distribution com-
pared to the smoother decrease for the lognor-
mal distribution. With such parameters (β → �),
the beta distribution converge to a degenerate dis-
tribution with a single point mass at some x �
[0, 1].(58) With parameters estimated from epidemi-
ological data, the beta distribution is not flexible
enough to predict r values high enough to explain the
Finnish butter outbreak.
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Fig. A.1. 1 Density of r according to the beta-Poisson dose response (plain) or the lognormal-Poisson dose response (dashed) for the healthy
population (thin on the left) and the most susceptible population subgroup (hematological cancer population, thick on the right). The values
estimated using the Finnish butter outbreak data by FAO/WHO(5) equals 3.15 × 10−7, that is, 10−6.5 (dot-dashed vertical line).
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