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Abstract

This article presents a mathematical model for the Enterobacteriaceae count on the
surface of broiler chicken during slaughter and how it may be affected by differ-
ent processing technologies. The model is based on a model originally developed
for Campylobacter and has been adapted for Enterobacteriaceae using a Bayesian
updating approach and hitherto unpublished data gathered from German abattoirs. The
slaughter process in the model consists of five stages: input, scalding, defeathering,
evisceration, washing, and chilling.

The impact of various processing technologies along the broiler processing line on the
Enterobacteriaceae count on the carcasses’ surface has been determined from litera-
ture data. The model is implemented in the software R and equipped with a graphical
user interface which allows interactively to choose among different processing tech-
nologies for each stage along the processing line. Based on the choice of processing
technologies the model estimates the Enterobacteriaceae count on the surface of each
broiler chicken at each stage of processing. This result is then compared to a so-
called baseline model which simulates a processing line with a fixed set of processing
technologies.

The model calculations showed how even very effective removal of bacteria on the
exterior of the carcass in a previous step will be undone by the cross-contamination
with leaked feces, if feces contain high concentrations of bacteria.
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1977; Jiang et al., 2017). Meat or meat products can act as a
vehicle for resistant bacteria, which may lead to exposure of

The impact of processing on broiler carcass contamination
has various important facets. One concerns the economic
impact of reducing spoilage bacteria important for enhancing
shelf-life of the products. At the same time, the reduction of
pathogenic bacteria is important from a food safety perspec-
tive. Also, nonpathogenic organisms may be relevant for food
safety due to their ability to carry and transfer antimicrobial
resistance (AMR) genes (D’Costa et al., 2006; Hummel et al.,

large parts of the human population.

A sizable part of the meat consumption is of poultry ori-
gin. In the European Union for example about one-third
of the meat consumed per capita originates from poultry
(OECD/FAOQ, 2019). Studies on the prevalence of extended-
spectrum beta-lactamase (ESBL) producing Escherichia coli
using selective microbiological detection methods in broilers
and broiler meat demonstrated their wide distribution with
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more than 80% positive samples in livestock and more than
50% in food samples (Casella et al., 2017; Davis et al., 2018;
Hering et al., 2016; Kaesbohrer et al., 2019).

Meat processing is an important stage at which microor-
ganisms can spread across the handled carcasses (Hardie
et al., 2019; Zwirzitz et al., 2020). Previous modeling
approaches of the bacterial transmission during broiler pro-
cessing focused mainly on pathogenic microorganisms like
Campylobacter (Hartnett, 2001; Hayama et al., 2011; Nauta
et al., 2007) Some of studies did a model-based evalua-
tion of the impact of processing interventions for Salmonella
in chicken (Bucher et al., 2012; Gonzalez et al., 2019). In
one study (Parette, 2018) the reduction of Enterobacteri-
aceae, Salmonella spp., and Campylobacter spp. in poultry
processing have been studied based on a Monte Carlo
approach.

At the same time similar approaches for studying the
spread of nonpathogenic bacteria known to be carriers of
resistant traits have not been undertaken. Sporadic work has
been done using limited statistical modeling to track resistant
ESBL/AmpC E. coli in broiler flocks (Huijbers et al., 2016)
or during processing (Pacholewicz et al., 2015). Our work
presented here aims at this knowledge gap in order to provide
a full mechanistic model that can be used to study the influ-
ence of processing technologies on the spread of resistance
carrying bacteria along the poultry slaughter processing line.

It was the focus of the German joint research
project EsRAM  (“Entwicklung stufeniibergreifender
ReduktionsmafBinahmen fiir Antibiotikaresistente Erreger
beim Mastgefliigel”) to study interventions that may poten-
tially lead to a reduction of ESBL- and ampicillin class
C (AmpC)-producing E. coli along the broiler production
chain. During the ESRAM project a literature review was
conducted (Projahn et al., 2018) which looked at bacterial
reduction on carcasses for different processing technologies.
During EsRAM also new data has been gathered on Enter-
obacteriaceae on broiler carcasses from German abattoirs
and from experimental rearing and processing. We aim to
combine this new data with the results from the literature
review of Projahn et al. (2018) and the existing mathematical
model (Nauta et al., 2007; Nauta, van der Fels-Klerx, et al.,
2005) on Campylobacter colonization of carcasses along the
broiler processing line in order to close the above mentioned
knowledge gap.

2 | MATERIALS AND METHODS

For the assessment of different intervention measures, a
published mathematical model for the external bacterial con-
centration of broiler carcasses along the processing line was
chosen (Nauta, Jacobs-Reitsma et al., 2005; Nauta, van der
Fels-Klerx et al., 2005) and transferred into a software appli-
cation. The model was originally implemented in the software
@Risk (Palisade Corporation) and was reimplemented for
this work in R ver. 3.5.1 (R Core Team, 2018). The source

code of the model is provided in the Supporting Informa-
tion (2.7z) of this article. The implementation of the model
included a graphical user interface (GUI) using the R pack-
age shiny (Chang et al., 2018). This allows the user to choose
easily from a list of interventions and get an estimate of
the reduction of bacterial contamination due to the cho-
sen intervention. Furthermore, the GUI allows changing the
parameters of the distributions from which values for the ini-
tial bacterial load of feces in the colon (given as cfu/g E. coli)
and the exterior of the carcasses (measured in CFU/carcass)
are drawn. Data on the enumeration of the Enterobacteri-
aceae in feces and on carcasses, collected within the project,
were used as starting values.

2.1 | Mathematical model

2.1.1 | Mathematical structure
The mathematical model is only briefly described here, for
more details we refer to the original publications of the
model (Nauta, Jacobs-Reitsma et al., 2005; Nauta, van der
Fels-Klerx et al., 2005).

The model assumes a chicken slaughter processing line
with six processing stages:

* input,

* scalding,

¢ defeathering,
* evisceration,
* washing and
* chilling.

The model mathematics perform a kind of bookkeeping
about how many bacteria are on the chicken carcass and in its
environment and how many bacteria move between both at
each stage along the processing line (see Figure 1). There are
three places in the model where bacteria can be at the exterior
of the broiler carcass, in leaked feces and in the environment
of the carcass (which means the surroundings of the carcass
at the current processing stage, e.g., the scalding water is the
environment of the carcass in the scalder).

Furthermore, the model considers three types of processes
that describe what happens to bacteria at each of the three
places:

* bacteria on the exterior of the carcass can become inacti-
vated, or they can move from the surface of the chicken to
the environment.

