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Use of Epidemiologic and Food Survey Data To Estimate a
Purposefully Conservative Dose-Response Relationship for
Listeria monocytogenes Levels and Incidence of Listeriosis’

ABSTRACT

The development of effective quantitative microbial risk-
assessment models for foodborne pathogens depends on the
availability of data on the consumers’ exposure to a biological
agent and the dose-response relationship that relates levels of the
biological agent ingested with frequency of infection or disease.
Information on the latter has historically been acquired from
human volunteer feeding studies. However, such studies are not
feasible for pathogens that either have a significant risk of being
life threatening or for which morbidity is primarily associated with
high-risk populations (i.e., immunocompromised persons). For
these pathogens, it is proposed that purposefully conservative
dose-response relationships can be estimated on the basis of
combining available epidemiologic data with food-survey data for
a ready-to-eat product. As an example, data on the incidence of
listeriosis in Germany were combined with data on the levels of
Listeria monocytogenes in smoked fish to generate a dose-response
curve for this foodborne pathogen.
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The development of effective quantitative risk-assess-
ment techniques can greatly enhance the ability to make
scientifically supportable decisions pertaining to the micro-
biological safety of foods, including enhancing the adoption
of hazard analysis critical control point (HACCP) systems
by the food industry worldwide (2, 7, 15, 16). However,
development of quantitative microbial risk-assessment mod-
els is dependent on the availability of data for both the
exposure of the population to the biological agent and the
relationship between the levels of the biological agent
ingested and the frequency of disease. In the latter case,
information on dose-response relations has been historically
acquired through feeding studies with human volunteers.

However, the number of these studies is severely limited,
and they have inherent biases that have to be factored into
their interpretation. Further, feeding studies are not feasible
for a number of biological agents. For example, if the
disease (e.g., the disease caused by Escherichia coli O157:
H7) has a significant potential for being life threatening or
having severe sequelae or if the disease (e.g., listeriosis,
caused by Listeria monocytogenes) is restricted largely to
specific high-risk populations, the use of volunteer studies is
contraindicated.

The inability to conduct volunteer feeding studies
requires that alternative approaches be used to estimate
dose-response relations. Animal models are one potential
approach. However, without some knowledge of human
susceptibility, it is difficult to relate quantitatively the effects
observed in animals with those in humans. Alternatively,
data acquired from outbreak investigations could be used.
However, epidemiological investigations are not conducted
with the degree of clinical and food microbiological evalua-
tions that would be needed to use the results of a single
outbreak to calculate a dose-response relationship. Typi-
cally, there are insufficient data on the levels of the
biological agent ingested and the numbers of individuals that
consumed the contaminated food but remained disease-free.
Further, for several foodborne biological agents, e.g., Cam-
pylobacter spp., sporadic cases may be more important than
outbreaks.

Since use of these historical approaches is unlikely with
these pathogens, alternative approaches are needed that can
provide reasonable estimates of their dose-response relation-
ships. The purpose of the present exercise was to determine
if data on the annual incidence of a foodborne disease and
the levels of the biological agent in a ready-to-eat food
known to occasionally harbor relatively high levels of the
microorganism at the time of consumption could be used to
develop a purposefully conservative estimate of the dose-
response relationship for a foodborne pathogen that is not
amenable to human volunteer feeding studies. Listeriosis in
immunologically high-risk populations resulting from the
consumption of smoked fish was selected as an example.



’MATERIALS AND METHODS

Data sources and assumptions

Smoked fish was selected because surveys have indicated that
low levels of L. monocytogenes are common, and most smoked fish
is a ready-to-eat product (i.e., does not receive a listericidal
treatment before consumption). The specific quantitative data
employed are those of Teufel and Bendzulla (13), who summarized
the results of a nationwide survey that qualitatively and quantita-
tively examined of a wide variety of foods (>14,000 samples) in
Germany for L. monocytogenes. Their data for smoked fish were
selected for the current calculations. The survey indicated that this
food was a major source of L. monocytogenes in the German diet
because a significant percentage of the product consumed by the
public had occasional portions with elevated levels of the pathogen
(12). Since this product is consumed without cooking, the levels of
L. monocytogenes ingested by consumers would be expected to be
as great or greater than those detected during the survey. These data
were also selected because Germany is one of several countries that
have actively sought to accurately estimate the nationwide extent
of listeriosis. In Germany, there are an estimated 200 cases of
listeriosis per year for a population of roughly 80 million (Teufel,
personal communication). Although one-third of the cases are
neonates (12), all cases were assumed to be food associated and
were included as part of the total national case load. This estimated
incidence of approximately 3 cases per 1,000,000 inhabitants is
similar to the 2 to 3 and 4 to 5 cases per 1,000,000 reported for
England and Wales (6) and the United States (11), respectively. It
was assumed that listeriosis cases were restricted to individuals at
increased risk resulting from impairments of the immune system.
While cases in otherwise healthy individuals have been reported, it
is generally accepted that foodborne listeriosis is primarily a
disease associated with specific high-risk populations. Restricting
consideration to this subpopulation also helps ensure a conserva-
tive dose-response estimate. It has been estimated that in the United
States as much as 20% of the population may be at increased risk
due to immune system impairment (3, 10). A similar value is
assumed for Germany and was used for the current calculations.
The effect of susceptible population size on the calculated dose-
response relationship is discussed more fully later. The annual per
capita consumption of smoked fish is approximately 1 kg (). It was
assumed that the average serving size for smoked fish is 50 g; thus,
the average number of servings per year is 20. It is further assumed
that individuals with impaired immune status consume smoked fish
at the same rate as the general population.

