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Abstract

Aims: To develop a process risk model (PRM) for evaluating the safety of

individual lots of ground chicken (GC) contaminated with Salmonella (Salm).

Methods and Results: Data for prevalence, number and serotype of Salm were

collected with 25 g samples of GC using a combination of methods (whole

sample enrichment, quantitative polymerase chain reaction, cultural isolation

and serotyping). These data were used to develop a predictive model for Salm

contamination of GC as a function of serving size from 25 to 300 g. This

model was combined with a model for thermal inactivation of Salm in GC and

a dose–response model for Salm to develop a PRM in Excel that was simulated

with NeuralTools and @Risk. Of 100, 25 g samples of GC examined, 19 tested

positive for Salm. Three serotypes were isolated: Infantis (n = 13), Enteritidis

(n = 5) and Typhimurium (n = 1). The number of Salm ranged from 0 to

2�56 log with a median of 0�93 log per 25 g of GC. The PRM predicted that

Salm prevalence would increase (P < 0�05) from 19 to 57% to 82 to 93% as

serving size increased from 25 to 100 g to 200 to 300 g. However, the total

number of Salm in a 100-kg lot of GC and total severity of illness (TSI) were

not affected (P> 0�05) by serving size. The PRM was also used to evaluate

effects of serving size distribution, cooking, food consumption behaviour,

consumer demographics and Salmonella virulence on TSI.

Conclusions: How a lot of GC is partitioned and consumed does not affect

TSI. Scenario analysis demonstrated that the PRM can integrate prevalence,

number and serotype data for Salm with consumer handling, consumption and

demographics data to identify safe and unsafe lots of GC for improved food

safety and public health.

Significance and Impact of the Study: Process-risk models like the one

developed in this study represent a new, holistic approach to food safety that

holds great promise for improving public health and reducing food recalls.

Introduction

Salmonella are a leading cause of foodborne illness in the

United States and throughout the world. The Centers for

Disease Control and Prevention (CDC) estimates that

each year Salmonella causes 1 027 561 cases of salmonel-

losis that result in 19 366 hospitalizations, and 378 deaths

in the United States (Scallan et al. 2011). Worldwide, Sal-

monella causes an estimated 93 757 000 cases of

salmonellosis and 155 000 deaths per year with

80 318 000 cases from food (Majowicz et al. 2010). The

annual cost of foodborne salmonellosis in the United

States due to increased healthcare costs and lost worker

productivity is estimated at 4�43 billion dollars (Scharff

2012).

Symptoms of salmonellosis include headache, fever,

abdominal pain, vomiting, diarrhoea and in severe cases

dehydration, bacteraemia and death (Baird-Parker 1990).

Although most cases of salmonellosis are mild and will

resolve without medical treatment in otherwise healthy

adults, the disease is more often fatal in the young, the

old, the immunocompromised and those with pre-
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existing health conditions like diabetes, cancer and liver

disease. Thus, it is important to consider variations in

consumer resistance when evaluating risk of salmonellosis

from food.

Salmonella have been isolated from a variety of food

products including eggs (Humphrey et al. 1989), chicken

(Huang et al. 2016), turkey (Peng et al. 2016), beef

(Zhao et al. 2001), pork (Sinell et al. 1990), shrimp

(Heinitz et al. 2000), milk (Fleet et al. 1991), tomatoes

(Gupta et al. 2007), lettuce (Horby et al. 2003), cucum-

bers (Angelo et al. 2015) and almonds (Danyluk et al.

2007) as well as many others. However, risk of salmonel-

losis depends not only on presence of Salmonella but also

on the number and serotype (Jones et al. 2008). In addi-

tion, dose–response models of human feeding trial data

(Oscar 2004a), outbreak investigation data (Bollaerts

et al. 2008) and human feeding trial and outbreak inves-

tigation data (Oscar 2017b) indicate that ability of Sal-

monella to cause disease in humans differs among

serotypes and strains. Thus, it is important to consider

variation of Salmonella virulence when assessing risk of

salmonellosis from food.

Process risk modelling is a holistic approach to food

safety that holds great promise for improving public

health. The cornerstone of a process risk model (PRM) is

data that describe the distribution of the pathogen among

servings of the food at some point in the production

chain. Important considerations are that pathogen preva-

lence, number and serotype in food depend on sample

size and pathogens are not evenly distributed among or

within food servings (Oscar 2004b). Thus, to accurately

predict consumer exposure and response to the pathogen,

prevalence, number and serotype data are needed for dif-

ferent size samples of food and the lower limit of detec-

tion of the enumeration method must be one cell per

serving.

