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Salmonella Prevalence Alone Is Not a Good Indicator of
Poultry Food Safety

Thomas Oscar ∗

Salmonella is a leading cause of foodborne illness (i.e., salmonellosis) outbreaks, which on
occasion are attributed to ground turkey. The poultry industry uses Salmonella prevalence
as an indicator of food safety. However, Salmonella prevalence is only one of several factors
that determine risk of salmonellosis. Consequently, a model for predicting risk of salmonel-
losis from individual lots of ground turkey as a function of Salmonella prevalence and other
risk factors was developed. Data for Salmonella contamination (prevalence, number, and
serotype) of ground turkey were collected at meal preparation. Scenario analysis was used
to evaluate effects of model variables on risk of salmonellosis. Epidemiological data were
used to simulate Salmonella serotype virulence in a dose-response model that was based on
human outbreak and feeding trial data. Salmonella prevalence was 26% (n = 100) per 25 g of
ground turkey, whereas Salmonella number ranged from 0 to 1.603 with a median of 0.185 log
per 25 g. Risk of salmonellosis (total arbitrary units (AU) per lot) was affected (p ≤ 0.05) by
Salmonella prevalence, number, and virulence, by incidence and extent of undercooking, and
by food consumption behavior and host resistance but was not (p > 0.05) affected by serving
size, serving size distribution, or total bacterial load of ground turkey when all other risk fac-
tors were held constant. When other risk factors were not held constant, Salmonella preva-
lence was not correlated (r = −0.39; p = 0.21) with risk of salmonellosis. Thus, Salmonella
prevalence alone was not a good indicator of poultry food safety because other factors were
found to alter risk of salmonellosis. In conclusion, a more holistic approach to poultry food
safety, such as the process risk model developed in the present study, is needed to better
protect public health from foodborne pathogens like Salmonella.
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1. INTRODUCTION

Salmonella are a leading cause of foodborne ill-
ness outbreaks (Kirk, Ford, Glass, & Hall, 2014; Ma-
jowicz et al., 2010) that on occasion are attributed to
poultry meat (Antunes, Mourao, Campos, & Peixe,
2016; Routh et al., 2015; Uyttendaele et al., 2009).
The current approach to food safety in the poultry
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industry consists of two approaches. First, pathogen
reduction and process control (Hazard Analysis and
Critical Control Points) are used to reduce consumer
exposure to foodborne pathogens (e.g., Salmonella
and Campylobacter). Success is based on compli-
ance with performance standards based on pathogen
prevalence (Ebel & Williams, 2019; Simonsen et al.,
1987; Williams & Ebel, 2012). Second, active surveil-
lance and next-generation sequencing methods are
used to identify and source foodborne illness out-
breaks with subsequent recall of implicated food to
reduce its harm to public health (Anonymous, 2014;
Chai, Cole, Nisler, & Mahon, 2017). The limitation of
the first approach is that pathogen prevalence is only
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one of several risk factors that determine food safety
(Lambertini, Ruzante, Chew, Apodaca, & Kowalcyk,
2019; Membre & Boue, 2018). Consequently, this ap-
proach is not good at identification of unsafe food be-
fore it is distributed to consumers. This is confirmed
by outbreaks of illness from food that has passed in-
spection (Anonymous, 2013; Chai et al.,2017; Jack-
son, Griffin, Cole, Walsh, & Chai, 2013). The limita-
tion of the second approach is that harm to public
health occurs before corrective action is taken.