The key assumption in the current exercise is that the
dose-response relationship for foodborne human L. monocytogenes
infections fits the exponential dose-response model. This model
relates the number of cells of a biological agent consumed with the
probability of an adverse effect in the consuming population,

TABLE 1. The levels of Listeria monocytogenes observed in
samples of smoked fish

Levels of Listeria No. of

monocytogenes samples Total
observed“ (CFU/g) at this level samples (%)
<1/25 353 92.89
1/25-1 5 1.32
>1-100 14 3.68
>100-10,000 4 - 1.05
>10,000 4 1.05

@ Source: reference (13).

P=1-¢™, 1)

where P is the probability of an adverse effect, N is the number of
biological agent consumed (CFU), and R is a constant specific to
each pathogen that helps define the shape of dose-response curve.
This model and the closely related beta-Poisson model have been
effectively used to describe dose-response relations for a number of
other foodborne and waterborne infectious agents (4, 5, 9). By
selecting different biological end points (e.g., infection, morbidity,
mortality) the model can be used to describe different aspects of
dose-response relations and thus provide estimates of severity. In
the current example, we will focus on morbidity, i.e., the incidence
of symptomatic disease.

Concept of purposefully conservative dose-response relationship

If L. monocytogenes dose-response relations can be described
by the exponential model, the key question is whether the R value
for L. monocytogenes can be deduced. Mathematically, this is a
simple transformation of equation 1:

R = —[In(1 — P)J/N. )

Equation 2 implies that if sufficient data could be acquired on the
levels of the organism consumed in a food and the percentage of
individuals that subsequently developed listeriosis, then the R
value could be estimated. Since R is a constant for the specific
pathogen of concern, once established it could used to estimate the
dose-response relationship at other values of N.

Establishing the exact value for R is beyond the scope of the
data available currently. However, it is proposed that current data
are sufficient to calculate an initial conservative estimate of R based
on the assumption that all cases of listeriosis are attributable to a
single ready-to-eat food for which there are quantitative data
relating to the frequency and extent of L. monocytogenes contami-
nation. Such an estimate should be inherently conservative;
however, it helps define a probable upper limit of risk, i.e., if this
purposefully conservative estimate of the probability of acquiring
listeriosis is low, then the actual risk is even lower.

In the present example, it is assumed that the all human
listeriosis resulted from the consumption of ready-to-eat smoked
fish. Two approaches were used to estimate the R value for L.
monocytogenes. In the first, a single dose was used to estimate R,
while the second employed a multiple-dose calculation.

RESULTS

Estimate based on a single dose

Since we have assumed that listeriosis is restricted to
high-risk individuals, then the population of concern is that
portion of the total population that is immunocompromised
dC). If we employ the upper value (i.e., 20%) for the
proportion of the population that is immunocompromised,
then the high-risk population in Germany is Pop;c = 0.2 X
80 X 10¢ = 16 X 106 persons, and the case rate for listeriosis
in Germany is 200/(16 X 10 = 12.5 X 1073 cases per
person per year, or 12.5 cases per 1 X 10% immunocompro-
mised inhabitants.

The population at increased risk was assumed to
consume smoked fish at the same rate as the general
population, so each susceptible individual consumes an



average of 20 50-g portions per year. Thus, the total number
of portions consumed by the subpopulation of concern is
Popyc X 20 servings per person = 16 X 106 X 20 = 320 X
106 servings.

With the single-dose approach, it was assumed that all
cases of listeriosis were restricted to that proportion of
smoked fish that had the highest level of L. monocytogenes
contamination (=10 X 103 CFU/g). This was 1.05% (4 of
380) of the smoked fish samples. The level of L. monocyto-
genes in these products was assumed to be 10 X 10° CFU/g,
further ensuring a conservative R value. The rationale
underlying the use of a single dose is that because of the
large differences in the L. monocytogenes levels in the
survey’s contamination categories, the exponential model
predicts that the highest concentration would account for
essentially all of the effect observed in a population. The

total number of portions consumed by the high-risk subpopu- .

lation with this high level of L. monocytogenes would be
320 X 106 servings X 105 X 10~* = 336 X 10* servings.
Thus, the probability of acquiring a listeriosis infection from
consuming one of these portions would be P = 200 cases per
336 X 10* servings = 595 X 10~7 cases per serving.

