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A B S T R A C T   

Extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli (E. coli) in animals are considered a human 
health threat, because this type of bacteria can serve as a reservoir of antibiotic resistant genes and act as a 
continuous threat of the emergence of new resistant bacteria, in addition to the direct effect of making infection 
untreatable. Although the prevalence of ESBL producing bacteria in broilers was drastically reduced in the 
Netherlands, chicken meat still has the highest prevalence among meat products. Therefore, further control of 
the ESBL-producing E. coli in the broiler production chain is important to reduce public health risks. The main 
objectives of this study were to evaluate the effectiveness of intervention scenarios to reduce the transmission of 
ESBL-producing E. coli in the broiler production chain and to quantitatively estimate the risk to public health. In 
this study, we developed two different types of transmission models that described the observed time-related 
decline in prevalence during a production round: one with time-dependent decline in susceptibility and one 
with partial immunity to phylogenetic groups. Both models incorporated the environmental contamination effect 
between production rounds and within flocks. The parameter values, including transmission rate and recovery 
rate, were estimated by Approximate Bayesian computation (ABC) method using data from a longitudinal study 
in a Dutch organic broiler farm. We applied the models to the three production stages in the broiler production 
chain, beginning from the Parent Stock (PS) farms, the hatcheries, and to the broiler farms. In our models, eggs 
were collected from different parent stock farms and transported to the hatchery and from there to a broiler farm. 
The size of a flock and the number of farms were adjusted to the Dutch situation. Both models were able to 
describe the observed dynamics within and between the production stages equally well, with estimated ESBL- 
producing E. coli prevalence of 8.98% and 11.47% in broilers at slaughter and 0.12% and 0.15% in humans 
due to chicken consumption. Both models indicated that improving farm management to eliminate the bacteria 
from the environment was the most effective intervention, making this outcome robust. Although chicken meat 
consumption is not a major risk factor for human carriage of the bacteria according to our models, reducing the 
bacteria in the PS and broiler farm environment to at least one percent can further decrease the prevalence in 
humans.   

1. Introduction 

Extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli 
(E. coli) produce enzymes that inactivate beta-lactams, first- to third- 

generation cephalosporins, and aztreonam, which are widely used an-
timicrobials to treat infections in both human and veterinary medicine 
(Chong et al., 2011; Mevius et al., 2018). In addition, the bacteria in 
animals can serve as a reservoir of antibiotic resistant genes. The 
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prevalence of ESBL-producing E. coli in the general Dutch population 
was reported to be around 5.0% to 8.6% (Reuland et al., 2016; van den 
Bunt et al., 2019). Although chicken meat accounted for only 4.5% of 
intestinal carriage of ESBL or pAmpC gene in the general human pop-
ulation and human carriage of such bacteria was mainly attributed to 
human sources (Mughini-Gras et al., 2019) and human activities such as 
previous antimicrobial treatment and international travel (Chong et al., 
2011; Pitout, 2009), the bacteria in animals are still a risk to public 
health. ESBL-producing bacteria can act not only as an infectious agent 
but also serve as a continuous threat of the emergence of new resistant 
bacteria (EFSA and ECDC, 2022). The genes coding for ESBL production 
can be transferred to other bacteria species by conjugation, which can 
eventually cause beta-lactam resistance in many bacteria species 
(Mevius et al., 2018). 

In the EU, monitoring of the ESBL-producing bacteria in livestock has 
been carried out yearly based on Commission Implementing Decision 
2013/652/EU to track the possible source of emerging resistant bacteria 
(EFSA and ECDC, 2022). Prevalence of presumptive ESBL-producing 
E. coli isolates from broilers ranged between 27.6% and 29.7% in 
2020 in European countries. In the Netherlands, broilers, had the 
highest prevalence of ESBL-producing E. coli in 2014 at around 66% 
(Nethmap-MARAN, 2021). However, by setting reduction targets on 
antimicrobial use in animals and restricting the use of ceftiofur in 
hatcheries (Mevius and Heederik, 2014; Nethmap-MARAN, 2019), the 
prevalence of animals at slaughter was drastically reduced to 9.8% in 
2020. On the other hand, at the consumption level, chicken meat still 
has the highest prevalence (9%) among meat products and further 
control of the ESBL-producing E. coli in the broiler production chain is 
important to reduce public health risks. 

The Dutch broiler production consists of several stages, and ESBL- 
producing E. coli are detected at every level of the production chain 
(Dame-Korevaar, 2020; Dierikx et al., 2013). ESBL-producing E. coli 
were observed in as young as two-day-old chicks on Grandparents Stock 
(GPS) farms and in one-day-old chicks on Parent Stock (PS) farms 
(Dierikx et al., 2013). In hatcheries, the prevalence of eggs ranged from 
0% (Oikarainen et al., 2019) to 3.8% (Mezhoud et al., 2016) and 
ESBL-producing E. coli can be found in as young as one-day-old chicks in 
broiler farms (Dierikx et al., 2013; Huijbers et al., 2016; Laube et al., 
2013). In a longitudinal study, the prevalence in broilers on the day of 
arrival at the farm was about 30% and then increased to as high as 100% 
on day 3 (Huijbers et al., 2016). Then it decreased to 20% on day 42 and 
went up to 40% on day 70. A similar trend was also reported in an 
experimental study in PS birds (Dame-Korevaar et al., 2017); the prev-
alence began at around 90% on day 7 and started to decrease in week 11 
from 46% to finally 1% in week 19. Most ESBL-producing E. coli isolates 
are obtained from healthy animals and generally have little implication 
for hosts’ health (Kuhnke, 2020). 

Improvements in biosecurity and hygiene management, disinfection 
of eggs, and vaccination have been implemented in poultry farms to 
reduce the prevalence of E. coli, including those that produce ESBL 
(Becker et al., 2021; Hao et al., 2013; Luyckx et al., 2015a; Luyckx et al., 
2015b; Mo et al., 2016; Motola et al., 2020; Sadeghi et al., 2018; Swelum 
et al., 2021). Competitive exclusion (CE) is a method to protect chicks 
from undesirable bacteria, including Salmonella, by feeding intestinal 
microbiota from healthy Chickens. The effects of CE on ESBL-producing 
E. coli were studied in experimental settings and considered to be useful 
to reduce transmission and prevent colonization, especially when 
applied to young chicks for several days (Ceccarelli et al., 2017; 
Dame-Korevaar et al., 2020a; Dame-Korevaar et al., 2020b; Methner 
et al., 2019; Methner and Rösler, 2020; Nuotio et al., 2013). Currently, 
inactivated vaccine (Nobilis E.coli) and live attenuated vaccine (Poulvac 
E. coli) are used to protect chickens from E. coli (Swelum et al., 2021). 