Obtaining data for prevalence, number and serotype of

Salmonella for different sample sizes with a lower limit of

detection of one cell per serving can be accomplished in

a time and cost-effective manner using a combination of

methods. First, whole sample enrichment (WSE), quanti-

tative polymerase chain reaction (qPCR), cultural isola-

tion and serotyping can be used to obtain prevalence,

number and serotype data for one sample size (Oscar

2014). Second, the data for one sample size can be used

to develop a model that predicts prevalence, number and

serotype as a function of serving size (Oscar 2004b). This

approach was used in the current study to develop a pre-

dictive model for Salmonella contamination of ground

chicken (GC) as a function of serving size before cooking

(i.e. at meal preparation). This model was then combined

with a predictive model for thermal inactivation of Sal-

monella in GC during cooking (Oscar 2017a) and a

disease triangle, dose–response model for Salmonella after

consumption (Oscar 2017b) to create a PRM for Sal-

monella and GC. The PRM was then used to evaluate

effects of serving size, serving size distribution, cooking,

food consumption behaviour, consumer demographics

(i.e. immunity) and Salmonella virulence on consumer

exposure to Salmonella and total severity of illness (TSI)

from individual lots of GC.

Materials and methods

Materials

All isolates of Salmonella used to develop the standard

curve for enumeration were obtained from the US

Department of Agriculture, Agricultural Research Service

culture collection at the Poultry Food Safety Research

Worksite at the University of Maryland Eastern Shore

(curator: T. P. Oscar). Real-time, polymerase chain reac-

tion test kits for Salmonella (iQ-Check) were from Bio-

Rad Laboratories (Hercules, CA). Buffered peptone water

(BPW) was from Microbiology International (Frederick,

MD). Rappaport Vassiliadis (RV) broth, xylose lysine

(XL) agar and tergitol four (T4) were from Becton Dick-

inson (Sparks, MD).

One-pound packages of a single brand of GC with 1%

vinegar and rosemary extract added and 8% fat were pur-

chased from a local retail store in Salisbury, Maryland,

USA. The pH of GC was obtained with a pH spear (Oak-

ton Instruments, Vernon Hills, IL), and was 5�94 � 0�22
(mean � SD) with a range from 5�66 to 6�29.
Software applications used to graph, model and analyse

data were Excel 2016 (MicroSoft Corporation, Redmond,

WA), NeuralTools 7.6 and @Risk 7.6 (Palisade Corpora-

tion, Ithaca, NY) and Prism 8 (GraphPad Software, Inc.,

San Diego, CA).

Data collection

Data for prevalence, number and serotype of Salmonella

in GC (25 g) were obtained using a published method

(Oscar 2014) that involves WSE, qPCR, cultural isolation

and serotyping. In brief, a standard curve for predicting

log number of Salmonella in 25 g samples of GC as a

function of cycle threshold (CT) value from qPCR was

developed using the Weibull model in Prism (Fig. 1):

CT ¼ CT o
� x

a

� �b

where CT o
at 0 log per 25 g was 39�6 (fixed value), x was

the log number of Salmonella per 25 g, a was

0�01234 � 0�00558 (best fit value � standard error), b

was 0�5 � 0�04, the coefficient of determination (R2) was
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0�9704 and degrees of freedom was 11. The interpolation

function of Prism was used to determine x for unknown

samples.

Samples for qPCR were collected at 6 h of WSE in

400 ml of BPW incubated at 40°C and 80 rev min�1.

The standard curve had an enumeration range from 0 to

4�24 log or 1 to 17 348 per 25 g. The standard curve was

developed with Salmonella serotypes Newport, Kentucky,

and 8,20:-:z6, which were isolated from chicken parts in

previous studies (Oscar 2013, 2014, 2017b), and with ser-

otype Infantis, which was isolated from GC in the present

study. The highest CT values at each dose of Salmonella

were used to develop the standard curve and provided a

conservative (fail-safe) estimate of log number as

explained and justified in previous studies (Oscar 2014,

2017b).

Salmonella were isolated from WSE by nonselective

enrichment in BPW (24 h at 40°C) followed by selective

enrichment in RV broth (24 h at 42°C) followed by selec-

tive plating on XLT4 agar (24 h at 40°C). One colony

per plate corresponding to one isolate per positive sample

was collected and serotyped by a Salmonella Reference

Center (US Department of Agriculture, Animal and Plant

Health Inspection Service, National Veterinary Services

Laboratory, Ames, IA).