The level of L. monocytogenes ingested when these
products are consumed is calculated by multiplying the
pathogen content of the smoked fish times the serving size:
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FIGURE 1. The dose-response curve predicted by the exponential
model using an R value calculated using a single dose-derived
estimate of R based on data for the L. monocytogenes levels in
smoked fish and the annual incidence of listeriosis in Germany. The
dose-response relationship is presented both as probability vs. log
(dose) (A) and as log (probability) vs. log (dose) (B).

N = 10 X 103 CFU/g X 50 g = 500 X 10° CFU. Once
values for P and N have been estimated, the R value can be
calculated by substituting into equation 2: R = —[In(1 — P))/
N = —[In(1 — 595 X 10 ~7)}/500 X 103 = 1.190 X 1071,
Conceptually, the R value can be viewed as the probability
that ingesting a single L. monocytogenes cell would produce
an active case of listeriosis. Once derived, the R value can
then be used to estimate the relationship between the levels
of L. monocytogenes ingested and the incidence of listeriosis
(Figure 1). Plotting the results as P versus log (N) (Fig. 1A)
produces a sigmoidal curve that historically has been
interpreted as being indicative of the presence of a threshold
level below which there is no response. However, plotting
log (P) versus log (N) (Fig. 1B) demonstrates that the
exponential model does not assume a threshold. It is also
worth noting that over much of the dose range, P approaches
a linear relation to N (5).

ESTIMATE BASED ON MULTIPLE DOSES

The R value for symptomatic listeriosis was recalcu-
lated employing a technique that took advantage of all of the
L. monocytogenes data. The general approach was to
calculate the number of cases of listeriosis that would be
expected for the different levels of L. monocytogenes
enumerated in the smoked fish survey, given a specific R
value. The number of expected cases for the different levels
were then summed to obtain the total number of expected
listeriosis cases. Different R values were then substituted
iteratively until an R value was obtained that yielded the
reported number of listeriosis cases (i.c., 200 per year).
These iterations were performed readily by setting up the
equations on a spreadsheet (Table 2).

In setting up the spreadsheet, the lowest value of L.
monocytogenes for each of the prevalence ranges (0, 0.04, 1,
100, and 10,000 CFU/g) from the survey data was again
used to provide a conservative estimate. The calculations
used to determine the number of cases associated with each
of the L. monocytogenes levels in smoked fish were concep-
tually similar to those used for the single-dose estimate.
Within any prevalence category, the number of cases of
listeriosis is the product of the number of servings consumed
times the probability of listeriosis from one such serving.

Lci=ScixPci’ (3)

where L,; = number of cases of listeriosis associated with
smoked fish having prevalence category of L. monocyto-
genes; S,; = number of servings consumed within category
i; and P,; = Probability that one would acquire listeriosis
from one such serving.

The number of servings belonging to any single cat-
egory is a product of the total number of servings times the
probability that a given serving falls within that category.
The latter was estimated using the survey data. So, for
example, the probability that a serving of smoked fish has
>10,000 CFU/g is Ps; = 4/(353+5+14+4+4) =
4/380 = 0.0105. Since the total number of servings in



TABLE 2. Spreadsheet used to calculate the R value for the dose-response relationship for symptomatic listeriosis based on the prevalence

of Listeria monocytogenes in smoked fish

Number % smoked Predicted Total

Listeria of cells Probability fish at Number number of probability

R monocytogenes ingested of listeriosis this level of servings listeriosis of acquiring

value (CFU/g) (N, CFU) per serving of Lm consumed cases listeriosis

1.179 X 1010 0.00 0 0 92.89 3.0 X 108 0.000 0

0.04 2 2.4 X 10710 1.32 4.2 X 106 0.001 3.1 X 10712
1.00 50 59x107° 3.68 1.2 X 107 0.069 2.17 X 10710

100.00 5000 59 X% 1077 1.05 3.4 X 106 1.981 6.19 X 1079

10000.00 500000 59X 1073 1.05 3.4 X 106 198.066 6.19 X 1077

Totals: 99.99 32X 108 200.117 6.25 X 1077

Germany is 80 X 10 individuals X 20% immunocompro-
mised X 20 servings per year per individual, the number
of servings in the highest contamination group is S, =
0.0105 X 80 X 106 X 0.2 X 20 = 3.36 X 108.