* bacteria from leaked feces might move to the surface of the
chicken or to the environment.

* bacteria in the environment of the chicken can become
inactivated, or they can move to the chicken exterior.

The model describes which proportion of bacteria moves
from one place to the other at each individual processing
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Stage §

FIGURE 1

The processes that the model considers at each stage S of the processing line. The rod-shaped entities represent bacteria in the environment

of the carcass, on the exterior of the carcass and in the feces in the carcass’ gut. The current number of bacteria in the environment, on the carcass’ exterior
and in the gut’s feces are called N,,,,, Noy, and Ny, respectively. The arrows show how bacteria move, with d,; 5, Cort,s> Peny,§> Comv,s» Gfec,s being the

proportions of bacteria which move between environment and carcass during processing at the stage.

stage using the following two recursive formulas:

Next, S (l) = (1 - aext,S) (1 - Cext,S) Next,S—l (l) + benv,SNenv,S

(i = 1)+ (1 = dpe,s) Nyee,s () (1)

Nenv, S (l) = dext,S Next,S—l (l) + (1 - benv,S) (1 - cenv,S) Nenv,S

(l - 1) + qfec‘,SNfec,S (l) (2)

Here, N,y s(i) stands for the number of bacteria on the
external of the i-th carcass while it is at processing stage .

Nepy, s(i) stands for the number of bacteria in the environ-
ment of stage S while the i-th carcass is at that stage. The
subscript “S —1” or “i —1” describe the previous processing
stage and the previous carcass, respectively. Ny, s(i) stands
for the number of bacteria originating from feces, that leaked
from the intestine of the i-th carcass at station S. This number
is calculated in the model using Equation (3).

Nfec,S ()= Wrec,s (@ - Cfec 0 3)

Cfec(i) is the number of cfu per gram feces that leaked from
the intestine of the i-th carcass while wy, (i) is the mass of
the feces in gram which leaked from the i-th carcass at station
S . Not all carcasses leak feces. The way this is incorporated
in the model is that for one model run a probability py,. is
used to determine whether a carcass leaks feces. For that, in
each model run we draw for each chicken a value p,,,; from
the uniform distribution U(0,1) . If pjoex < pje. then we set
Weee,s (i) = my otherwise we set wy,. g (i) = 0. Here m is the
mean mass of leaked feces at stage S.

The model parameters doy; s, Coxr,5> Penv,5s Cenv,s> Afec,s ar€
proportions, that is, they have values between 0 and 1. They
indicate which proportion of the bacteria present at this stage
moves from one place to the other. While the letter of a

parameter indicates where the bacteria are going to, their
subscript indicates from where the bacteria are coming. All
parameters with letter a describe which proportion of bacteria
goes to the environment (e.g., a,,, s indicates the proportion
of bacteria which goes from the exterior to the environment).
All parameters with letter b describe the proportion of bac-
teria going to the exterior of the carcass and parameters
with letter ¢ describe the proportion of bacteria becoming
inactivated.

Equations (1) and (2) describe mathematically what hap-
pens at each stage except for the “input” stage. At “input” the
model is initialized. This means that the initial colonization
with Enterobacteriaceae of the feces in the colon (given in
cfu per gram feces) and on the exterior of the carcasses (given
in cfu per carcass) are drawn for each animal from predefined
distributions. Here we assumed the distributions to be log-
normally distributed. The corresponding decadic logarithms
of these values are then normally distributed log cfu values
per gram feces or per carcass. Thus, in the model calculations
we draw the log cfu values for feces and the carcass’ exterior
from normal distributions.

As mentioned above the GUI of the model app allows
changing the distribution parameters (mean and standard
deviation) describing the initial external carcass colonization
as well as the internal feces colonization using slider but-
tons. Based on the selected values, the model calculates the
new external colonization at the next processing stage in a
recursive way using the formulas in Equations (1) and (2).

2.1.2 | [Initial conditions

The model calculations simulate 100 flocks with 500 animals
each (running the model with more realistic flock sizes
like 50,000 did not affect the model outcome and only
increased the execution time) and use as initial conditions the
initial external and fecal colonization of the animals. The
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distributions for the initial external colonization as well as
for the colonization of the feces were determined using
empirical data from the partners of ESRAM project.

External colonization

For the initialization of the statistical model data of one
examination trial of the ESRAM consortium were included.
The data originated from sampling carcasses from 16 broiler
flocks at a commercial broiler abattoir. Sampling took place
at five processing steps in the slaughter line: before scalding,
after scalding, after plucking, before chilling, after chilling.
At each processing step four carcasses were taken out of
the line and breast skin samples were taken aseptically. So,
per flock four samples per processing step were achieved.
In order to initialize the model with realistic values for the
external colonization of carcasses we used only the sam-
ples taken before scalding (which corresponds to the stage
“input” in the model). Thus, 16 mean carcass colonization
values were calculated (one mean for each flock and each
mean was the average of the colonization values for the four
animals sampled from each flock). The external colonization
was determined by performing microbiological analysis for
Enterobacteriaceae count within 24 h in the laboratory after
sampling. Results in cfu/g breast skin were transformed to
logarithmic scale (log).

This empirical data on the colonization of the breast skin
samples were extrapolated to a whole surface colonization
for the model calculations since the model calculates log cfu
per carcass instead of log cfu per g (see also the Supporting
Information [4.7z]).

Following Nauta, Jacobs-Reitsma et al. (2005) for each
simulated flock an individual within-flock-distribution for the
initial external contamination was derived. This was done in
a two-step process: starting with the first of the 100 flocks
in a first step a value was drawn from the between-flock-
distribution. This drawn value was then used as mean of a
within-flock-distribution for that first simulated flock. For the
next modeling step, this value was used as the mean to define
a normal distribution with a given standard deviation (see
below). The second step consisted then in drawing from this
newly defined within-flock-distribution 500 values, each one
indicating the initial log cfu counts on the exterior of each of
the 500 animals.

Assuming that the between-flock-distribution is a normal
distribution, its mean u,, was set to 7.93 log;, cfu/carcass,
which is the arithmetic mean of all 16 mean log cfu
counts (one mean for each of the 16 sampled flocks).
Correspondingly, the standard deviation o, of the between-
flock-distribution was set to 0.21 log; cfu/carcass, which is
the standard deviation of all 16 mean log cfu counts. The stan-
dard deviation of the within-flock-distribution o,,, was set to
0.38 log( cfu/carcass, which is the mean of the 16 log cfu
standard deviations (one standard deviation for each of the 16
sampled flocks).