Since large-scale intervention studies in the broiler production chain 
are difficult to carry out due to cost and practical issues, several math-
ematical models were developed to simulate the transmission and assess 
the effectiveness of interventions (Dekker, 2019; Huijbers et al., 2016; 

Plaza-Rodríguez et al., 2018). Plaza-Rodriguez et al. (2018) incorpo-
rated several production stages and transportation effects into their 
transmission model and showed a difference between animal and flock 
transmission dynamics. However, they did not consider the effect of 
mixing birds and eggs from different origins, or the actual size of a flock 
and number of flocks. In their study, transmission parameters were set at 
a constant value, although several studies have reported fluctuation of 
the ESBL-producing E. coli prevalence as a function of birds age (Apos-
tolakos et al., 2019; Dame-Korevaar et al., 2017; Dierikx et al., 2013; 
Huijbers et al., 2016; Laube et al., 2013). These age-related declines in 
the prevalence are possibly due to a change in susceptibility caused by 
shifts in the microbiota of chickens (Diarra et al., 2007) or changes in 
phylogenetic groups of the bacteria (Apostolakos et al., 2019). 

The main objectives of this study were to evaluate the effectiveness 
of the intervention scenarios to control the transmission of ESBL- 
producing E. coli in the broiler production chain and to estimate the 
risk to public health. Most importantly, we developed and parameter-
ized two different types of within-flock transmission models, one with 
the age-related decline in susceptibility and another with partial im-
munity to phylogenetic groups. We further incorporated the environ-
mental contamination effect between production rounds and within 
flocks. 

2. Material and methods 

2.1. Movement between the production stages 

To study the transmission in a broiler production chain, multiple 
production stages were connected in one model. In general, the pro-
duction chain starts with the import of Grandparents Stock (GPS) chicks. 
Their offspring become the Parent Stock (PS) and are raised to lay eggs 
on parent farms. Then, PS-produced eggs are transported and incubated 
in hatcheries. Finally, the hatched chicks are transported to the broiler 
farms where they are reared until slaughter. In this study, the latter three 
production stages were considered: PS farms (n = 195), broiler hatchery 
farms (n = 13), and broiler production farms (n = 637) (Fig. 1). The 
number of farms reflects the Dutch situation (CBS Statline 2022a; CBS 
Statline 2022b; Ellen et al., 2012). 

The movement of animals and eggs from one production stage to 
another was done by scheduling the demographic and movement events 
to modify the state of a production stage at a pre-defined time. In the 
model, four types of poultry movements were defined: enter, internal 
transfer, external transfer, and exit. 

The enter events added new PS birds to a production stage. In this 
study, around 2000 18-week-old PS birds were brought to a PS farm 
every 66 days by an enter event where 10% of them are infected with 
ESBL-producing E. coli (the numbers were randomly generated from a 
binomial distribution and rounded, thus were not exactly 2000) 
(Apostolakos et al., 2019; Dame-Korevaar et al., 2017; EFSA Panel on 
Animal Health and Welfare, 2010). Then, by an internal transfer event, 
the PS chicks changed the age category five times with a 66-day interval. 
After finishing the fifth category, when the chick was around 65 weeks 
old (reared for 47 weeks on a PS farm after arriving at 18 weeks of age), 
it was removed by an exit event. In short, a PS farm consisted of five 
different age categories with 2000 birds per category and a PS bird had 
contact with all other PS birds on the farm. Eggs were laid at a rate of 
0.065 per day (b) at PS farms and transported daily to hatcheries 
through an external transfer event. The laying rate was intentionally set 
lower than reality to maintain a stable population size at broiler farms. 
In real broiler production, not all eggs are sent to the hatcheries; some 
are exported or discarded. We incorporated this by low laying rate in our 
model. After 20 days of incubation (hatching rate (δ)), the hatched 
chicks were transported to broiler farms by an external transfer event 
(Archer and Lee Cartwright, 2017). After 42 days of the rearing period, 
the broilers were slaughtered through an exit event (EFSA Panel on 
Animal Health and Welfare, 2010). External transfer events moved eggs 
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and chicks from one production stage to another. Finally, exit events 
removed PS birds and broilers from the stage to slaughter. 

2.2. Transmission between the production stages 

Transmission between production stages occurred by transporting 
infected animals/eggs, and transmission within the PS and broiler farms 
occurred indirectly through the contaminated environment. 

In hatcheries, hatchlings are thought to become infected from 
contaminated eggshells, known as pseudo-vertical transmission (Mez-
houd et al., 2016; Oikarainen et al., 2019; Projahn et al., 2017). 
Contaminated eggs were produced by infected PS birds at a certain 
proportion while all eggs from susceptible PS birds were assumed to be 
uncontaminated. Projahn et al. (2017) reported that one egg out of 280 
eggs was positive for ESBL-/pAmpC-producing enterobacteria on the 
outer surface after disinfection, therefore, we assumed that 
pseudo-vertical transmission (l) occurred at a rate of 0.0036. The same 
study reported that three of the 280 hatchlings were positive for 
enterobacteria although none of them were positive for ESBL-/-
pAmpC-producing enterobacteria. We used the data of the enter-
obacteria positive eggs for a worst case scenario and set the hatching 
colonization rate (m)) at 0.011, meaning that 1.1% of the chicks hatched 
as infected from the contaminated eggs per day (Projahn et al., 2017). 

In broiler farms, bacteria can be transmitted from infected chicks 
from the hatcheries and indirectly via the remaining environmental 
contamination from the previous production round (Dierikx et al., 
2013). The broiler farms used an all-in-all-out system with a seven-day 
interval, meaning that all birds on a farm were of the same age 
(Marshall, 2018). We assumed the daily death rate to be 0 as we wanted 
to ignore the effects from the changes in population size but to focus 
solely on the transmission dynamics. The time of the movements and the 
destination farms were fixed deterministically, but the numbers of 
moved birds and eggs were chosen stochastically. All values related to 
population dynamics and transmission between the production stages 
are summarized in Table 1. 

2.2.1. Transmission within a flock (PS farms and broiler farms) 
We used two different stochastic compartment models as the basis of 

within-flock transmission: the susceptible-infected-susceptible (SIS) 
model (Fig. 2a) and the susceptible-infected-susceptible-infected- 
recovered (SISIR) model (Fig. 2b). We decided to use these two 
models because other models were unlikely to describe the transmission 
dynamics. For example, the SI model, in which an infected bird stays 
infected for the rest of its life, or the SIR model, in which a recovered 
bird from a single infection acquires immunity, was not suitable, given 
the trends in prevalence observed in several studies (Dame-Korevaar 
et al., 2017; Dierikx et al., 2013; Huijbers et al., 2016; Laube et al., 
2013). Latent period was not included in the model because it is short as 
the excretion of the bacteria begins within 24 h after inoculation 

Fig. 1. Overview of the broiler production chain and transmission routes. Between and within transmission routes of Extended-spectrum beta-lactamase (ESBL)- 
producing Escherichia coli in the three production stages of the broiler production pyramid model. 