One way to improve food safety is to use a more
comprehensive or holistic approach. One that better
identifies unsafe lots of food before they are shipped
to consumers. Development of farm-to-table mod-
els that predict food safety as a function of multiple
risk factors is one approach that can be used to ac-
complish this (Akil & Ahmad, 2019; Al-Sakkaf, 2019;
Casulli, Calhoun, & Schaffner, 2019; Farakos et al.,
2019). Recently, a farm-to-table model that predicts
safety of individual lots of ground chicken contam-
inated with Salmonella was developed and used to
demonstrate the importance of considering multi-
ple risk factors when evaluating food safety (Oscar,
2019). In the current study, a similar process risk
model for Salmonella and ground turkey was devel-
oped with two important modifications. First, epi-
demiological data were used to more precisely sim-
ulate differences in Salmonella serotype virulence.
Second, a new thermal line of death model was used
to better simulate Salmonella death and survival dur-
ing cooking. The process risk model was used to
evaluate Salmonella prevalence and other factors
(i.e., Salmonella number, Salmonella virulence, serv-
ing size, serving size distribution, total bacterial load,
incidence of undercooking (Luber, 2009; Porto-Fett
et al., 2019; Swart, van Leusden, & Nauta, 2016),
extent of undercooking, food consumption behav-
ior, and host resistance) for their effects on risk of
salmonellosis and to compare risk of salmonellosis
from individual lots of ground turkey and ground
chicken shipped to the same distribution channel and
consumer population.

2. MATERIALS AND METHODS

2.1. Data Collection

One-pound packages of ground turkey were pur-
chased from a local retail store (Salisbury, MD) be-
tween December 26, 2017 and April 23, 2018. Data
for prevalence, number, and serotype of Salmonella

in 25 g samples were obtained using a combination of
whole sample enrichment (WSE), quantitative poly-
merase chain reaction (qPCR), cultural isolation, and
serotyping as described in a previous study (Oscar,
2019). In brief, a standard curve (Fig. 1) for log num-
ber of Salmonella in 25 g of ground turkey as a func-
tion of cycle threshold (CT) value from qPCR (iQ-
Check for Salmonella enterica, Bio-Rad Laborato-
ries, Hercules, CA) was developed using the Weibull
model in Prism (version 8.3, GraphPad Software Inc.,
San Diego, CA) as follows:

CT = CT max −
(x

a

)b
,

where CT max was the maximum observed CT (36.15),
x was the log number of Salmonella in 25 g, a (0.01187
± 0.00325; best-fit ± standard error) was a regression
coefficient, and b (0.5251 ± 0.0255) was a shape pa-
rameter, and goodness-of-fit, as assessed by the ad-
justed coefficient of determination (R2) was 0.979
with 19 degrees of freedom. The interpolation func-
tion of Prism was used to determine log number of
unknown 25 g samples (Table I). The standard curve
was developed with a single strain of Salmonella In-
fantis, which was isolated from ground turkey in the
present study. Samples (1 mL) for qPCR were col-
lected at 6 hours of WSE in 400 mL of buffered pep-
tone water (BPW; Microbiology International, Fred-
erick, MD) incubated at 40 °C and 80 rpm.

Salmonella were isolated from WSE (1 mL) by
nonselective enrichment for an additional 24 hours at
40 °C followed by selective enrichment of WSE (10
µL) in 1 mL of Rappaport Vassiliadis broth (Becton,
Dickinson and Co., Sparks, MD) for 24 hours at 42
°C followed by selective plating (1 µL) on xylose
lysine tergitol 4 agar (XLT4; Becton, Dickinson) for
24 hours at 40 °C. One presumptive colony per XLT4
plate or sample was regrown in BPW and confirmed
as positive for Salmonella using an antibody-based
test strip (Reveal 2.0 for Salmonella, Neogen Corp.,
Lansing, MI) before being sent to a Salmonella ref-
erence laboratory (U. S. Department of Agriculture,
National Veterinary Services Laboratory, Ames, IA)
for serotyping.