Contamination model

Data for prevalence, number and serotype, and a pub-

lished modelling method (Oscar 2004b) were used to

develop a predictive model (Fig. 2) for Salmonella con-

tamination of GC as a function of serving size from 25 to

300 g. In brief, the model was developed in Excel and

was simulated with @Risk. A discrete distribution

({0,1,2,3},{81,13,5,1}), where 0 was none, 1 was Infantis,

2 was Enteritidis and 3 was Typhimurium, was used to

model prevalence and a uniform distribution (0,2�562)
was used to model the extent (i.e. log number) of

Salmonella contamination per 25 g.

Serotype virulence was modelled using a published

method (Oscar 2017b) for dose–response in which

serotypes are classified as low-low (animal adapted; e.g.

Pullorum), low (>top 20 human clinical isolate), normal

(top 11–20 human clinical isolate), high (top 6–10
human clinical isolate) or high-high (top 1–5 human

clinical isolate) risk based on their ranking as a human

clinical isolate by the CDC. The contamination model

assigns a numerical value for serotype virulence from 1

(low-low) to 5 (high-high) in increments of one for each

serving simulated. If the serving is contaminated with

more than one serotype of different virulence, then a

composite score is calculated based on the number of

each serotype present in the serving. For example, if a

50-g serving is contaminated with 10 cells of Enteritidis

(high-high = 5) and 10 cells of Infantis (normal = 3), the

composite score = ((10/20)*5) + ((10/20)*3) = 4�0. Finally,
the contamination model had an input cell for lot size that

was used to calculate the number of servings to be simu-

lated for a given scenario of serving size or serving size

distribution.

Process risk model

The PRM was developed by combining the contamina-

tion model (Fig. 2) with a published (Oscar 2017a) ther-

mal inactivation model for Salmonella and a published

(Oscar 2017b) disease triangle, dose–response model for

Salmonella. The thermal inactivation model (Fig. 3) is a

neural network model that predicts death of Salmonella

to elimination in GC as a function of time (0–10 min),

temperature (52–100°C) and initial number (2–5�2 log).

The model also predicts the meat temperature and

death rate profiles. The model was developed in Excel

using NeuralTools. Pert distributions were used to

simulate time and temperature of cooking, whereas the

output of the contamination model (Fig. 2) was used to

simulate initial number in the thermal inactivation model

(Fig. 3).

The dose–response model (Fig. 4) had to be modified

to accommodate the serotype prediction from the newly

developed contamination model (Fig. 2). In the original

version, disease triangle scores (meal+Salmonella+con-
sumer) ranged from 2�5 to 12�5 in 0�5 increments and

there were 21 corresponding pert distributions for illness

dose. In the modified version, disease triangle scores
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Figure 1 Standard curve for enumeration of Salmonella in ground

chicken by whole sample enrichment, real-time, polymerase chain

reaction. The line is the standard curve, whereas the data represented

by the closed symbols (●) were used to develop the standard curve,

whereas the data represented by the open symbols (○) were not

used to develop the standard curve.
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ranged from 2�5 to 12�5 in 0�1 increments with 101

corresponding pert distributions for illness dose.

Process risk model simulation

The PRM was developed in Excel and was simulated

with NeuralTools and @Risk. Inputs for Scenario A

(control) for a serving size of 25 g are shown in Fig 2. A

series of test scenarios (B–D) was simulated to evaluate

effects of serving size on model outputs. Scenarios B, C

and D simulated serving sizes of 100, 200 and 300 g,

respectively.

A second set of scenarios (E–I) was simulated to

demonstrate that the PRM could simulate serving size

distribution, food handling (i.e. cooking), food consump-

tion behaviour, consumer demographics and serotype vir-

ulence. Scenario E (control) was a single modification of

Scenario A that used a discrete distribution

({100,200,300}),({80,15,5}) to simulate a distribution of

serving sizes of 100, 200 and 300 g.

Four test scenarios were simulated using a single modi-

fication of Scenario E. Scenario F simulated more thor-

ough cooking of GC using a modified pert distribution

for temperature (52, 80, 100°C) in the thermal inactiva-

tion model (Fig. 3). Scenario G simulated risker food

consumption behaviour (e.g. increased use of antacids)

using a modified discrete distribution ({0�5,1,1�5,2,2�5}),
({5,15,40,30,10}) for meal in the dose–response model

(Fig. 4). Scenario H simulated a higher risk consumer

population using a modified discrete distribution

({1,2,3,4,5}),({0,10,10,60,20}) for consumer in the dose–
response model (Fig. 4).