Table 1 
Parameters and values for population dynamics and transmission in hatcheries 
in the SIS and SISIR models.  

Notation Value References 

Duration in Parent Stock farms 47 weeks Production period: 18-22 to 60-65 
weeks of age 
(EFSA 2010) 

Interval of population renewal 
in Parent Stock farms 

66 days Five age classes in 47 weeks 
(approx. 330 days) on Parent Stock 
farm 

Proportion of renewal of 
Parent Stock birds 

20% 3,000-8000 birds per group, 10,000- 
30,000 birds per farm. 
(EFSA 2010) 

Proportion of infected birds in 
renewed Parent Stock birds 

10% 3 to 20% 
(Apostolakos et al., 2019; 
Dame-Korevaar et al., 2017) 

Duration in hatcheries 
(incubation period, Hatching 
rate (δ)) 

20 days 
(0.05) 

21 days 
(Archer & Cartwright, 2017) 

Duration in broiler farms 42 days 42 days 
(EFSA 2010) 

Interval between broiler 
production rounds 

7 days 7 days 
(Marshall, 2018) 

Laying rate (b) 0.065 see text 
Daily death rate (i) 0 see text 
Pseudo vertical transmission 

rate (l) 
0.0036 0.0036 (95% CI: 5.81 ×10− 6, 0.014) 

(Projahn et al., 2017) 
Hatching colonization rate (m) 0.011 0.011 (95% CI: 0.0018, 0.025) 

(Projahn et al., 2017)  
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(Ceccarelli et al., 2017; Dame-Korevaar et al., 2019,). Although the main 
transmission route is still unknown (Dame-Korevaar et al., 2019), we 
expected that indirect transmission from the faeces and the environment 
as the main source of infection, therefore included only indirect trans-
mission route in the models. 

In the SIS model, a susceptible bird (S) acquired bacteria indirectly 
from the environment at a rate β. The indirect transmission included the 
contamination of the environment (φ(t)), which was calculated from the 
shedding rate of bacteria (θ) from the infected birds (I) and the survival 
rate of the bacteria in the environment (ρ). 

ϕ(t) = e− ρ t

⎛

⎝ϕ(0)+
∫t

0

e− ρ τ θI(τ) dτ

⎞

⎠

The transmission rate was reduced over time (ψ) to mimic age- 
related immunity development. An infected bird recovered at a rate γ 
and became susceptible again (Tables 2 and 3). 

As for the SISIR model, the model distinguished infections per 
phylogenetic group. A susceptible bird (Si) became infected indirectly 
via the environment with one of the three phylogenetic groups (i) at a 
rate βi with contamination of the environment φ(t) calculated as 
mentioned above. Then the infected bird (Ii) recovered at a rate γi and 
became susceptible again to another phylogenetic group. After two in-
fections with different phylogenetic types, a bird recovered (R) and 
became immune to infection. Transmission and recovery rates were 
assumed to be specific to each phylogenetic group (Tables 2 and 3). In 
this model, the transmission rate was assumed to be time-independent 
and stable for the entire period. 

We also explored the possibility of transmission happening either 
directly and indirectly or directly for the SIS model. As for the SISIR 
model, another model that incorporated only two phylogenetic groups 
was developed (Supplementally 1 and 2). All models were able to fit the 
observed data but based on the biological plausibility and to make a 
better comparison between two models, these were not used in the 
further discussion. Here, direct transmission occurred via contact be-
tween infected and susceptible animals and indirect transmission 
occurred via the pathogens in the environment excreted from infectious 
animals (Cortez and Weitz, 2013). 

2.3. Parameterization of within-flock transmission dynamics 

Within-flock transmission was parameterized using a longitudinal 
study conducted between June and November 2013 on a Dutch organic 
broiler farm by Huijbers et al. (2016). We used this data set because it 

was one of the few longitudinal studies, and we assume that it fits the 
current situation in which antibiotic use has reduced enormously 
(Nethmap-MARAN, 2021). Briefly, cloacal swabs were obtained from 
100 broilers (80 tagged and 20 untagged) on days 1, 3, 4, 7, 10, 42, and 
70 and analysed for the presence of ESBL-producing E. coli. The positive 
samples were further examined for phylogenetic group determination. 
The prevalence in tagged broilers was used in the SIS model. The 
prevalence in total broilers (tagged and untagged) was used for the SISIR 
model, because phylogenetic types were reported for both tagged and 
untagged animals. 

Fig. 2. Compartment models. a. SIS model with time-dependent transmission reduction. Transmission can occur indirectly. b. SISIR model with three phylogenetic 
groups. A susceptible bird (Si) becomes infected with one of the three phylogenetic types and becomes an infected bird (Ii). After recovery from the first infection, the 
bird becomes susceptible again and can acquire another phylogenetic type. After two infections, the bird becomes immune to the bacteria (R). Transmission occurs 
indirectly without time-dependent transmission reduction. 

Table 2 
Transition equations on infectious states.  

Transition Description Rate 

SIS model 
S→I Transition from susceptible (S) to infectious (I) − e− ψtφ(t)

βS 
I → S Transition from infectious to susceptible − γI 
Ø → EE Production of uncontaminated eggs (EE) bS + bI(1 −

l)
Ø → EI Production of contaminated eggs (EI) blI 
EE → S Hatching of susceptible chicks from uncontaminated 

eggs (EE) 
δEE 

EI→S Hatching of susceptible chicks from contaminated 
eggs (EI) 

δ(1 − m)EI 

EI → I Hatching of infectious chicks from contaminated eggs δmEI 
SISIR model 
S→Ii Transition from susceptible to infectious with 

phylogenetic group i 
− φi(t)βiS 

Ii → Sj,k 

Ii → R 
Transition to susceptible for type j and k or recovery 
(R) from infectious with phylogenetic group i 

− γiIi 

Ø → EE Birth of uncontaminated eggs (EE) bS + bIi(1 −

l)
Ø → EIi Birth of contaminated eggs (EI) with phylogenetic 

group i 
blIi 

EE → S Hatching of susceptible chicks from uncontaminated 
eggs (EE) 

δEE 

EIi →S Hatching of susceptible chicks from contaminated 
eggs (EI) with phylogenetic group i 

δ(1 − m)EIi 

EIi → Ii Hatching of infectious chicks from contaminated eggs 
with phylogenetic group i 