2.2. Process Risk Model

The process risk model was developed in Ex-
cel (version 2016, MicroSoft Corp., Redmond, WA)
and was simulated using @Risk (version 7.6.1, Pal-
isade Corp., Ithaca, NY), a spreadsheet add-in pro-
gram that allowed input variables to be described as
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Fig 1. Schematic diagram of the process risk model used to simulate risk of salmonellosis from ground turkey or ground chicken. The
locations in the model where input distributions were changed to simulate test scenarios B to L are indicated in text boxes. The baseline
scenario was scenario A.

probability distributions rather than by single val-
ues. The process risk model consisted of four spread-
sheets: (1) data entry (Fig. 2), (2) meal preparation
(contamination) submodel (not shown), (3) cooking
(death) submodel (not shown), and (iv) consumption
(dose-response) submodel (not shown). A schematic
diagram of the process risk model is shown in Fig. 1.

2.2.1. Meal Preparation (Contamination) Submodel

Data for prevalence, number, and serotype and
virulence were used to develop a submodel for
Salmonella contamination of ground turkey at meal
preparation. The submodel predicted Salmonella
prevalence, number, and serotype and virulence as a
function of serving size from 25 to 325 g in 25 g incre-
ments using a previously published method (Oscar,
2004c, 2019).

Serving size was simulated using a discrete dis-
tribution. In baseline scenario A, which simulated
a serving size of 25 g, the discrete distribution was:
({25,50,75,100,125,150,175,200,225,250,275,300,325},
{100,0,0,0,0,0,0,0,0,0,0,0,0})

where the numbers in the left set of brackets
were the serving sizes in grams (discrete distribution

outputs) and the numbers in the right set of brackets
were the frequency of occurrence of each serving
size. In test scenario E (Table II) a serving size of 125
g was simulated by changing this distribution to: ({25,
50,75,100,125,150,175,200,225,250,275,300,325},{0,0,
0,0,100,0,0,0,0,0,0,0,0}) and in test scenario F
(Table II) a serving size distribution was simu-
lated by changing this distribution to: ({25,50,75,100,
125,150,175,200,225,250,275,300,325},{0,25,0,0,50,0,0,
25,0,0,0,0,0}).

Sampedro, Wells, Bender, and Hedberg (2018)
reported that ground turkey consumption ranges
from 85 to 170 g with a mean of 113 g. Thus, test
scenarios E and F simulated the mean and range of
ground turkey servings that occur in practice. A serv-
ing size of 113 g could not be simulated exactly be-
cause the model only simulated serving sizes in 25 g
increments from 25 g to 325 g. However, it is possi-
ble to simulate a mean serving size of 112.5 g by us-
ing various combinations of serving sizes, such as 100
(50%) and 125 (50%) g.

A discrete distribution was used to simulate
Salmonella serotype prevalence (virulence). In base-
line scenario A (Fig. 2 and Table II), which
was based on data collected using 25 g samples
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Table I. Isolation Date, Cycle Threshold (CT) Value, Serotype, 2016 Rank, 2016 Cases, Virulence Score, and Log Number of Salmonella in
25-g Samples of Ground Turkey