Scenario I simulated contamination with a low virulence

serotype (i.e. Kentucky) using a modified discrete distribution
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tion. The red font is used for input cells, whereas the blue font is used for output cells that contain formula.
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for serotype prevalence ({0,1},{81,19}) in the contamina-

tion model (Fig. 2). Serotype Kentucky was simulated

because it is a common serotype found in chicken (Parveen

et al. 2007) but rarely causes human clinical cases of

salmonellosis. Thus, it was classified as low risk (value = 2)

in the simulations and served as a contrasting comparison

with Scenario E that simulated only normal (i.e. Infantis)

and high-high (i.e. Enteritidis and Typhimurium) risk

serotypes.

The PRM was simulated with @Risk settings of Latin

Hypercube sampling, Mersenne Twister and six simula-

tions per scenario using random number generator seeds

of 1, 7, 17, 29, 37 and 45. The number of servings simu-

lated depended on serving size(s) simulated and was cal-

culated by the contamination model (Fig. 2) based on lot

size and mean serving size.

Statistical analysis

Simulation results were analysed in Prism by repeated

measures, one-way, analysis of variance. Sphericity

(equal variance of differences) was assumed. When

there was a significant (P < 0�05) effect of scenario,

means were compared to the control scenario (i.e. A

or E) using Fisher’s least significance difference test at

P < 0�05. Dependent variables analysed were prevalence

at meal preparation, total number per lot at meal

preparation, prevalence at consumption, total number

per lot at consumption, median illness dose, mean ser-

otype score and TSI (TSI = Σ(dose consumed/illness

dose)).

Results

Contamination data

Nineteen of 100 (19%) 25-g samples of GC examined

tested positive for Salmonella by qPCR and cultural isola-

tion following WSE (Table 1). Three serotypes were iso-

lated: Infantis (n = 13), Enteritidis (n = 5) and

Typhimurium (n = 1). Infantis is ranked 12th by CDC as

a human clinical isolate and therefore, was classified as

normal risk (value = 3) per the dose–response model

(Fig. 4). Enteritidis is ranked 1st and Typhimurium is

ranked 2nd by CDC as human clinical isolates and thus,

were classified as high-high risk (value = 5) per the dose–
response model.

The log number of Salmonella ranged from 0 to 2�56
with a median of 0�93 per 25 g (Table 1). The best fitting

distribution to these data was the uniform distribution as

determined using the best fit option of @Risk and

Akaike’s information criterion (results not shown). Thus,

a uniform distribution (0,2�56) was used to simulate log

number of Salmonella per 25 g of GC in the contamina-

tion model (Fig. 2). Any growth of Salmonella that

occurred between grinding or production of GC and

meal preparation would be accounted for in these enu-

meration data.

Scenarios A to D

Simulation results of the PRM for Scenarios A–D indi-

cated that prevalence of Salmonella in GC at meal prepa-

ration (Fig. 5a) increased (P < 0�05) as a function of

Disease triangle, dose-response model for Salmonella 
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serving size from 19�0 � 0% (mean � standard devia-

tion) for 25 g (Scenario A) to 56�8 � 0�9% for 100 g

(Scenario B) to 81�9 � 0�5% for 200 g (Scenario C) to

92�6 � 0�9% for 300 g (Scenario D).

For a lot size of 100 kg of GC, the servings simulated

were 4000 for Scenario A (25 g), 1000 for Scenario B

(100 g), 500 for Scenario C (200 g) and 333 for Scenario D

(300 g). The total number of Salmonella per 100-kg lot was

not affected (P > 0�05) by serving size (Fig. 5b). This was

an expected result because no matter how a lot of GC is

partitioned, the total number of Salmonella should remain

the same. The total number of Salmonella per 100 kg of

GC for Scenarios A–D (n = 24) was 46 730 � 1958

(mean � SD).

Prevalence of Salmonella in GC after cooking or at con-

sumption (Fig. 5c) was lower than before cooking and

increased (P < 0�05) as a function of serving size from

1�13 � 0�09% for 25 g (Scenario A) to 3�43 � 0�4% for

100 g (Scenario B) to 5�23 � 0�56% for 200 g (Scenario

C) to 6�31 � 0�73% for 300 g (Scenario D). The total

number of Salmonella consumed per 100-kg lot of GC was

not affected (P > 0�05) by serving size (Fig. 5d). The total

number of Salmonella consumed per l00-kg lot of GC for

Scenarios A–D was 2346 � 613 (mean � SD; n = 24).