δmEIi 

Ø: represents an empty set. βi: Indirect transmission. i denotes phylogenetic type 
i in the SISIR model. ψ: transmission reduction rate. φi(t): environmental 
contamination at time t. i denotes phylogenetic type i in the SISIR model. γi: 
Recovery rate. i denotes phylogenetic type i in the SISIR model. b: Laying rate. l: 
Pseudo vertical transmission rate. δ: Hatching rate. m: Hatching colonization 
rate.  
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The parameters used in the within-flock models were fitted using the 
Approximate Bayesian Computation Sequential Monte Carlo (ABC-SMC) 
algorithm (Toni et al., 2009) implemented in the SimInf package 
(Widgren et al., 2019). Briefly, the ABC method consists of three steps. 
First, the parameters are sampled from prior distributions. Then, the 
generative model simulates a dataset using the parameters. Third, pos-
terior distributions of the parameters are obtained by comparing the 
simulated data with the observed data and accepting proposed param-
eter values when the difference is within a pre-defined threshold. In our 
study, first, the models were run 100 times using random values from 
the prior parameter distributions, which were assumed to be uniform 
between 0 and 10 for transmission rate (β) or 0 and 1 for other pa-
rameters (ψ , γ, θ, ρ) (Table 3). The distance between the generated 
prevalence and the observed prevalence for each time point was ob-
tained by the sum of squared differences of the prevalence, then the 
values were accepted at a rate of 0.9 per generation. The number of 
particles, the tolerance, the proportion of tolerance, and the generations 
was set to 500, 10,000, 0.9 and 100, respectively. The median values of 
the posterior distributions from 10 iterations were used to obtain the 
results for the basic scenario. 

2.4. Initialization 

Simulations were started by introducing around 2000 PS birds per 
age category with a 10% prevalence of ESBL-producing E.coli (Aposto-
lakos et al., 2019; Dame-Korevaar et al., 2017). For the SISIR model, the 
prevalence of each phylogenetic group was assumed to be 92.3%, 7.7%, 
and 0.4%, respectively (Huijbers et al., 2016). The initial contamination 
of the environmental was assumed to be zero. The models were simu-
lated for 4000 days with a burn-in period of 3000 days to eliminate the 
influence of these starting values. 

2.5. Data analysis 

The following outcomes of the SIS and SISIR model were used for 

analysis: the mean of the animal and flock level prevalence per pro-
duction stage, the mean of the animal and flock level prevalence at 
slaughter, and human prevalence due to consumption of chicken meat. 
The animal level prevalence was derived by averaging the weighted 
average per model run over iterations. The flock level prevalence (the 
proportion of infected flocks) was calculated by dividing the number of 
flocks with at least one infected animal by the number of all flocks per 
run and averaged over iterations. The prevalence in broilers at slaughter 
time was obtained on day 42 of the production round. All results pre-
sented in this paper, unless otherwise stated, were analysed using data 
on simulation day 4000 from 10 iterations. 

2.6. Evaluation of control measures 

Currently, CE and probiotics, vaccination, and hygiene improvement 
are the major interventions that are considered to reduce the prevalence 
of E. coli. in practice (Becker et al., 2021; Swelum et al., 2021). The 
effectiveness of these control measures was evaluated by changing the 
values of the corresponding parameters. CE and vaccination were 
translated as a reduction in the shedding rate and the transmission rate, 
respectively. Improvement in hygiene was reflected by decreasing in the 
survival rate of bacteria in the environment. In short, four types of 
intervention scenarios were tested: (1) Reduction of shedding rate in PS 
birds and broilers, (2) Reduction of transmission rate in PS birds and 
broilers, (3) Decreasing the bacteria survival rate during the vacancy 
period in broiler farms, and (4) Decreasing the survival rate of the 
bacteria in PS and broiler farms. All reduction factors were determined 
based on literature as summarized in Table 4. Previous studies on CE 
reported a reduction of two to five log CFU/g bacteria in faeces and 
caecal content, thus the shedding rate was reduced to 1.0 × 10− 2, 
1.0 × 10− 3, and 1.0 × 10− 5 of the original value (Ceccarelli et al., 2017; 
Methner et al., 2019; Methner and Rösler, 2020; Nuotio et al., 2013). CE 
also reduced the transmission rate by 1.5 to 3-fold (Dame-Korevaar 
et al., 2020a), therefore, as a second intervention scenario, the trans-
mission rate was reduced to 0.7 and 0.3 of the original value. Some 
studies reported that cleaning and disinfection almost eliminated the 
bacteria in the environment, thus the bacteria survival rate in the 
environment was reduced to 0.5, 0.25, 1.0 × 10− 2, and 0 of the original 
value (Gradel et al., 2004; K. Luyckx et al., 2015a; K. Y. Luyckx et al., 
2015b). In addition, a 1.0 × 10− 3 reduction in the transmission rate was 
also tested to compare with a 1.0 × 10− 3 reduction in the shedding rate. 
Each scenario was run 10 times in both models and the mean prevalence 

Table 3 
Prior distributions and posterior distributions (median with 95% credible in-
terval) of transmission parameters used in SIS and SISIR model.   

Parameter description Prior 
distribution 

Posterior 
distribution (95% 
CI) 

SIS 
model    

β(t) Time-dependent indirect 
transmission rate 

Uniform (0, 
10) 

4.20 (0.23, 9.51) 

ψ transmission reduction Uniform (0, 1) 0.67 (0.28, 0.97) 
γ Recovery rate for the SIS 

model 
Uniform (0, 1) 0.10 (0.02, 0.21) 

Θ Bacterial shedding rate Uniform (0, 1) 0.55 (0.04, 0.96) 
ρ Bacteria survival rate in the 

environment 
Uniform (0, 1) 0.51 (0.06, 0.97) 

SISIR 
model    

β1 Indirect transmission rate for 
phylogenetic type 1 

Uniform (0, 
10) 

5.01 (0.57, 9.63) 

β2 Indirect transmission rate for 
phylogenetic type 2 

Uniform (0, 
10) 

4.53 (0.65, 9.47) 

β3 Indirect transmission rate for 
phylogenetic type 3 

Uniform (0, 
10) 

5.34 (0.94, 9.51) 

γ 1 Recovery rate from 
phylogenetic type 1 

Uniform (0, 1) 0.05 (0.03, 0.09) 

γ 2 Recovery rate from 
phylogenetic type 2 

Uniform (0, 1) 0.35 (0.052, 0.90) 

γ 3 Recovery rate from 
phylogenetic type 3 

Uniform (0, 1) 0.31 (0.02, 0.82) 

Θ Bacterial shedding rate Uniform (0, 1) 0.52 (0.03, 0.97) 
ρ Bacteria survival rate in the 

environment 
Uniform (0, 1) 0.77 (0.11, 0.99)  

Table 4 
Intervention scenarios and adjusted parameters and reduction values based on 
literature.  