Internal colonization
In order to estimate the initial values for the internal coloniza-
tion we used the results from another ESRAM study (Robe

et al., 2021). Samples from caecum and colon contents taken
from these animals for enumeration of Enterobacteriaceae
showed in the colon a mean of 6.56 log;, cfu/g feces and
a standard deviation of 0.84 log;, cfu/g feces, respectively.
Thus, numeric log values of Cy,.(i) were drawn from a normal
distribution N(6.56, 0.84).

2.2 | Baseline process model

The baseline process model was defined by a given set
of parameter values which were assumed to describe the
slaughtering process in a broiler abattoir with a given set
of processing steps. In field work performed in the ESRAM
project data collected from one of three visited abattoirs were
used to fix the baseline parameters. This particular plant was
chosen since it featured a maximum number of processing
technologies of interest, namely technologies considered in
Projahn et al. (2018).

The baseline abattoir was equipped with a triple-tank
immersion scalder. Broiler chickens were subjected to a low-
temperature scalding at about 51-55°C for three minutes.
Afterwards carcasses were moved to a closed defeather-
ing machine with a subsequent washing unit installed. An
inside-out washer followed the evisceration line. Finally, car-
casses were subjected to an air chilling process for about 3 h
(average carcass core temperature after chilling of 2.3°C).

2.2.1 | Bayesian updating of model parameters
The model described in Equations (1) and (2) was originally
developed to study how the number of Campylobacter on
chicken carcasses changes during slaughter. In order to adapt
the model to our case of Enterobacteriaceae we followed a
Bayesian updating approach described by Kurowicka et al.
(2010) which is based on importance sampling.

The Bayesian updating approach worked in principle as
follows. A prior estimate of the logy cfu of Enterobacte-
riaceae on the carcasses after each stage in the processing
line is calculated based on the model Equations (1) and (2)
using a complete set of model parameters for Campylobac-
ter spp. Then these model parameters are updated using data
of Enterobacteriaceae counts on carcasses obtained from the
above-mentioned baseline abattoir in order to adapt the model
parameters to Enterobacteriaceae.

The initial model parameters for Campylobacter spp.
were derived from an expert elicitation (Van der Fels-
Klerx et al., 2005). The complete set of model parameters
at a given stage S is considered to be a random vari-
able eS = [aext,S’ benv,S7 Afec,S> Conv,S» erc,S(i)r Cext,$> pfec]
described by a multivariate distribution, which Kurowicka
et al. (2010) denotes as fp. It is assumed that each stage S
has a different dynamic with respect to the moving of bac-
teria between environment and carcasses. Hence we denote
here the distributions of model parameters at a stage S as fg s.
We obtained samples from f ¢ (M. Nauta, personal commu-
nication, February 12, 2018) which we used to calculate our
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prior estimate of the log;, cfu of Enterobacteriaceae on the
carcasses after each stage. For a depiction of the distributions
of the parameters, see Nauta, Jacobs-Reitsma, et al. (2005, p.
127). For each stage S the samples contained 501 complete
sets of model parameters g drawn from fp 5. Thus, one can
write the samples as 6 = f,, n = 1,...,501.

Kurowicka et al. (2010) updated fp s to gg s where the latter
is an updated distribution describing the model parameters
based on new data of Campylobacter counts on carcasses. In
contrast, we updated fp s to hg s where the latter is an updated
distribution describing the model parameters based on data of
Enterobacteriaceae counts on carcasses.

Starting at the first stage we take the first complete set of
model parameters, #;, and run the model with 500 chickens
with initial internal and external Enterobacteriaceae colo-
nization derived from our slaughterhouse data before the first
stage. Then the external colonization of all chicken after pass-
ing that stage is calculated based on the model Equations (1)
and (2) using 65 = t;. The log;, cfu external colonization of

all chicken after being processed at the first stage is averaged
500

Zl lOglO(Next,S = Stagel(i))-

according to m(n = 1) = —
g ( )= i

Then we do the same for the remaining 500 complete sets
of parameters (i.e., from #, to #5y; calculating m(n = 2) to
m(n = 501)). Thus, we obtained a sampling distribution of
the mean external colonization m(n) after processing at the
first stage which represents our prior estimate for the external
colonization based on fy g.

In the next step, we estimated a quantity proportional
to the likelihood of observing each m(n) given the data.
In this case it is the data on the external colonization
of carcasses with Enterobacteriaceae gathered in process-
ing plants during the ESRAM project. This likelihood
was estimated by using the R function dnorm() (pseu-
docode: g(n) = dnorm(m(n), Us = sige > o§ _ Smgel)) in order
to numerically determine the probability density at each value
m(n) for a normal distribution N(is — syuge15 o§ = Stagel ). The

2 .
parameters fg — sige1 and og _ Stage1 WETE the mean and vari-

ance of the log;( cfu values for the external colonization of
carcasses with Enterobacteriaceae as found in the slaughter-
house data after the first stage. As a result, we got 501 values
g(n) as a numerical estimate proportional to the likelihood

of observing each m(n) given the data. By normalizing the
W)

values g(n) through w(n) = ——— we end up with nor-
n=1 g(n

malized weights w(n) which are then used to resample from

our sample of fg g — ga0e1> that is, {1, #5, ..., 501 }. Resam-

pling means that the complete set 8¢ = t,, — ; will be drawn
with the probability w(n = 1), the complete set Og = 1, _»
with probability w(n = 2) and so on. After resampling 501
times from {#;, fp, ..., t50;} we got a new updated sample
with complete sets of model parameters {ti”’ ,t;p, . tggl

and we assume this to be a sample from the distribution

hG,S = Stagel -
Finally, we sampled each model parameter over
all  £7, 87 th for example, a. =
127272 =751 pie, ext,S = Stagel —

Z:50] aup (n)
=1 "ext,S=Stagel
—= ==  and used these updated mean model

paramest(zzlrs in the final processing line model.

The same updating procedure was performed at all subse-
quent stages. The updated model parameters were then used
in the model calculations in the shiny app. See Table | for the
parameter values before and after updating.

We provided the source code in R for our updating process
in the supplementary material (in the file Supplement3.7z).
This R code is an adaptation of the original code written in
Matlab which was used in Kurowicka et al. (2010) and shared
with us (D. Kurowicka, personal communication, November
2,2018).