An illness dose was only assigned to servings that were

contaminated with Salmonella at consumption. The input

settings for Salmonella, meal and consumer in the PRM

were the same for Scenarios A–D and thus, median illness

dose (Fig. 5e) was not affected (P > 0�05) by scenario.

The median illness dose for Scenarios A–D was

40 615 � 20 487 (mean � SD; n = 24).

Likewise, the serotype value used in the dose–response
model was not affected (P > 0�05) by serving size because

the input values for this variable were the same for Sce-

narios A–D. The mean serotype value for Scenarios A–D
was 3�6 � 0�02 (mean � SD; n = 24).

Finally, TSI was not affected (P > 0�05) by serving size

(Fig. 5f) and for Scenarios A–D was 2�47 � 2�65
(mean � SD; range: 0�17–11�1; n = 24). Thus, how the

100-kg lot of GC was partitioned and consumed did not

affect its public health impact.

Scenarios E to I

Scenarios E–I simulated the same serving size distribution

among consumers, which was 80% consumed 100 g (like a

cooked ¼-lb burger), 15% consumed 200 g and 5% con-

sumed 300 g of GC. Prevalence (Fig. 6a) and total number

(Fig. 6b) of Salmonella that contaminated GC at meal

preparation were the same for all scenarios because the

same input settings for contamination at meal preparation

were used for all five scenarios. Prevalence of Salmonella at

meal preparation was 62�2 � 0�7% (mean � SD; n = 24),

whereas the total number of Salmonella per 100 kg of GC

was 46 629 � 2545 (mean � SD; n = 24).

More thorough cooking of GC (Scenario F) reduced

(P < 0�05) the prevalence of Salmonella at consumption

(Fig. 6c) from 3�88 � 0�49% for Scenario E to

2�67 � 0�38% for Scenario F. More thorough cooking of

GC (Scenario F) also reduced (P < 0�05) the total num-

ber of Salmonella consumed (Fig. 6d) from 2458 � 880

in Scenario E to 1806 � 825 in Scenario F. Although

more through cooking (Scenario F) reduced consumer

exposure to Salmonella from GC, median illness dose

(Fig. 6e) and TSI (Fig. 6f) were not affected (P > 0�05)
by more thorough cooking. Median illness dose was

35 627 � 24 211 for Scenario E and 43 592 � 46 717

for Scenario F, whereas TSI was 5�25 � 4�54 for Scenario

E and 4�66 � 4�89 for Scenario F.

The food, beverages and supplements (e.g. antacid) con-

sumed with GC during or after the meal can affect illness

dose and severity of illness. This possibility was simulated

in Scenario G by increasing the percentage of high-risk

food consumption events. Although consumers engaged in

higher risk food consumption behaviour in Scenario G,

median illness dose (Fig. 6e) and TSI (Fig. 6f) were not

different (P > 0�05) from the control scenario (Scenario

E). Median illness dose was 35 627 � 24 211 for Scenario

E and was 37 860 � 29 193 for Scenario G, whereas TSI

was 5�25 � 4�54 for Scenario E and was 6�70 � 6�88 for

Scenario G.

Test Scenario H simulated consumption of the GC by a

higher risk consumer population. Here, reduced consumer

resistance was reflected in a lower (P < 0�05) median

Table 1 Number and serotype of Salmonella in 25-g samples of

ground chicken

Date Cycle threshold value Serotype Log number

9/11/2017 29�90 Infantis 1�161
9/11/2017 31�52 Infantis 0�806
9/18/2017 34�03 Infantis 0�383
9/18/2017 35�27 Infantis 0�231
9/18/2017 29�65 Infantis 1�222
9/18/2017 30�92 Infantis 0�930
9/18/2017 34�77 Infantis 0�288
10/23/2017 30�25 Infantis 1�079
10/23/2017 39�60 Infantis 0�000
10/23/2017 32�28 Infantis 0�661
10/23/2017 29�18 Infantis 1�340
10/30/2017 35�41 Infantis 0�217
11/13/2017 36�85 Infantis 0�093
11/20/2017 26�64 Enteritidis 2�072
11/20/2017 25�19 Enteritidis 2�562
11/20/2017 25�70 Enteritidis 2�384
11/20/2017 25�61 Enteritidis 2�415
11/20/2017 26�61 Enteritidis 2�082
12/4/2017 32�98 Typhimurium 0�541
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illness dose (Fig. 6e) and increased (P < 0�05) TSI (Fig. 6f).
Median illness dose was 35 627 � 24 211 for Scenario E

and 4656 � 2380 for Scenario H, whereas TSI was

5�25 � 4�54 for Scenario E and 10�2 � 4�6 for Scenario H.