Parameters Reduction 
factor* 

Related Interventions (references) 

Shedding rate 
(Parent Stock and 
broilers) 

1.0 × 10− 2 CE treatment, vaccination 
(Ceccarelli et al., 2017;Methner et al., 
2020;Methner et al., 2019;Nuotio 
et al., 2013) 

1.0 × 10− 3 

1.0 × 10− 5 

Transmission rate 
(Parent Stock and 
broilers) 

0.7 CE treatment, vaccination, 
improvement of hygiene (indirect 
transmission) 
(Dame-Korevaar et al., 2020) 

0.3 
1.0 × 10− 3 

Bacteria survival rate 
during the vacancy 
period 
(Broilers) 

0.5 Cleaning and disinfection 
(Gradel et al., 2004; Hao et al., 2013;  
K. Luyckx et al., 2015a; K. Y. Luyckx 
et al., 2015b) 

0.25 
1.0 × 10− 2 

0 
Bacteria survival rate 

(Parent Stock and 
broilers) 

1.0 × 10− 2 Values based on cleaning and 
disinfection 
(Gradel et al., 2004; Hao et al., 2013;  
K. Luyckx et al., 2015a; K. Y. Luyckx 
et al., 2015b) 

0  

* Reduction factor shows the reduction from the original value (e.g., reduction 
of 1.0 ×10− 2 means the value used was the 1.0 ×10− 2 of the original parameter 
value see Table 3). 

M. Furusawa et al.                                                                                                                                                                                                                              



Preventive Veterinary Medicine 224 (2024) 106121

6

at slaughter in broiler farms was compared to that of the basic scenario. 

2.7. Quantitative Microbiological Risk Assessment 

Simulated prevalence at slaughter in broiler farms was used to 
calculate human prevalence due to consumption of chicken meat 
(Table 5, Fig. 3). 

First, to calculate the prevalence at consumption level (A), animal 
level prevalence per simulated flock was multiplied by the reduction of 
prevalence from raw chicken meat to chicken meat at the moment of 
consumption (0.102). Then (A) was multiplied with the size of the flock 
and the probability of becoming an ESBL-producing E. coli carrier after 
consuming a contaminated portion of chicken (Pcarriership; 1.19 ×10− 3), 
and the result was summed over all simulated flocks. The probability 
(Pcarriership) was estimated by literature research assuming a Beta Poisson 
dose-carriership relation (E. Evers, personal communication): 

Pcarriership = 1 −
(
1 + D

ω
)− αWhere D is the dose of E. coli ingested 

(number of CFU), estimated at 1.75 CFU (Evers et al., 2017) and α and ω 
are parameters, estimated at 0.248 and 365. 

The summed result was then multiplied with the number of chicken 
portions consumed per year by the population in the Netherlands and 
divided by the total simulated number of broilers, to obtain the yearly 
incidence of ESBL-producing E. coli in humans in the Netherlands (B). 
Finally, the prevalence of ESBL-producing E. coli in humans was ob-
tained by multiplying (B) with the mean duration of ESBL-producing 
E. coli carriership and dividing by the human population size of the 
Netherlands (Fig. 3). 

2.8. Sensitivity analysis 

Sensitivity analysis was performed to assess the impact of variation 
in parameters on the outcome. All parameters in the models were 
examined except for those determined the demography. Using Latin 
Hypercube Sampling (LHS), ABC-fitted parameters were sampled from 
the 2.5% and 97.5% percentiles of the posterior distribution (Table 3). 
For pseudo vertical transmission and hatching colonization rates, the 
95% confidence intervals from the literature values were used, which 
were 0.0036 (95% CI: 5.81 ×10− 6, 0.014) and 0.011 (95% CI: 0.0018, 
0.025) (Projahn et al., 2017) (Table 1). The sample size was set to 10 
times the number of parameters used in the corresponding model, which 
was 70 and 100 for the SIS and SISIR model, respectively. The linear 
regression coefficients were obtained between the sampled parameters 
and the following three outputs on simulation day 4000: (1) the average 
animal level prevalence for each production stage (the sum of the animal 
level prevalence in all flocks divided by the number of flocks), (2) the 
flock level prevalence for each production stage (the proportion of 
infected flocks), and (3) the mean animal level prevalence at slaughter 
(the sum of the animal level prevalence divided by the number of broiler 
farms on day 42 in a production cycle). Broiler farms that are in the 

vacancy period were excluded from the outcomes (1) and (2). 

2.9. Simulation method 

The transmission and ABC simulations were performed using the 
SimInf package (version 8.2.0.9000) in R (version 4.0.4). SimInf is a 
modelling framework for data-driven modelling and simulation of sto-
chastic disease spread within and among subpopulations (Widgren et al., 
2019). 

3. Results 

3.1. Parameterization of within-flock transmission dynamics 

The ABC-fitted posterior parameter distributions are given in 
Table 3. Both SIS and SISIR model were able to capture the fluctuation in 
prevalence that was observed in the study (Fig. 4). In the SISIR model, 
the estimated transmission rates per phylogenetic group were in the 
same range, but the infection duration varied among the phylogenetic 
types. 

3.2. Transmission between the production stages and estimated human 
prevalence 

Overall, the animal level prevalence started at around 7% in PS, 
decreased to 0.02 to 0.03% in hatcheries, and increased in broilers to 36 
to 54% (Table 6). Human prevalence due to consumption of contami-
nated chicken meat was calculated at around 0.12% and 0.15%. The 
contribution of chicken meat consumption to human ESBL carriage can 
then be estimated at a proportion of 0.014 to 0.030. 

The variability between flocks and simulation runs are expressed as 
the standard deviation (SD) and the 95% simulation intervals (Table 6). 
The SD shows the variation between flocks within a simulation, repre-
senting the variation in the infection states between the flocks. The 95% 
intervals of the mean prevalence and the SD shows the variation be-
tween the model iterations. For example, the mean animal prevalence in 
the broiler farms in the SIS model was 53.75% (53.32 - 55.06) with a SD 
of 38.92 (38.56 - 39.28). This means the average animal prevalence over 
10 iterations was 53.75% with a variation of 38.92% between flocks. 
The reason for the large SD, unlike other production stages, is because 
the flocks followed different production cycles (e.g., one flock is on day 
1, when almost all birds are susceptible while the other flock is on day 4 
when almost all birds are infected). The credibility of our models is 
supported by the narrow range of the 95% simulation intervals for both 
the mean animal prevalence and SD, indicating a small variation among 
the simulations. The flock prevalence was 86.58% (84.88 - 88.64) with a 
SD of 1.39% over the iterations. The human prevalence by consuming 
meat from these broilers was calculated at 0.12% (0.09 - 0.14) with a SD 
of 0.01% over the iterations. 

Table 5 
Factors for the Quantitative Microbiological Risk Assessment.  