2.3 | Intervention process model

The interventions at the level of processing technologies con-
sidered in the model can take effect in two different ways.
These two ways reflect two different approaches followed by
the various authors of the studies reviewed in Projahn et al.
(2018) when investigating processing technologies.

In one of these two ways, authors compared the process-
ing technology used in our baseline processing plant with
an alternative technology. First, these authors measured cfu
counts found on carcasses at a given stage after using the
baseline processing technology. Then the authors compared
these cfu counts with the cfu counts after using an alter-
native technology at the same stage. The mean cfu counts
on carcasses after using the technology from the baseline
processing plant and after using the alternative technology
resulted in a mean reduction due to the alternative technology
compared to the baseline processing technology. As a simple
example let us assume it is a mean 1 log;, reduction. There-
fore, this reduction represents a reduction that the alternative
technology provides compared to the baseline technology.
Correspondingly this kind of reduction is incorporated in our
model by reducing the result of the model calculation from
the baseline process (in our example: the cfu counts on each
carcass as calculated at the end of the considered stage of the
baseline process model is reduced by 1 logy, that is, multi-
plied by the factor 0.1). In our model, the relative reduction of
the intervention is applied after modeling the baseline process
according to Equations (1) and (2) and the resulting exter-
nal contamination. In this sense, the effect of the intervention
(i.e., the alternative processing technology) is additionally
considered to the effect calculated through the baseline pro-
cess model. In the app interventions of this kind, when chosen
from the drop-down menu are marked with an “(A)” at the
end which stands for “additionally considered,” since the
effect of the intervention was considered additionally to the
results of the baseline process model calculations.

In the second of the two ways, authors only look at an
alternative processing technology other than that used in
our baseline processing plant for a given stage. Here, these
authors compare the mean cfu counts on carcasses before and
after the use of the alternative processing technology in order
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TABLE 1 Mean model parameters before and after Bayesian updating approach

Model parameters before updating

Stage [ beny,s Afec.s Conv.§ Coxt,s Pfec
Scalding 0.76450539 8.14E-06 0.99999844 0.04903812 0.70983493 0.48399142
Plucking 0.86521098 2.80E-02 0.9999868 0.10365409 0.05105988 0.69552954
Evisceration 0.46305888 1.11E-05 0.99378606 0.08478044 0.0415988 0.6573509
Washing 0.34214247 5.99E-03 1 0.06314914 0.21213199 0

Chilling 0.09009878 8.04E-03 1 0.01705675 0.19484161 0

Model parameters after updating

Stage Aoyt beny s Afec s Conv§ Coxt,s Pfec
Scalding 0.7236513 8.54E-06 0.99999856 0.05238084 0.70174661 0.52306267
Plucking 0.9976000 1.68E-04 0.99999186 0.11330000 0.06922 0.6933
Evisceration 0.38310878 1.13E-05 0.99449981 0.08366268 0.04226497 0.63666267
Washing 0.24499485 9.96E-03 1 0.05760156 0.19164983 0

Chilling 0.07559658 8.72E-03 1 0.01628155 0.07404469 0

to determine the relative reduction due to use of the alterna-
tive processing technology. Let us again assume as a simple
example that some authors found a mean 1 log;, reduction
after the use of the alternative technology compared to the
cfu count before carcasses enter the stage with the alterna-
tive technology. Therefore, this reduction represents the total
reduction due to the alternative technology applied at this
processing step. Correspondingly, this kind of reduction is
incorporated in the model in the following way: We did not
perform the model calculations based on the Equations (1)
and (2) at this stage but rather replace them by simply reduc-
ing the cfu counts of all carcasses as they were after leaving
the previous stage (in our example we reduce the cfu counts
on each modeled carcass after the previous stage by 1 log;).
These interventions (i.e., the alternative technologies) are
marked with a “(R)” at the end, which stand for “replaced”
since we replaced the usual baseline model calculations from
Equations (1) and (2) by a simple reduction reported in the
corresponding study.

In other words, the reductions due to interventions of
type “(R)” and “(A)” are distinct as far as the modeling
calculations are concerned (and are therefore implemented
differently as described in the previous two paragraphs). On
the one hand a reduction due to an intervention of type “(A)”
represents an incremental reduction in addition or relative to
the baseline process as described in Equations (1) and (2).
On the other hand, a reduction due to an intervention of type
“(R)” represents the total reduction due to the intervention
without any reference to the baseline process. It contains the
complete information about what happens to the cfu count
due to the intervention in that stage of the processing and
calculations based on Equations (1) and (2) are obsolete.

Interventions which are currently not available for com-
mercial use, but which were studied in a laboratory or
experimental setting are flagged with the comment “(exper-
imental)” behind the intervention name in the drop-down

menus. Determining log reductions of interventions from the
literature.

In this section and in the Supporting Information 1, we
report how we derived log reductions from data generated in
the ESRAM project and from the literature reviewed in (Pro-
jahn et al., 2018). The focus in (Projahn et al., 2018) was laid
on E. coli as a representative of the Enterobacteriaceae.

Some authors cited in (Projahn et al., 2018) used standard
deviations (SD) and others used standard errors (SE) in order
to describe their results. To record which statistic was used
we explicitly mention this in brackets using “(mean + SD)”
or “(mean + SE).” We used error propagation calculations to
assess the uncertainty of the bacterial reduction estimates we
derived from the literature. In order to quantify the variability
of the estimated reductions we used always standard errors.
To quantify the central tendency we used (arithmetic) means
as estimates of the reductions.

The model simulates the changing number of bacteria on
broiler carcasses during processing. Here only processing
methods allowed in the European Union were considered.
Therefore, interventions, which use anything beyond plain
potable water (e.g., chlorinated water) for washing the
carcasses, have been excluded.