The final test scenario (Scenario I) simulated consump-

tion of GC contaminated exclusively with a low-risk sero-

type of Salmonella (i.e. serotype Kentucky). Here,

reduced virulence of Salmonella resulted in a lower

(P < 0�05) serotype risk score (i.e. 3�62 � 0�02 for Sce-

nario E and 2�00 � 0�00 for Scenario I), a higher

(P < 0�05) median illness dose (Fig. 6e) and a decreased

(P < 0�05) TSI (Fig. 6f). Median illness dose was

35 627 � 24 211 for Scenario E and 603 674 � 264 825

for Scenario I, whereas TSI was 5�25 � 4�54 for Scenario

E and was 0�046 � 0�033 for Scenario I.

Discussion

A common approach for simulating serving size in a PRM is

to express pathogen number per gram throughout the

model and then multiple this number by serving size at con-

sumption to obtain the dose consumed (Bemrah et al. 2003;

Smadi and Sargeant 2013). This approach assumes that the

pathogen is evenly distributed in the food. However, in the

present study, Salmonella were not evenly distributed among

25 g samples of GC. Therefore, the common approach to

simulating serving size was not used in the current study.

Rather, a model was developed that predicted the number of

Salmonella as a function of serving size and then the number

of Salmonella that survived cooking of the serving size simu-

lated was used as the dose consumed.

Another common approach in process risk modelling

is to use a sigmoid-shaped dose–response curve to simu-

late consumer response to Salmonella exposure (Smadi

and Sargeant 2013; Zhu et al. 2017). However, when a

food is contaminated with multiple serotypes or strains

of Salmonella of different virulence, the dose–response
curve is not sigmoid in shape (Oscar 2004a). Therefore,

to provide a better simulation of dose–response, a model

(i.e. disease triangle, dose–response model) that is based

on outbreak and human feeding trial data and that pro-

duces nonsigmoid-shaped dose–response curves and that

considers differences in virulence among serotypes of Sal-

monella, differences in food factors and difference in

resistance among consumers was modified and used in

the present study (Oscar 2017b).

Another common approach in process risk modelling

is to express dose–response as a probability of illness
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Scenario A at P < 0�05.
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(Straver et al. 2007; Smadi and Sargeant 2013). However,

when a consumer ingests Salmonella, they do not have a

probability of becoming ill. Rather, their response falls on

a continuum from no response to death. In the present

study, the dose–response continuum or severity of illness

was simulated using the ratio of dose consumed to illness

dose where a ratio of one was equivalent to an illness

(i.e. a diagnosed case of salmonellosis). The sum of sever-

ity of illness for all servings in the lot or TSI was used as

the primary risk endpoint in the current PRM.

Total severity of illness per lot of GC was highly vari-

able among replicate simulations of the same scenario in

the present study. This occurred because of the rare, ran-

dom, variable and uncertain nature of events in the risk

pathway. This variability was characterized by running

multiple simulations of a scenario using different random

number generator seeds. This allowed a statistical com-

parison of scenarios using a repeated measure, one-way,

analysis of variance approach. Importantly, it was

observed that significant changes in prevalence and/or

number of Salmonella were not always consistent with

significant changes in TSI indicating that consumer

exposure (i.e. prevalence and/or number) is not a good

indicator of food safety. Rather, the best indicator of food

safety is a risk endpoint that considers consumer expo-

sure and response to Salmonella exposure (i.e. TSI).

Another common approach in process risk modelling

is to simulate the national production of chicken (Maijala

et al. 2005; Uyttendaele et al. 2009; Smadi and Sargeant

2013). In contrast, in the present study, process risk

modelling was used to simulate the local production of a

single lot of GC. This approach was taken because the

current approach to chicken safety is focused on deter-

mining whether a processing plant is producing safe or

unsafe chicken. Thus, using a PRM at the processing

plant would be a good approach to identify that rare lot

of chicken that might cause an outbreak. If PRM was

used in this manner throughout the chicken industry the

combined results would be a simulation of the national

production of the food commodity.

The current approach to food safety uses performance

standards for Salmonella that are based on prevalence.