Factor Value Reference 

Reduction of prevalence from raw 
chicken meat to chicken meat at the 
moment of consumption 

0.102 Evers et al. (2017) 

Probability of becoming an ESBL- 
producing E. coli carrier after 
consuming a contaminated chicken 
portion 

1.19 × 10− 3 Evers et al. (2017); E. 
Evers, personal 
communication 

Number of chicken portions 
consumed per year by the human 
population in the Netherlands 

1.75 × 109 Evers et al. (2017) 

Mean duration of ESBL-producing 
E. coli human carriership 

1.1 years Teunis et al. (2018) 

Human population size in the 
Netherlands 

1.741 × 107 CBS Statline 2022b  

Fig. 3. Assessment of human prevalence due to consumption of chicken meat.  
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3.3. Intervention scenarios 

The effect of the intervention scenarios on the animal level preva-
lence at slaughter and transmission to humans differed between the 
models (Fig. 5). In the SIS model, both broiler and human prevalence 
were reduced by the four types of interventions: (1) reduction of the 

shedding rate, (2) reduction of the transmission rate, (3) reduction of the 
bacteria survival rate during the vacancy period in broiler farms, and (4) 
reduction of the bacteria survival rate in PS and broiler farms. To reduce 
the prevalence, a reduction of more than 1.0 × 10− 2 and 0.3 was needed 
for the shedding and transmission rate, respectively. The impact of the 
reduction of the shedding and the transmission rate on the outcome was 
compared by reducing both rates to the 1.0 × 10− 3 of the original value, 
resulting in a similar negative impact on the prevalence. 

As for the SISIR model, only interventions (3) and (4) were able to 
decrease the prevalence in animals and humans. In both settings, the 
prevalence decreased when the survival rate of the bacteria was reduced 
to more than 1.0 × 10− 2 of the original value. On the other hand, the 
prevalence increased unexpectedly when the shedding rate or the 
transmission rate was reduced to 1.0 × 10− 5 or 1.0 × 10− 3 of the orig-
inal value. This was because the reduction of the shedding and trans-
mission rates slowed the transmission between the birds, resulting in 
fewer recovered birds after two infections compared to the basic sce-
nario; at slaughter, there were 665 and 49 more birds in the first 
infection and second infection, respectively, and 948 fewer recovered 
birds per farm when the shedding rate was reduced to 1.0 × 10− 5 of the 
original value. 

3.4. Sensitivity analysis 

Table 7 shows the results of the regression coefficient analysis for 
both models (p < 0.05). For the SIS model, only the recovery rate (γ) had 
a negative impact on the flock level prevalence in PS farms. In hatch-
eries, only pseudo vertical transmission rate (l) positively affected the 
flock level prevalence. In broiler farms, γ and the transmission reduction 
(ψ) negatively correlated with the animal level prevalence and posi-
tively with l. Similarly, at the flock level, the prevalence was strongly 
negatively correlated with γ and positively with l. The animal level 
prevalence at slaughter was strongly negatively correlated with γ and ψ. 
For the SISIR model, only the recovery rate for phylogenetic group 1 (γ1) 
had a negative impact on the animal level prevalence in PS farms. In 
hatcheries, l positively affected the flock level prevalence. In broiler 
farms, the animal level and farm prevalence and the prevalence at 

Fig. 4. ABC-simulated prevalence (black line) and observed data (red points). Top left: SIS model. Top middle: SISIR model. Top right and bottom: Specific 
phylogenetic groups in the SISIR model. 

Table 6 
The mean and standard deviation of simulated flock and animal level prevalence 
at all production stages and human prevalence due to consumption.  

Stage SIS model SISIR model 

Mean 
(95% Interval) 

SD 
(95% 
Interval) 

Mean 
(95% Interval) 

SD 
(95% 
Interval) 

Parent 
Stock 

7.30 (7.29, 
7.31) 

7.74 (7.73, 
7.75) 

6.82 (6.81, 
6.84) 

5.80 (5.79, 
5.82)  

100.00 
(100.00, 
100.00) 

0.00 100.00 
(100.00, 
100.00) 

0.00 

Hatcheries 0.03 (0.03, 
0.03) 

0.01 (0.01, 
0.01) 

0.02 (0.02, 
0.03) 

0.01 (0.01, 
0.01)  

100.00 
(100.00, 
100.00) 

0.00 100.00 
(100.00, 
100.00) 

0.00 

Broilers 53.75 (53.32, 
55.06) 

38.92 (38.56, 
39.28) 

36.34 (35.72, 
37.06) 

27.50 (27.19, 
27.95)  

86.58 (84.88, 
88.64) 

1.39 86.04 (84.88, 
88.05) 

1.11 

Slaughter 8.98 (7.08, 
10.10) 

2.34 (0.28, 
4.70) 

11.47 (9.88, 
12.89) 

5.03 
(3.81, 5.92)  

90.00 (70.96, 
100.00) 

10.91 84.62 (76.92, 
92.31) 

6.28 

Human 0.12 (0.09, 
0.14) 

0.01 0.15 (0.13, 
0.17) 

0.01 

Top row: Mean animal-level prevalence in % (95% simulation interval) and SD 
(95% simulation interval). Bottom row: flock-level prevalence in % (95% 
simulation interval) and SD. The SD shows the variation between flocks within 
the simulation. The 95% simulation intervals of the mean and the SD shows the 
variation between iterations. 
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slaughter was strongly negatively correlated with γ1 and strongly posi-
tively correlated with l and the hatching colonization rate (m). Here a 
strong correlation is used when the coefficient was less than − 0.5 or 
more than 0.5. 

4. Discussion 

The models in this study captured the transmission dynamics of 
ESBL-producing E. coli by including various aspects of the infection 
characteristics as well as the features of the Dutch broiler production 
chain and evaluated the effects of intervention scenarios. To our 

knowledge, this is the first study that mechanistically modelled the re-
ported decrease in the ESBL-producing E. coli prevalence during a pro-
duction round (Apostolakos et al., 2019; Dame-Korevaar et al., 2017; 
Dierikx et al., 2013; Huijbers et al., 2016; Laube et al., 2013). Two 
models were developed based on two different assumptions on the 
prevalence reduction mechanism: time-dependent transmission reduc-
tion and partial immunity to phylogenetic groups. Some studies reported 
that the community richness of the microbiota in chickens increases as 
they age (Ballou et al., 2016; Jurburg et al., 2019; Lu et al., 2003) and 
that the development of the microbiota was associated with immune cell 
activation and nutrition intake (Meijerink et al., 2020; Oakley et al., 

Fig. 5. Effect of interventions on the simulated animal-level prevalence at slaughter (Top) and human prevalence (Bottom) for the SIS model (left) and SISIR model 
(right). X axis: reduction of parameters. Horizontal black line: the prevalence from the base scenario. Purple bar: effect of reduction in the shedding rate (intervention 
(1)). Blue bar: effect of reduction in the transmission rate (intervention (2)). Orange bar: effect of reduction in the bacteria survival rate during vacancy period 
(intervention (3)). Green bar: effect of reduction in the bacteria survival rate (intervention (4)). 

Table 7 
Regression coefficients of the model parameters on the outcomes.    