We analyzed the literature reviewed in Projahn et al. (2018)
for the following stages: preprocessing in the slaughterhouse,
scalding, defeathering, evisceration, washing, and chilling.
Furthermore, we analyzed data from the ESRAM project for
interventions at the farm level. In the following we demon-
strate by means of an example how we derived the bacterial
reduction from data generated on some interventions stud-
ied in the ESRAM project and from data described in the
literature reviewed in Projahn et al. (2018). First, we will
show how we derived the log reduction from EsSRAM data
and afterwards from literature data. At the end we explain
how the determined reductions were integrated in the model
calculations.
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The EsSRAM data we used for our demonstration originated
from one trial conducted during the ESRAM project. The
trial dealt with an intervention at the farm level, namely the
reduced stocking density (Robe et al., 2021). In that experi-
ment a control group of broiler chicken (Ross 308) was reared
under conventional farming conditions. This included no pen
enrichment, commercial grower ration provided by the poul-
try industry partners of the ESRAM project, feed and water
ad libitum, and stocking density of 39 kg per sqm. The birds
were challenged with predefined resistant ESBL-/AmpC-
producing E. coli strains. An intervention group was reared in
the same way with the exception of a reduced stocking den-
sity of 25 kg per sqm (Robe et al., 2021). Both groups were
reared in a controlled environment and subsequently brought
to an experimental slaughter facility. There the external colo-
nization (breast skin) with Enterobacteriaceae in general and
ESBL-/AmpC-producing E. coli strains was measured quan-
titatively using swab sampling at each station of the slaughter
process (Projahn et al., 2021). At their arrival at the experi-
mental slaughter facility, the animals of the control group had
a mean and standard deviation for the external colonization
with Enterobacteriaceae of 4.15 + 0.79 log;, cfu/20 sqem.
The animals of the reduced stocking density group had at
their arrival a mean external colonization of 2.69 + 0.81 logy
cfu/20 sqcm. Note that the unit “cfu/20 sqcm” comes from
the swab sampling technique where a sterile screen with a
quadratic opening of 20 sqcm was placed on the broiler’s
breast skin and swabbed.

To determine a best estimate for the log;y reduction Ac
of the external contamination due to the reduction of the
stocking density we proceeded in the following way. We sub-
tracted the logs of the means of the external contamination for
the control group and the intervention group. The resulting
1.46-log;( reduction means then that the external contam-
ination has been reduced by a factor of 10~14¢ = 0.034.
Since the log reduction is a relative measure of reduction
this 1.46-log, reduction is independent of the units used
for the absolute counts (measured in cfu/sqcm by Projahn
et al. (2021) or cfu/carcass by our processing model). The
log reduction applies to both units in the same way, namely
it describes a reduction of the bacterial counts by a factor of
0.034. Hence, we always derived the log reduction for each
intervention and used it to take the effect of the intervention
into account in our model.

In order to estimate the variability of the reduction val-
ues we used Gaussian error propagation for estimating the
standard error of the differences of the means following
the procedure described in Hamilton (2003). Gaussian error
propagation in this case gave for the standard error a value of
0.2. Thus, lower stocking density leads to a 1.46 + 0.2-log;,
reduction (mean + se).

The best estimate for reduction Ac and the standard error
were integrated into the model calculations in the following
way. In order to introduce some variability into the reduc-
tion we assumed it to be normally distributed with mean Ac
and a standard deviation which corresponded to the calcu-
lated standard error. As described above the interventions can
be of type “(R)” or type “(A).” Since in our current exam-

ple we derived the log reduction by comparing the baseline
process “control” (animals reared with a stocking density of
39 kg per sqm) with the alternative approach (animals reared
with a stocking density of 39 kg sqm) we have here an exam-
ple of an intervention of type (A). For each modeled carcass a
reduction value, say “reduct,” was drawn from a normal dis-
tribution with a mean of 1.46 and a standard deviation of 0.2.
After the carcasses external colonization had been determined
by the model it was reduced by a factor of 107! o reflect
the effect of the intervention measure at primary production.

For some interventions the authors of the corresponding
publications did not provide enough information to calculate
the standard error. In this case we assumed a value (see the file
“Supplementl.docx”). This uncertainty estimates were used
to add variability to the reduction of the applied interventions.
The literature data we used for our demonstration is based on
data from high pressure spray wash using potable water pub-
lished (Giombelli, 2013; Giombelli et al., 2015). In this case
the spray wash equipment was operated with a pressure of
1000 kPa for carcasses with and without visible gastrointesti-
nal contamination (VGC). The data in Giombelli (2013) are
summarized in Table 2.

In order to estimate the mean log reduction, we subtracted
the mean log cfu values in the last two columns in Table 2
from each other. Then, using error propagation we calculated
the standard error (where we took the reported 50 animals
as sample size for each of the groups) and arrived at Table 3
which contains the log reduction values.

Giombelli (2013) performed Tukey tests for the 1000 kPa
data. The results showed only in the “washing” intervention
of the “With VGC” condition a significant difference between
the mean log cfu values before and after washing.

We chose the 0.56 + 0.14-log; reduction for the 1000 kPa
spray wash. If the intervention “1000 kPa (R)” is chosen, this
0.56 + 0.14-log;( reduction was used to determine the normal
distribution from which the reduction values for each carcass
was drawn. And it was the reduction value drawn for each
carcass which was used as a substitute intervention for the
baseline washing process, which is based on a low pressure
outside washer.

3 | RESULTS AND DISCUSSION

The results presented here consist in an open-source reim-
plementation in R of a model for the change of bacterial
counts on carcasses during processing. We adapted the
model parameters for the case of Enterobacteriaceae using
a Bayesian updating approach and empirical data from
the ESRAM project. The effect of various technological or
husbandry-based interventions on the bacterial contamina-
tion was estimated based on results reported in the literature
and integrated in the model. The results from our analysis of
the literature on bacterial reduction due to different interven-
tions are summarized in Table 4. A GUI was implemented
using the R package shiny in order to allow easy changes
on the initial bacterial load on the carcasses and the applied
interventions.
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TABLE 2

Data from Giombelli (2013, Table IIL.5) considering the Escherichia coli contamination before and after spray washing (with 1000 kPa

pressure) and/or trimming for the case that the carcasses showed visible gastrointestinal contamination (VGC) or not

Mean + SD E. coli (log cfu/g) before

Mean =+ SD E. coli (log cfu/g) after

VGC status Intervention (mean + SD) (mean + SD)
Without VGC Washing 4.68 +0.49 4.25 +0.62
With VGC Washing 4.85 +0.67 4.29 + 0.68
Trimming 485+ 1.11 4.53 +1.09
TABLE 3 Log, reduction calculated using error propagation using data from Giombelli (2013) considering the Escherichia coli contamination before

and after spray washing (with 1000 kPa pressure) or trimming for the case that the carcasses showed visible gastrointestinal contamination (VGC) or not

VGC Status Intervention Log,( reduction of E. coli (mean + SE)
Without VGC Washing 0.43 +0.11
With VGC Washing 0.56 +£0.14
Trimming 0.32 £0.22
3.1 | The role of fecal (or internal) falls below a certain level (e.g., because we set log; cfu val-

colonization

Choosing different combinations of interventions lead to dif-
ferent courses of the log cfu curves along the processing
line. Usually, the curve for the processing model declines
steadily. But there are combinations that lead to a kind of
dipping behavior of the curve in the sense that it declines
from one station to the next and then rises again as it pro-
ceeds to the next processing stage. This dipping behavior can
be seen if one chooses at the farm level the reduced stock-
ing density and at the scalding stage the 65.8°C for 2.5 min
treatment. This behavior is caused by cross-contamination
with bacteria from leaked feces with relatively high fecal
colonization. If the fecal colonization is set to its minimum
value of 3 log;( cfu/g, cross-contamination is reduced and
contamination level declines monotonically.