This approach can be improved by also considering num-

ber, serotype and postprocessing risk factors, such as
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Figure 6 Simulation results for Scenarios E–I.

Bars with open (○) symbols differ from

Scenario E at P < 0�05.
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consumer food handling practices, serotype virulence and

consumer resistance and food consumption practices. A

PRM like the one developed in the present study can be

used to integrate prevalence, number, serotype and post-

processing risk factor data into a more complete evalua-

tion of chicken safety. By taking this more holistic

approach to food safety, the chicken industry will be bet-

ter able to identify safe and unsafe lots of chicken at the

processing plant and in the process better protect public

health while reducing the chance of food recalls.

Acknowledgements

The author appreciates the outstanding technical assis-

tance of Bethany Boleratz of the US Department of Agri-

culture, Agricultural Research Service and Nakya

Robinson of the University of Maryland Eastern Shore.

Disclaimer

Mention of trade names or commercial products is solely

for providing specific information and does not imply

recommendation or endorsement by the US Department

of Agriculture, which is an equal opportunity provider

and employer.

Conflict of Interest

There are no conflicts of interest to report. This project

was funded by in-house project CRIS-8072-42000-079-

00D of the Agricultural Research Service of the US

Department of Agriculture.

References

Angelo, K.M., Chu, A., Anand, M., Nguyen, T.A., Bottichio,

L., Wise, M., Williams, I., Seelman, S. et al. (2015)

Outbreak of Salmonella Newport infections linked to

cucumbers–United States, 2014. MMWR Morb Mortal

Wkly Rep 64, 144–147.
Baird-Parker, A.C. (1990) Foodborne salmonellosis. Lancet

336, 1231–1235.
Bemrah, N., Bergis, H., Colmin, C., Beaufort, A., Millemann,

Y., Dufour, B., Benet, J.J., Cerf, O. et al. (2003)

Quantitative risk assessment of human salmonellosis from

the consumption of a turkey product in collective catering

establishments. Int J Food Microbiol 80, 17–30.
Bollaerts, K., Aerts, M., Faes, C., Grijspeerdt, K., Dewulf, J.

and Mintiens, K. (2008) Human salmonellosis: estimation

of dose-illness from outbreak data. Risk Anal 28, 427–440.
Danyluk, M.D., Jones, T.M., Abd, S.J., Schlitt-Dittrich, F.,

Jacobs, M. and Harris, L.J. (2007) Prevalence and amounts

of Salmonella found on raw California almonds. J Food

Prot 70, 820–827.

Fleet, G.H., Karalis, T., Hawa, A. and Lukondeh, T. (1991) A

rapid method for enumerating Salmonella in milk

powders. Lett Appl Microbiol 13, 255–259.
Gupta, S.K., Nalluswami, K., Snider, C., Perch, M.,

Balasegaram, M., Burmeister, D., Lockett, J., Sandt, C.

et al. (2007) Outbreak of Salmonella Braenderup infections

associated with Roma tomatoes, northeastern United

States, 2004: a useful method for subtyping exposures in

field investigations. Epidemiol Infect 135, 1165–1173.
Heinitz, M.L., Ruble, R.D., Wagner, D.E. and Tatini, S.R.

(2000) Incidence of Salmonella in fish and seafood. J Food

Prot 63, 579–592.
Horby, P.W., O’Brien, S.J., Adak, G.K., Graham, C., Hawker,

J.I., Hunter, P., Lane, C., Lawson, A.J. et al. (2003) A

national outbreak of multi-resistant Salmonella enterica

serovar Typhimurium definitive phage type (DT) 104

associated with consumption of lettuce. Epidemiol Infect

130, 169–178.
Huang, J., Zong, Q., Zhao, F., Zhu, J. and Jiao, X. (2016)

Quantitative surveys of Salmonella and Campylobacter on

retail raw chicken in Yangzhou, China. Food Control 59,

68–73.
Humphrey, T.J., Baskerville, A., Mawer, S., Rowe, B. and

Hopper, S. (1989) Salmonella enteritidis phage type 4 from

the contents of intact eggs: a study involving naturally

infected hens. Epidemiol Infect 103, 415–423.
Jones, T.F., Ingram, L.A., Cieslak, P.R., Vugia, D.J., Tobin-

D’Angelo, M., Hurd, S., Medus, C., Cronquist, A. et al.