Date CT Serotype Rank Cases Virulence Log Number

January 22, 2018 29.08 Infantis 6 1,281 4.5 0.492
January 29, 2018 32.71 Typhimurium 3 4,581 4.8 0.125
January 29, 2018 32.18 Typhimurium 3 4,581 4.8 0.164
January 29, 2018 30.59 Typhimurium 3 4,581 4.8 0.312
January 29, 2018 34.84 Typhimurium 3 4,581 4.8 0.020
January 29, 2018 32.36 Typhimurium 3 4,581 4.8 0.150
January 29, 2018 31.67 Reading >20 221 2.7 0.206
January 29, 2018 30.20 Typhimurium 3 4,581 4.8 0.355
January 29, 2018 30.81 Typhimurium 3 4,581 4.8 0.289
January 29, 2018 33.12 Typhimurium 3 4,581 4.8 0.098
February 12, 2018 33.36 Hadar >20 205 2.5 0.084
February 20, 2018 32.50 Typhimurium 3 4,581 4.8 0.140
February 20, 2018 33.57 Typhimurium 3 4,581 4.8 0.072
February 20, 2018 35.60 Typhimurium 3 4,581 4.8 0.004
February 20, 2018 29.64 Typhimurium 3 4,581 4.8 0.421
February 26, 2018 34.05 Typhimurium 3 4,581 4.8 0.049
March 19, 2018 30.57 Hadar >20 205 2.5 0.890
March 19, 2018 26.50 Infantis 6 1,281 4.5 1.603
March 19, 2018 23.01 Kentucky >20 63 0.8 1.147
March 19, 2018 25.13 Kentucky >20 63 0.8 0.982
March 19, 2018 25.99 Infantis 6 1,281 4.5 0.825
March 19, 2018 26.88 Infantis 6 1,281 4.5 0.314
April 9, 2018 35.79 Rough_O:eh:- >20 220 2.7 0.002
April 16, 2018 26.96 4, 5, 12:i:- 5 2,179 4.6 0.811
April 23, 2018 36.15 Reading >20 221 2.7 0.000
April 23, 2018 32.48 Reading >20 221 2.7 0.141

of ground turkey, the discrete distribution was:
({0,1,2,3,4,5,6,7},{74,4,13,3,2,2,1,1}) where the distri-
bution outputs (frequency of occurence) were 0 =
none (74%), 1 = Infantis (4%), 2 = Typhimurium
(13%), 3 = Reading (3%), 4 = Hadar (2%), 5
= Kentucky (2%), 6 = 4,5,12:i:- (1%), and 7 =
Rough_O:eh:- (1%). In test scenario B (Table II), in-
put values for this discrete distribution were altered
to simulate a higher prevalence of Salmonella at meal
preparation but with the same ratio of serotypes
among contaminated servings. In test scenario D (Ta-
ble II), the discrete distribution for Salmonella preva-
lence at meal preparation was altered to simulate the
same overall prevalence as in baseline scenario A but
with a single serotype (i.e., Kentucky) of Salmonella
rather than seven different serotypes of Salmonella.
In test scenario L (Table II), a different discrete dis-
tribution ({0,1,2,3},{81,13,1,5} was used to simulate
Salmonella serotype prevalence in ground chicken
that was based on results from a previous study (Os-
car, 2019) with 25 g samples and where 0 = none
(81%); 1 = Infantis (13%); 2 = Typhimurium (1%);
and 3 = Enteritidis (5%).

To translate Salmonella serotype prevalence into
Salmonella virulence (v) for use in the consump-
tion (dose-response) submodel, epidemiological data
for Salmonella from the U. S. Centers for Dis-
ease Control and Prevention in 2016 (www.cdc.gov/
nationalsurveillance/pdfs/2016-report-508.pdf) were
used. For serotypes ranked in the top 20 of human
clinical isolates, virulence in arbitrary units (AU) per
serving from 3.1 to 5 in 0.1 increments was calculated
as follows:

v = 5.1 − 0.1 (r) ,

where r was the ranking from 1 to 20. For serotypes
ranked outside the top 20, virulence (0.1–3 in 0.1 in-
crements of AU per serving) was calculated as fol-
lows:

v = 3.1 × (c/257) ,

where c was the number of cases for the serotype
and 257 was the number of cases for the 20th ranked
serotype, which was Salmonella Anatum.

The VLOOKUP function of Excel was used to
assign the appropriate virulence value, which was 4.5

http://www.cdc.gov/nationalsurveillance/pdfs/2016-report-508.pdf
http://www.cdc.gov/nationalsurveillance/pdfs/2016-report-508.pdf
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Fig 2. Data entry page for the process risk model used to simulate risk of salmonellosis from ground turkey or ground chicken. The model
was developed in an Excel notebook and was simulated with @Risk, a spreadsheet add-in program. The input settings are for baseline
scenario A for ground turkey. The output results are for a single serving (25 g) of ground turkey. Red, input by user; blue, calculated by
model; black, fixed label or value.