β  γ    Θ ρ ψ l m 

SIS model            
(1) PS 0.0  -0.4    0.0 0.0 -0.1 - -  

Hat 0.0  -0.0    0.0 0.0 0.0 0.1 -  
Bro 0.0  -2.5     0.4 -0.5 15.4 - 

(2) PS -  -0.7    - - -0.1 - -  
Hat -  -    - - - 1.7 -  
Bro -  -1.7    - 0.4 - 23.7 - 

(3) Slaugh 0.0  -2.4    - 0.2 -0.5 - - 
SISIR model  β1  γ1 γ2 γ3 Θ ρ  l m 
(1) PS  0.0  -1.0 - -0.0 - -  - -  

Hat  -  -0.0 - -0.0 - -  0.1 -  
Bro  -  -0.5 - - - -  3.2 1.5 

(2) PS  -  - - - - -  - -  
Hat  -  - - - - -  1.4 -  
Bro  -  -0.7  -0.0 -   8.3 4.2 

(3) Slaugh  -  -0.3  - -0.0 -  1.2 0.4 

(1) the animal prevalence per production stage, (2) the proportion of infected flocks per production stage, and (3) the prevalence at slaughter. Coefficients less than 
− 0.5 or more than 0.5 are in bold. (p < 0.05) PS: Parent Stock. Hat: Hatcheries. Bro: Broiler. Slaugh: Broilers at slaughter βi: Indirect transmission rate. i denotes 
phylogenetic type i in the SISIR model. γi: Recovery rate. i denotes phylogenetic type i for the SISIR model. θ: Bacterial shedding rate. ρ: Bacteria survival rate in the 
environment. ψ: transmission reduction rate. l: Pseudo vertical transmission rate. m: Hatching colonization rate. 
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2014). Furthermore, antibiotic resistance levels in intestinal E. coli 
decreased as broilers become older (Diarra et al., 2007). We assumed 
that age-related change in the microbiota influenced the susceptibility of 
chickens and modelled it as a time-dependent reduction in transmission 
(ψ) using the SIS model. The time-dependent reduction was estimated at 
0.67, which implies the transmission is reduced exponentially by 0.67 
per day. More longitudinal studies that focus on the shifts in suscepti-
bility and immunity of chicks are needed to validate this estimated 
value. Another assumption on the underlying mechanism of the preva-
lence reduction was made based on the susceptibility differences and 
partial immunity against phylogenetic groups. As repeated shifts in the 
phylogenetic group are believed to be the main cause of the persistence 
of the bacteria in poultry farms (Apostolakos et al., 2019), we used the 
SISIR model to demonstrate the transmission. To support this assump-
tion, longitudinal research that focusses on the dynamics of phyloge-
netic groups, including rates of transmission, duration of the infection, 
and the changes in susceptibility of chickens in all production stages, is 
needed. Furthermore, an experimental longitudinal study on parent 
stock birds reported that the type of plasmids might influence the ability 
of the conjugation process, thus leading to the decline in the prevalence 
(Dame-Korevaar et al., 2017). More focus might be also needed not only 
on phylogenetic types but also on the plasmid level. 

According to our models, the infectious period was overall shorter 
and the transmission rate was higher than in the previous study 
(Huijbers et al., 2016) which was driven by the initial steep increase in 
the prevalence (Table 3). At slaughter (day 42), the animal level prev-
alence from both models was lower than 19.1% from the study by 
Huijbers et al. (2016) but more or less consistent with the reported value 
of 9.8% in Dutch broilers (Nethmap-MARAN, 2021). Although the re-
ported prevalence might be not comparable because the current model 
was built on data from an organic farm, thus underestimating the 
simulated prevalences because of the differences in farm management, 
the models were still able to capture the transmission dynamics in the 
broiler production chain. One of the strong points of using data from an 
organic farm is that it has a long rearing period compared to other 
conventional farms, which implies that more data points available. 
Considering the recent trend of reduction in antimicrobial use (Neth-
map-MARAN, 2021) an increased rearing period in conventional farms 
might occur, making the model applicable not only to organic farms but 
also to conventional farms. Furthermore, the number of organic farms is 
expected to increase in accordance with the current European policy, 
including the Regulation (EU) 2019/6 and the Farm to Fork strategy, 
which increases the relevance of our models (European Commission, 
2018, 2019). 

The simulated animal level prevalence in broilers was higher than 
that of the PS birds. This can be explained by the duration of the pro-
duction cycle; birds in the PS farms were older than the broilers which 
implied that the transmission rate was lower (SIS model), or the birds 
were already recovered from two infections (SISIR model). The shifts in 
animal level prevalence through the production chain were similar to 
the pattern reported in the modelling study by Plaza-Rodriguez et al. 
(2018). The prevalence started at around 10% in PS farms, dropped in 
hatcheries, and then increased to the highest in broiler farms. The 
prevalence of ESBL/AmpC-producing E. coli in PS farms in Italy was 
reported at 92.5% in 1-day-old and 20% in 30-week-old birds (Aposto-
lakos et al., 2019). In Finland, it was reported to be 26.7% in 46-week--
old birds. These values are not comparable because the PS farms in our 
models consisted of different age groups, and further observational 
study is needed to better understand the transmission dynamics in PS 
farms. At the hatchery level, the estimated level of egg contamination 
was within the range of the reported values, which ranged from 0% 
(Oikarainen et al., 2019) to 3.8% (Mezhoud et al., 2016). 

Contamination in the hatchery is an important source of resistant 
bacteria in broiler flocks (Heinemann et al., 2020). The actual pseudo 
vertical transmission from contaminated eggs to chicks is low for 
ESBL/AmpC with only 1 colonized hatchling out 280 contaminated eggs 

(Projahn et al., 2017). Our simulations do, however, show that even a 
small proportion of contaminated hatchlings can result in major out-
breaks of ESBL producing E. coli in a broiler farm. We simplified the 
dynamics in the hatchery by disregarding the environmental contami-
nation assuming daily cleaning and disinfection and no mixing of 
batches of hatchlings. This is of course idealized and hatchery envi-
ronments might be contaminated. We did, however, not consider in-
terventions at hatcheries and therefore this will not alter our conclusions 
on the most effective interventions. The early life stages are an point in 
attention. The effect of contaminated hatcheries would be an increase of 
contaminated hatchlings which is also achieved by assuming higher 
pseudo-vertical transmission. Our sensitivity analysis shows that this is 
an important factor for the number of contaminated flocks and overall 
prevalence in flocks. 