(2008) Salmonellosis outcomes differ substantially by

serotype. J Infect Dis 198, 109–114.
Maijala, R., Ranta, J., Seuna, E., Pelkonen, S. and Johansson,

T. (2005) A quantitative risk assessment of the public

health impact of the Finnish Salmonella control program

for broilers. Int J Food Microbiol 102, 21–35.
Majowicz, S.E., Musto, J., Scallan, E., Angulo, F.J., Kirk, M.,

O’Brien, S.J., Jones, T.F., Fazil, A. et al. (2010) The global

burden of nontyphoidal Salmonella gastroenteritis. Clin

Infect Dis 50, 882–889.
Oscar, T.P. (2004a) Dose-response model for 13 strains of

Salmonella. Risk Anal 24, 41–49.
Oscar, T.P. (2004b) Simulation model for enumeration of

Salmonella on chicken as a function of PCR detection

time score and sample size: implications for risk

assessment. J Food Prot 67, 1201–1208.
Oscar, T.P. (2013) Initial contamination of chicken parts with

Salmonella at retail and cross-contamination of cooked

chicken with Salmonella from raw chicken during meal

preparation. J Food Prot 76, 33–39.
Oscar, T.P. (2014) Use of enrichment real-time PCR to

enumerate Salmonella on chicken parts. J Food Prot 77,

1086–1092.
Oscar, T.P. (2017a) Modeling the effect of inoculum size on

the thermal inactivation of Salmonella Typhimurium to

elimination in ground chicken thigh meat. Am J Food Sci

Technol 5, 135–142.

Published 2019. This article is a U.S. Government work and is in the public domain in the USA. 9

T.P. Oscar Salmonella contamination of ground chicken



Oscar, T.P. (2017b) Risk of salmonellosis from chicken parts

prepared from whole chickens sold in flow pack wrappers and

subjected to temperature abuse. J Food Prot 80, 1496–1505.
Parveen, S., Taabodi, M., Schwarz, J.G., Oscar, T.P., Harter-

Dennis, J. and White, D.G. (2007) Prevalence and

antimicrobial resistance of Salmonella recovered from

processed poultry. J Food Prot 70, 2466–2472.
Peng, Y., Deng, X.Y., Harrison, M.A. and Alali, W.Q. (2016)

Salmonella levels associated with skin of turkey parts. J

Food Prot 79, 801–805.
Scallan, E., Hoekstra, R.M., Angulo, F.J., Tauxe, R.V.,

Widdowson, M.-A., Roy, S.L., Jones, J.L. and Griffin, P.M.

(2011) Foodborne illness acquired in the United States -

major pathogens. Emerg Infect Dis 17, 7–15.
Scharff, R.L. (2012) Economic burden from health losses due

to foodborne illness in the United States. J Food Prot 75,

123–131.
Sinell, H.-J., Pietzch, O., Klingbeil, H. and Benner, M. (1990)

Estimation of most probable number of Salmonella in

retail samples of minced pork. Int J Food Microbiol 11,

135–142.
Smadi, H. and Sargeant, J.M. (2013) Quantitative risk

assessment of human salmonellosis in Canadian broiler

chicken breast from retail to consumption. Risk Anal 33,

232–248.
Straver, J.M., Janssen, A.F., Linnemann, A.R., van Boekel,

M.A., Beumer, R.R. and Zwietering, M.H. (2007) Number

of Salmonella on chicken breast filet at retail level and its

implications for public health risk. J Food Prot 70, 2045–
2055.

Uyttendaele, M., Baert, K., Grijspeerdt, K., De Zutter, L.,

Horion, B., Devlieghere, F., Heyndrickx, M. and Debevere,

J. (2009) Comparing the effect of various contamination

levels for Salmonella in chicken meat preparations on the

probability of illness in Belgium. J Food Prot 72, 2093–
2105.

Zhao, C., Ge, B., de Villena, J., Sudler, R., Yeh, E., Zhao, S.,

White, D.G., Wagner, D. et al. (2001) Prevalence of

Campylobacter spp., Escherichia coli, and Salmonella in

retail chicken, turkey, pork, and beef from the greater

Washington, D.C. Area. Appl Environ Microbiol 67, 5431–
5436.

Zhu, J., Bai, Y., Wang, Y., Song, X., Cui, S., Xu, H., Jiao, X.

and Li, F. (2017) A risk assessment of salmonellosis linked

to chicken meals prepared in households of China. Food

Control 79, 279–287.

Published 2019. This article is a U.S. Government work and is in the public domain in the USA.10

Salmonella contamination of ground chicken T.P. Oscar