for Infantis, 4.8 for Typhimurium, 2.7 for Reading, 2.5
for Hadar, 0.8 for Kentucky, 4.6 for 4,5,12:i:-, 2.7 for
Rough_O:eh:-, and 5.0 for Enteritidis (Table II). Vir-
ulence values were rounded to one decimal place so
that they could be used in the disease triangle, dose-
response model for Salmonella (Oscar, 2019). In ad-
dition, if a serving was contaminated with more than
one serotype, a composite score was calculated. For
example, if a serving was contaminated with 2 cells
of Hadar (v = 2.5) and 3 cells of Typhimurium (v =
4.8), the composite score was 3.9 = ((2/5) × 2.5) +
((3/5) × 4.8).

A pert distribution (minimum, most likely, max-
imum) was used to simulate Salmonella number for
ground turkey, which ranged from 0 to 1.603 log with
a most likely (median) value of 0.185 log per 25 g.
Similarly, a pert distribution (0, 0.93, 2.562) was used
to simulate Salmonella number (log/25 g) for ground
chicken in test scenario L (Table II). In test scenario
D (Table II), a modified pert distribution (0, 0.685,

2.103) was used to simulate a higher Salmonella num-
ber (log/25 g) for ground turkey.

Serving size from 25 to 325 g in 25 g increments
was simulated by using 13 pairs of the same discrete
distribution for Salmonella serotype prevalence and
the same pert distribution for Salmonella number.
During simulation of the model, each discrete distri-
bution and pert distribution pair was randomly sam-
pled. However, the output of the pert distribution
was only used to calculate Salmonella number for the
serving being simulated when the output of the corre-
sponding discrete distribution was > 0 indicating that
the 25 g portion was contaminated with Salmonella.
In addition, the serving size simulated determined
which outputs of the discrete and pert distributions
pairs were used to calculate Salmonella contamina-
tion (prevalence, number, and serotype and viru-
lence) for the serving being simulated. For example,
if the serving size was 125 g, the outputs of the 8 dis-
crete and corresponding 8 pert distributions for 25 g
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Table II. Input Settings for Baseline Scenario A and Test Scenarios B to L

Scenario Meat Model Variable Baseline Scenario A Test Scenario B to L

B Turkey Prevalence (%) 74 37
C Turkey Number (log/25 g) 0, 0.185, 1.603 0, 0.685, 2.103
D Turkey Serotype (%) 4, 13, 3, 2, 2, 1, 1 0, 0, 0, 0, 26, 0, 0
E Turkey Serving size (g (%)) 25 (100) 125 (100)
F Turkey Serving size distribution (g (%)) 25 (100) 50 (25), 125(50), 200 (25)
G Turkey Total bacteria (log/25 g) 4.4, 6.4, 8.4 3.4, 5.4, 7.4
H Turkey Incidence of undercooking (%) 20 40
I Turkey Extent of undercooking (g) 0, 1, 5 0, 2, 10
J Turkey Food consumption behavior (AU/25 g) 0.1, 1.5, 2.5 0.6, 2.0, 2.5
K Turkey Host resistance (AU/25 g) 0.9, 3.5, 5.0 1.9, 4.5, 5.0
L Chicken Prevalence (%) 81

Number (log/25 g) 0, 0.93, 2.562
Serotype (%) 13, 1, 5, 0, 0, 0, 0

portions from 150 to 325 g were ignored in the calcu-
lation of the Salmonella contamination results.

Salmonella prevalence (P), number (n), and
serotype and virulence (v) per 25 g portion in a serv-
ing were simulated by linking discrete and pert distri-
butions (Oscar, 1998, 2004b):

P = 0, n = 0, and v = 0 if Discrete = 0

P = 1, n = 10Pert, and v = 0.1 to 5 if Discrete > 0,

where 10Pert was the antilog of the pert distribu-
tion output for log number. Salmonella number was
rounded to the nearest whole number because it is
not possible to have a fraction of a cell and summed
across 25 g portions for the serving size simulated
to obtain Salmonella number (N) per serving at
meal preparation. In addition, outputs of Salmonella
number and serotype virulence at meal preparation
served as inputs to the cooking submodel (Fig. 1).