This finding from the model calculations provides theo-
retical evidence that the level of the internal colonization
plays an important role in the external colonization along
the processing line. It shows that in case of contamination
the level of internal colonization might thwart highly effec-
tive reduction interventions that work only on the exterior of
the carcass at a prior processing step. In that case, it leads
to raising colonization numbers on the exterior of the car-
cass as shown in Figure 2 (A). One can see that usually the
log cfu counts drop continuously along the slaughter process.
But in Figure 2 (A) the curves which started at the low-
est mean external cfu counts (at 4 log;( cfu/carcass and 2
log;( cfu/carcass) show a different behavior. The curve start-
ing at 4 log;( cfu/carcass shows dipping in that it drops from
“input” to “scald” and then raises from “scald” to “defeather.”
The curve starting as 2 log; cfu/carcass raises from “input”
through “scald” to “defeather.” The dipping behavior shown
in Figure 2(A) is due to a disproportionally high colonization
of feces compared to the external colonization. Due to cross-
contamination at this step, the fecal load pushes the external
colonization disproportionally up. If the external colonization

ues at “input” low by hand as in Figure 2(A) or because there
might be highly effective interventions that removes many
bacteria on the exterior of the carcass) the bacteria from leak-
ing feces pushes the colonization up again, that is, we see the
dipping behavior. This means that even very effective removal
of bacteria on the exterior of the carcass will be undone by
the cross-contamination with leaked feces as displayed by the
model mechanics implemented here.

One can see that this behavior of the model is due to the
leakage of colonized feces. If we set the fecal colonization to
zero, we see a monotonous drop of the log cfu curves irre-
spective of the initial mean value of the external colonization
as shown in Figure 2(C). The fecal colonization was set to
zero by setting the mean and standard deviation of the normal
distribution from which C,.(i) values were drawn to zero.
Note that setting the fecal colonization to zero in the model is
equivalent to setting the amount of leaked feces to zero (see
Equation (3). This means that we could have achieved the
same effect if we would have set wp, 5(i) to zero. Both ways
would avoid that any bacteria from the feces can contaminate
the exterior of carcasses in the model.

An intermediate situation is shown in Figure 2(B). Here
the fecal load is chosen in such a way that it drops propor-
tionally to the external colonization. Here the log values from
Cf.(i) have been drawn from distributions with means that
were always 1.5 log( lower than the means from the distribu-
tions from which the log cfu of the external colonization are
drawn. For example, for the mean log external colonization 8
cfu/carcass the mean log cfu internal colonization was set to
6.5 cfu/g feces, for the mean log colonization 6 cfu/carcass
the mean log fecal colonization was set to 4.5 cfu/g feces,
etc. The standard deviations for the fecal (i.e., internal) col-
onization distributions were also lowered as the means of
the fecal colonization dropped. The standard deviations were
always 0.13 times the values of the means from the fecal
distributions. For example, for the mean 6.5 cfu/g feces the
corresponding standard deviation was set to 0.85 cfu/g feces,
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TABLE 4

Summary of the interventions and corresponding reductions for all stages which have been incorporated into the interactive model app. The

mean =+ SE log; reduction values are marked with “(A)” and “(R)” in order to indicate whether the corresponding reduction is of the “additionally
considered” type (i.e., considered additionally to the model calculations of Equations (1) and (2)) or the “replaced” type (i.e., replacing the model calculations
Equations (1) and (2) as described in Materials and Methods section. The reductions resulted from comparing the bacterial counts to baselines defined in the

individual studies

Stage Intervention

Mean Log;( Reduction

Reference

At farm level Competitive exclusion
Reduced stocking density
Pre-processing Brush breast/vent
Cloacal plugging
Scalding Immersion scalding 59.5°C for 2.5 min
Immersion scalding 62.5°C for 2.5 min
Immersion scalding 65.8°C for 2.5 min
Counterflow triple tank

Defeathering Hot water rescald
Hot water spray
Evisceration Skin removal
Washing High pressure spray wash (1000 kPa)
Steam treatment 100°C for 5 sec
Steam treatment 100°C for 10 sec
Steam treatment 100°C for 12 sec
Steam treatment 100°C for 20 sec
Steam treatment 138°C for 1.1 sec
Hot water 80°C for 10 sec

Hot water 80°C for 20 sec

Chilling Salting

Crust freezing

Immersion chilling

0.72 + 0.20 (A)

0.30 £ 0.10 (A)
0.39 £ 0.08 (A)

3.00 = 0.09 (R)

4.00 £ 0.09 (R)

2.60 +0.10 (R)

0.50 + 0.33 (A)

0.70 £ 0.33 (A)

0.56 £ 0.14 (R)

226 £ 0.33 (R)

2.83 +0.30 (R)

0.94 £ 0.18 (R)

0.80 £ 0.52 (R)

(Projahn et al., 2021)
(Projahn et al., 2021)
(Pacholewicz et al., 2016)
(Musgrove et al., 1997)

1.46 £ 0.22 (A)

1.57 £ 0.09 (R) (Notermans et al., 1975)
(Notermans et al., 1975)
(Notermans et al., 1975)
(Berrang et al., 2003)
(Berrang et al., 2000)
(Berrang et al., 2000)
(Berrang et al., 2002)
(Giombelli, 2013)
(James et al., 2007)
(James et al., 2007)
(James et al., 2007)
(James et al., 2007)
(Kozempel et al., 2003)
(James et al., 2007)
(James et al., 2007)
(Shin et al., 2012)
(Chaves et al., 2011; James et al., 2007)

1.40 £ 0.10 (A)

1.44 £ 030 (R)
1.60 + 0.07 (R)

1.27 £ 0.03 (R)

1.68 £ 0.12 (R)
1.77 £ 0.24 (A)

1.00 + 0.25 (R) (Berrang et al., 2008; Chaves et al.,
2011; Dickens et al., 2000; James

et al., 2007; Souza et al., 2012)

for the mean 4.5 cfu/g the standard deviation was set to 0.59
cfu/g feces.