Control measures that can reduce the shedding and transmission 
rates may be only effective when the transmission dynamics follow the 
SIS model. In this model, exponential transmission rate reduction 
resulted in a faster reduction in the prevalence, while in the SISIR model, 
the transmissibility was assumed to be constant, and the reduction levels 
used in the intervention scenarios were not enough to influence the 
prevalence. In practice, vaccination or CE can reduce the shedding of 
bacteria which can then decrease transmission between birds. Even 
though the effect level is unknown, this can be further explored by 
combining the first and second scenarios. Administration of CE or 
vaccination should be done in the early stage of life, as birds started 
excreting the bacteria within 24 h after inoculation (Ceccarelli et al., 
2017). However, when the shedding rate of the SISIR model was reduced 
to 1.0 × 10− 5, the prevalence at slaughter increased unexpectedly. This 
implies that interventions that slow the spread of the bacteria can in-
crease the prevalence because a bird needs longer time to become 
infected and to reach the recovered status. If the transmission dynamics 
follow the SISIR model, such intervention should not be recommended. 

For both models, the most effective control measure can be farm 
management that aims to reduce the number of bacteria in the envi-
ronment. Between production rounds such measures include but are not 
limited to washing the premises with water, detergents, and disinfec-
tants between production rounds (Gradel et al., 2004; Hao et al., 2013; 
K. Luyckx et al., 2015a; K.Y. Luyckx et al., 2015b). We did, however, also 
show that reducing survival in the environment with at least 99% during 
production rounds is effective. Cleaning and disinfection is practically 
impossible during production rounds, and to our knowledge no mea-
sures that do decrease survival in the environment are known. Therefore 
this option is currently purely hypothetical, although our outcomes do 
justify investigations in to new and innovative approaches, such as 
application of competitive exclusion products in the environment or 
special bedding. Furthermore, the control measure should be applied in 
combination with biosecurity measures to prevent transmission between 
stages, as a study suggested that half of the genotypes were originated 
from the previous stage (Apostolakos et al., 2019). On farm hatching 
could reduce the initial contamination by eliminating cross contami-
nation in the hatchery. A future addition to our model could be the in-
clusion of on farm hatching. 

Furthermore, we need to explore cost-effective methods that can be 
universally applicable to every production stage. The alternative but 
costly option can be routinely collecting and checking the environ-
mental samples. More quantitative studies on the cost effectiveness of 
such management and the influence on the public health are expected. 

According to the SIS and SISIR model, the ESBL-producing E. coli 
prevalence in humans due to chicken consumption was only 0.12% and 
0.15%, respectively (Table 6). Considering the prevalence in the general 
Dutch population, which was reported to be around 5.0% to 8.6% 
(Reuland et al., 2016; van den Bunt et al., 2019), chicken meat con-
sumption can still be considered a minor contribution to human expo-
sure at a proportion of around 0.014 to 0.030. Our estimate is similar to 
the epidemiological study that estimated that chicken meat accounted 
for a proportion of 0.045 of intestinal carriage of ESBL or pAmpC gene in 
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the general population (Mughini-Gras et al., 2019). We used the animal 
level prevalence at slaughter as calculated by the models as the fresh 
chicken meat prevalence which was 8.98% and 11.47% for the SIS and 
the SISIR model, respectively (Table 6). These values were much lower 
than the reported value of 67.0% (Evers et al., 2017) and thus might 
have underestimated the risk. However, considering the recent down-
ward trend in prevalence in broilers, the values used in this study can be 
regarded as relevant enough. We ignored the effect on prevalence from 
the slaughter process because even though the process reduced bacteria 
concentration, it seemed to have little effect on prevalence (Pacholewicz 
et al., 2015). As a previous study revealed that the gene distribution in 
chicken meat at retail was distant from that of broilers and chicken meat 
at the slaughterhouse (Dorado-García et al., 2018), an investigation on 
cross-contamination is needed to better understand the possible source 
of human exposure. 

In the SIS model, the animal level prevalence within broiler flocks 
was sensitive to parameters that determined the duration of infection (γ) 
and the reduction of transmission (ψ). In contrast, the flock level prev-
alence was not influenced by ψ , because outbreaks can still occur 
through the environmental contamination from previous production 
rounds, or from the influx from the hatcheries, such as by pseudo ver-
tical transmission (l), which had a positive correlation. The flock level 
prevalence was sensitive to γ and l, indicating that reducing these factors 
is important for controlling the bacteria at a national level. In the SISIR 
model, both animal and flock level prevalence in broiler farms were 
sensitive to the parameters that determined the duration of infection 
(γ1), pseudo vertical transmission (l), and colonization at hatching (m). 
Both models indicated that controlling the duration of infection of 
broilers as well as the contamination level of eggs are the main options 
to be explored to reduce the spread of bacteria. 

There are some limitations in the modelling. Our model assumed that 
one farm consisted of one flock and did not include transmission be-
tween flocks within the same farm or the effect of spatial separation on 
between-farm transmission, both of which were identified as trans-
mission routes in a previous study (Dame-Korevaar et al., 2019). There 
are several limitations specific to the SISIR model. It is highly unlikely 
that an animal would get immunity after two infections. Considering the 
infection duration and the variance in phylogenetic groups, at least three 
or four infections should occur during the production cycle in broilers 
and even more for PS birds. The major phylogenetic groups found in the 
study by Huijbers et al. (2016) were A and B1 as was also the case in 
other reports (Evers et al., 2021; Zurfluh et al., 2014). We assumed that 
the constitution of the phylogenetic groups was the same throughout the 
production chain, although a study has pointed out that it can differ 
among the production stages (Apostolakos et al., 2019). To improve the 
model, it might be an option to incorporate more phylogenetic groups or 
add a time-related immunity decrease, but at the same time it will make 
the modelling more complex, resulting in the increased assumptions due 
to data unavailability and difficulties in translating the results (Katsma 
et al., 2007). 

The availability of the data on vertical transmission should also be 
addressed in future studies. Projahn et al. (2017) reported that the outer 
surface of one out of 280 eggs (0.36%) was ESBL-/pAmpC-producing 
enterobacteria positive after disinfection, thus the pseudo vertical 
transmission rate (l) was set at 0.0036. The same study reported that 
three out of 280 recently hatched chicks were already colonized with 
enterobacteria (Projahn et al., 2017). Although none of them were 
positive for ESBL-/pAmpC-producing enterobacteria, this value was 
used as the hatching colonization rate (m) in our study for worst case 
scenario. The sensitivity analysis shows that the outcomes for broiler 
farms is sensitive to these parameters. Although the studies by Projahn 
et al. (2017) and Oikarainen et al. (2019) could not determine pseudo 
vertical transmission, other studies indicated the possible transmission 
from hatcheries to farms as reviewed by Dame-Korevaar et al. (2019). 

5. Conclusions 

Regardless of the transmission mechanisms used in the current 
investigation, the results suggest that improving farm management to 
eliminate the bacteria from the environment will be the most effective 
intervention to reduce the health risk, both for animals and humans, of 
ESBL-producing E. coli in the broiler production chain. Contribution of 
chicken meat to ESBL-producing E. coli prevalence in humans is low. 
However, it is still important to monitor ESBL-producing E. coli and try 
to reduce them in the broiler production chain as much as possible 
because they can serve as the source of antimicrobial resistance genes. 
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