The probability that one would acquire listeriosis from a
single serving is calculated using the exponential dose-
response model, where N is the level of L. monocytogenes
for that category and the R value is assumed. For example, if
R = 1.2 X 10719, the single dose estimate, was assumed,
then P; = 1 — exp[(—1.2 X 10710 X 5.0 X 10°] = 6 X
1075. When this value is multiplied by S; the total number
of cases of listeriosis anticipated for this category is L, =
Sei X Py = (6 X 1075) X (3.36 X 10%) = 202 cases. Finally,
the total number of cases is determined by summing the
cases for each of the categories: Ly, = Ly + Ly + Lz +
L. + L. The final estimate of R using this method was
1.179 X 10710 (Table 2), a value that is almost identical with
the estimate based on a single-dose calculation.

DISCUSSION

The current calculations indicate that given sufficient
data on the incidence of listeriosis and the levels of L.
monocytogenes in a ready-to-eat food that is likely to be a
major source of the pathogen, it is possible to generate a
conservative estimate of the relationship between exposure
and morbidity. Presumably, similar calculations could be
performed for other biological end points to determine, for
example, the dose-response relationship between exposure
estimates (i.e., levels in a food) and infection rates (i.e.,
colonization of the intestinal tract). Presumably this could be
done if sufficient data were available on the percentage of
symptomatic and asymptomatic individuals that are actively
colonized by the microorganism.

The current estimate of the R value for symptomatic
listeriosis had to be based on a number of assumptions
pertaining to factors that could impact its magnitude. Thus,
the dose-response estimate should be taken as an initial
attempt to demonstrate the approach and not as a definitive
value. For example, reducing the size of the high-risk
subpopulation to a value less than 20% increases the R value
and alters the derived dose-response relationship. However,
the magnitude of this change does not appear great unless
the subpopulation is reduced greatly. For example, even if
the potential high-risk subpopulation was 0.5% instead of

20%, the R value (based on the single-dose model) would
only increase from 1.19 X 10710 to 4.77 X 107°. Other
factors, such as the true incidence of listeriosis, the number
of servings per year, the average serving size, or levels of L.
monocytogenes in the product also affect the final estimate to
varying degrees.

The accuracy of the estimated R value can be enhanced
by the availability of additional epidemiologic and microbio-
logical survey data. Any estimate of R is dependent on
having a reasonable assessment of the true incidence of
listeriosis. One of the reasons that L. monocytogenes was
selected as an example was that there has been a concerted
effort in the past several years to acquire realistic estimates
of the incidence of this disease. Better estimates of the levels
of L. monocytogenes in the food being evaluated would also
enhance the estimation of R. For example, quantitative data
on the actual levels of L. monocytogenes detected in the food
product (as opposed to the use of categories such as
>10,000 CFU/g) would permit frequency distributions to be
used in assessing pathogen levels. Similar profiles could also
be generated for factors such as serving sizes and consump-
tion patterns. Such frequency distributions would allow the
use of advanced modeling techniques such as Monte Carlo
simulations to better assess the risk associated with consump-
tion. Initial trials (not shown) indicated that given sufficient
data, such modeling techniques can be readily applied to the
steps in the above calculations where averages were em-
ployed.

It should be emphasized that R values calculated in the
manner above are inherently conservative. The procedure
overestimates the risk of listeriosis by assuming that all
listeriosis is the result of consuming a single ready-to-eat
food. Further, all calculations and assumptions were purpose-
fully conservative. However, even with this conservative
estimate for R, it is apparent that the probability that a
high-risk individual will acquire symptomatic listeriosis is
extremely low unless high levels of the pathogen are
consumed (Fig. 1). The ability to generate a quantitative
relationship between exposure and response dramatically
supports the conclusion that the initial focus for risk-
management decisions should be the prevention of the
growth of this pathogen in food to high levels (8). This
would have the greatest public-health impact on a cost-
benefit basis. It would appear that if tolerable levels of risk
can be agreed upon, then estimates similar to those presented



above may be a key to establishing truly risk-based microbio-
logical criteria for foods (14). For example, calculations
using the estimated R value for L. monocytogenes predict
that the risk associated with a microbiological criterion for
smoked fish of =1 CFU/g at the current frequency of
contamination would result in only one case of listeriosis in
Germany per decade.

In summary, the use of epidemiologic and microbio-
logic food survey data in conjunction with the exponential
model appears to be an alternative means of estimating
dose-response relationships for foodborne pathogenic bacte-
ria that are not amenable to human volunteer feeding studies.
In fact, estimates based on this alternative approach may
have an advantage over those derived from feeding trials
because the entire population can be considered, not just a
small group of individuals who are likely to represent the
most resistant segment of the population. A more detailed
examination of this approach will be conducted as soon as
additional epidemiologic and food-survey databases can be
acquired.
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