As Nauta et al. (2009) reports, this dipping effect has also
been found in the original version of the (Dutch) model for
Campylobacter and in another Campylobacter-in-chicken-
model developed in the United Kingdom (Hartnett, 2001).
However, Nauta et al. (2009) observe that the dipping hap-
pens for the Dutch Campylobacter model at scalding, while
in the UK model it happens at plucking. This difference
is, according to Nauta et al. (2009), attributed to different
model assumptions, which primarily are based on different
expert opinions. Whether this difference is just a difference
of opinion or a true difference between countries is unclear.

The dipping effect itself shows according to Nauta et al.
(2009) the large impact of fecal contamination of carcasses.
As shown above we reproduced this effect.

We additionally note that the dipping effect is not only
about the large impact of fecal contamination per se. What is
really important is the ratio of internal and external coloniza-
tion. If the ratio of internal and external colonization remains
constant there will be no dipping effect however high the fecal
contamination is as exemplified in Figure 2(B).

3.2 | Limitations and further assumptions
The model assumes that each chicken is alone at each pro-
cessing stage when processed and thus does not consider that
multiple animals are together at one processing stage at the
same time, what is what might happen for example in defeath-
ering devices or in immersion scalding or immersion chilling.
Thus, cross-contamination effects whenever multiple animals
are being processed together in the same environment at the
same time, say in a scalding tank, are not considered in the
model. However, since Equations (1) and (2) consider that
bacteria can cross-contaminate carcasses via the environment
there is an indirect contact between animals incorporated in
the model, but only in a strictly sequential way. For the exam-
ple of scalding that means that in the model one chicken is
being scalded alone in a scalding tank. Then it leaves the tank
and a second chicken comes into the tank. The model now
allows the first chicken to cross contaminate the second via
the scalding water but not vice versa. In a more realistic set-
ting both chicken would be scalded at the same time in the
tank side by side allowing possible cross contamination by
each other.
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(A) Carcass contamination (with disproportionally high feces colonization)
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(B) Carcass contamination (with proportional feces colonization)

-5~ Mean N_ext_init = 8
—©- Mean N_ext_init=6
—-A- Mean N_ext_init = 4|
-©- Mean N_ext_init =2

logyo cfu per carcass
5
L

T

o O—

o

r T T T T 1

input scald defeather evisc. wash chill
Processing step

( C) Carcass contamination (with zero feces colonization)
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FIGURE 2  Subfigure(A) shows how the external bacterial

colonization of the carcasses changes over the course of slaughtering if the
log values from (i) are drawn from a normal distribution with mean of 6.56
and a standard deviation of 0.84. One sees that as the external colonization
drops below a certain level in the initial phase it subsequently raises again
instead of dropping (dipping behaviour). Thus, we have a disproportional
high fecal colonization compared to the external colonization. Subfigure (B)
shows the same model setup except that the log values from (i) are drawn
from distributions with proportional fecal colonization levels. That is, the
means of the distributions from which the log cfu of (i) are drawn are
always 1.5 log10 lower than the value of the means from the distributions
from which the log cfu of the external colonization are drawn and the
standard deviations from the fecal distributions are always 0.13 times the
values of the means from the fecal distributions. Subfigure (C) shows the
model results for the same model setup except that we here assume that no
bacteria arise from leaked feces. In this case the external colonization drops
down to values near zero

Furthermore, the model assumes constant process effec-
tiveness, meaning that each carcass is processed exactly with
the same effectiveness. This ignores possible effects, like a
less efficient reduction in case of initially very high coloniza-
tion. In the same way an extremely low initial colonization
will be diminished by the predefined reduction factor even
though the very low initial colonization does not allow for

such a high reduction at the given stage. This can lead to neg-
ative log;( values which indicate that the number of bacteria
on the carcass has fallen below 1. Such numbers of bacteria
have no biological sense, therefore in the model the external
colonization of each carcass calculated using Equations (1)
and (2) was rounded down to the next integer. That means
that if the number of bacteria on the carcass in the model cal-
culations falls below the value of 1 the model rounds it down
to zero.

Given the minimal possible colonization numbers users
can choose and given the values of the model parameters
Aext,§» Coxt,S> Den,Ss Cen,$» Afec,s Tor the baseline model, it never
happens that the baseline model reaches negative log; values
for external colonization. However, given that by choosing
interventions the colonization numbers down through the
corresponding reduction, negative log;, values are possible
which are then rounded to zero.

There are three limitations of the current model with
respect to the way that the effect of different processing tech-
nologies ( = interventions) are incorporated in the model. The
first limitation is that incorporating interventions can lead to
situations where the model parameters are ignored. If in a
production stage an intervention of type (R) is chosen, the
bacterial load on the carcasses at that production stage is not
determined by the model parameters. If on a stage an inter-
vention of type (A) is chosen, then the model parameters
from the baseline model are used to calculate an intermediate
result to which the reduction determined from the literature is
added. Thus choosing an intervention at a given stage means
skipping partly or completely the usual ways of the model to
describe the situation at a given processing stage based on the
model parameters dgy s, Coxr,55 Penv,S> Conv,s» Afec,s- And this
means that the processes of cross-contamination of carcass
and environment are no longer simulated but replaced by an
estimated reduction.

The second limitation is that the model can only take one
intervention per stage into account. Thus, combined effects
of multiple interventions at one stage cannot be modeled.

The third limitation is that choosing interventions at mul-
tiple processing stages can lead to a large overestimation of
the modeled bacterial reduction along the processing line. We
caution about the selection of interventions and discourage
the use of interventions in multiple production stages as this
means to in effect to use less of the model and just add up esti-
mated reductions from the literature in an unrealistic manner.
We rather suggest to choose intervention only at one or two
stages in one model run.

Another limitation in this context is that the model might
under- or overestimate the bacterial reduction depending on
the settings chosen. The reason is that there is probably
an effect of varying efficacy in bacterial reduction. That
is, that efficacy in bacterial reduction for a given interven-
tion might depend on the log;, cfu loads on the carcasses.
Since we determined the log-reductions from individual stud-
ies with their individual log;, cfu loads on the carcasses,
load-dependent effects might be missed. Take for example
the 0.56- log; reduction from Table 3. This reduction was
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determined for animals at the washing stage using spray
washing with 1000 kPa with animals having a mean log; cfu
load between 4.68 and 4.85. If the user would have chosen,
the settings in the model app in such a way that the mean log
cfu load would be well below 4.85 then choosing 1000 kPa
wash as intervention with an assumed 0.56-log;( reduction
would probably lead to an overestimation of the reduction.
This overestimation would come from an assumed diminish-
ing efficacy of the reduction effect with lower numbers of
cfu load. The opposite might happen if the model settings
are chosen such that the mean log;, cfu load on carcasses
at the washing stage would be well above 4.85. In that case,
the assumed 0.56-log; reduction would probably lead to an
underestimation of the reduction effect. This underestimation
would come from the assumed effect that for around 4.85
log; cfu the 1000 kPa wash leads to the 0.56-log; reduction
but for higher log;, cfu counts the reduction efficacy might
be higher. Thus, the model might over- or underestimate the
effect of reduction of an intervention at a stage depending on
the difference between the modeled cfu count on the carcass
in the considered scenario and the cfu count on the carcass
in the study from which the reduction effect was estimated.
A large difference in cfu counts on carcasses between model
and study can for example arise through choosing the inter-
vention with the highest efficacy in bacterial reduction at each
stage. This would lead to low cfu counts on the carcasses,
which in turn would likely lead to an overestimation of the
bacterial reduction by the model.

Even though we used data from a real abattoir the model
does not claim to represent this particular abattoir. No sys-
tematic comparisons have been made between the variations
of empirical values from the abattoir and the model outcomes
to fine tune the model in a way as to represent closely this
particular abattoir. For example, the mean weight of animals
of the various flocks slaughtered varied between 1.9 kg and
3.2 kg. These data were aggregated for the model calcula-
tions. It is likely that the flocks originated from different
primary production sites, which might vary in many ways,
from husbandry conditions to breeds. And it is also likely that
the machinery of the abattoir reduces bacteria on carcasses
from such different sources differently, for example, it might
be that it reduces bacteria differently on lighter animals than
on heavier ones. Furthermore, the machinery of the abattoir
is adapted to the expected higher or lower slaughter weight
introducing even more variability into the system. The model
does not capture all these idiosyncrasies. In this sense, the
model does not describe any specific abattoir.

We calculated the log reductions for various interven-
tions asserting that these were independent of the units used
to describe the absolute bacterial counts. There is a tacit
assumption in this assertion, namely that the found log reduc-
tion is independent of the sampling procedure. For example,
the ESRAM data on the reduction in external contamination
due to reduction of the stocking density were collected by
swab sampling using the units log;, cfu/20 sqcm of broiler
breast skin. The derived log reduction was then used in the
model as if the determined log reduction found on the breast

is the same everywhere on the carcass. Since there were no
replicates in the ESRAM animal trial for determining the
effect of farm level interventions (Robe et al., 2021) results
of these studies constitute only limited evidence and repli-
cation for studying further the found reduction effects of the
interventions is desirable.

Our choices of the log reduction might be systematically
overconfident estimates since publication bias (Fanelli, 2013;
Young et al., 2008) leads to positive results being overrepre-
sented in the published literature. Furthermore, we took the
log reductions for the model from the literature reviewed in
Projahn et al. (2018) and used them even when these reduc-
tions were not statistical significant. Correspondingly, one
should consider the results of the model calculations for a
set of chosen interventions as upper limits for the bacterial
reduction attainable.

The model considers external and internal colonization.
If one generally assumes that the external colonization only
reflects contact with feces from the same bird and is there-
fore in line with internal colonization, then in the extreme
case of no internal colonization by resistant bacteria a similar
absence of external contamination with resistant Enterobac-
teriaceae is to be expected. However, this assumes that there
are no external sources of resistant bacteria before the start of
the considered processing stage leading to external contami-
nation of the carcass. Most probably, external contamination
of a carcass reflects previous introduction of the bacteria into
the fattening farms or during transport to the abattoir. Empir-
ical results from the ESRAM project showed that the internal
colonization with resistant bacteria might be reduced by the
use of competitive exclusion (CE) (Methner et al., 2019). Our
model results showed that internal colonization might present
a relevant factor for the external colonization or contamina-
tion of carcasses during processing. The model shows that
if feces contain high concentration of bacteria, they might
counteract through cross-contamination even highly effective
reduction interventions during processing (cf. section 3.1).

4 | OUTLOOK

The model in its current form is the result of the available
resources of its time during the development in the con-
text of the ESRAM Project. We will continue to develop the
model further as new data becomes available and as the model
structure will be varied.

4.1 | New data

As a working hypothesis we assumed that we do not need
to differentiate between external contamination with resistant
and with susceptible bacteria. Thus, we assume that acquir-
ing resistance against antibiotics has no influence on tenacity,
growth, or resilience against the processes during slaugh-
tering. The model in its current version just keeps track of
Enterobacteriaceae in general. This is due to the fact that
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there is a lack of sufficient data concerning the quantitative
measurement of external contamination of resistant Enter-
obacteriaceae along the broiler processing line. Gathering of
data on bacterial loads of resistant Enterobacteriaceae on car-
casses and fecal content would be useful to gauge the validity
of the working hypothesis. As more studies become available
for individual interventions one could employ evidence syn-
thesis approaches like meta-analysis to get better estimates
for reductions. These estimates in turn can then be used for
Bayesian updating of the model parameters.

Furthermore, the model can be developed further in order
to take into account the idiosyncrasies of individual abattoirs.
For example, an extended comparison of the model outputs
and new data on empirical cfu counts for a real-life abattoir
in its various modes of operation could help improving the
model so that it can predict better the microbial status of the
carcasses throughout the slaughter process.

4.2 | Model structure

Using the Bayesian updating approach described above could
be used to incorporate the reducing interventions more
implicitly in the model. As a result reductions of interven-
tions described in the literature would be used to update the
model parameters instead of applying reduction factors them-
selves on the outcome of the model calculations in the explicit
way it is done currently.

The model structure shown in Figure 1 could be adapted
in such way as to consider multiple animals to be present
in a stage. This would allow to generalize the model from
the current strictly individualized and sequential processing
structure to a more group oriented one. Instead of considering
only one animal in a stage the model would, were appropri-
ate, consider several animals in a stage. This would be useful
to model situation as in immersion scalding or immersion
chilling where a number of animals at the same stage might
contaminate each other as they are processes together in the
same water.

Thus, the model in its current version is considered to be a
starting point for further model-based investigations of inter-
ventions for the reduction of external contamination in the
slaughter process of broilers.
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