2.2.2. Cooking (Death) Submodel

Death and survival of Salmonella during cook-
ing of ground turkey was simulated as a function of
their rare, random, variable, and uncertain location
within the food matrix and total bacterial population.
Differences in thermal resistance among serotypes of
Salmonella (Bermudez-Aguirre & Corradini, 2012;
Murphy, Duncan, Johnson, Davis, & Smith, 2002)
were ignored in deference to their random location
in the food matrix and total bacterial population be-
cause a cell with higher thermal resistance can die be-
fore a cell with lower thermal resistance if by random
chance it is located closer to the heat source. Con-

sequently, death and survival of bacteria including
Salmonella during cooking of ground turkey was sim-
ulated as occurring in a thermal death timeline with-
out assignment of a specific mechanism of death or
survival with respect to time, temperature, and ther-
mal resistance.

To further illustrate this line of thought and to
justify scenario G, three scenarios were considered.
In scenario 1, a pure culture (1 mL) of 100 cells of
Salmonella was heated to kill one cell per second.
The thermal inactivation curve was linear, and death
of Salmonella was nonrandom. In scenario 2, a mixed
culture (1 mL) of one cell of Salmonella and 99 cells
of other bacteria was heated to kill one cell per sec-
ond. The thermal inactivation curve was linear but
time of death for Salmonella was random; it occurred
within any one second interval from 0 to 100 seconds.
In scenario 3, a mixed culture (1 mL) of one cell of
Salmonella and 999 cells of other bacteria was heated
to kill one cell per second. The thermal inactivation
curve was linear but time of death for Salmonella was
random; it occurred within any one second interval
from 0 to 1,000 seconds. Therefore, the higher num-
ber of other bacteria could by random chance extend
the life of the Salmonella cell up to 1,000 seconds.
Thus, total bacterial load could be an important risk
factor for salmonellosis (justification for scenario G).
Together these scenarios show that when Salmonella
was a minority member of the native microflora, its
time of thermal death was random. Thus, it was ap-
propriate to simulate thermal death of Salmonella as
a random event.

The cooking submodel assumptions were: (1)
bacteria were evenly distributed among portions
(25 g) of a serving (25–325 g in 25 g increments)
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before cooking (Dhananjayan, Han, Acton, & Daw-
son, 2006), (2) portions of a serving were cooked in-
dependently, (3) proper cooking resulted in death of
all bacteria, (4) undercooking resulted in survival of
bacteria, and (5) location of Salmonella in the ther-
mal death timeline was random.

The following methods were used to simulate
these assumptions. For the first assumption, Dhanan-
jayan et al. (2006) reported that total bacteria (log/g)
in ground turkey was 3 (4.4) log/g (log/25 g) at day 0,
5 (6.4) log/g (log/25 g) at day 3 of cold (4 °C) storage,
and was spoiled at 7 (8.4) log/g (log/25 g) at day 9 of
cold (4 °C) storage. Therefore, a single pert distribu-
tion (4.4, 6.4, 8.4) was used in the baseline scenario A
(Table II) to simulate the assumption that total bacte-
ria (log) were evenly distributed among portions (25
g) of a serving (25–325 g in 25 g increments). In test
scenario G (Table II), a single pert distribution (3.4,
5.4, 7.4) was used to simulate a lower number (log) of
total bacteria per portion (25 g). This scenario simu-
lated “What if” consumers stored the ground turkey
for less time in their refrigerators before they cooked
it. The total bacterial numbers simulated in scenario
G were within those reported in the scientific litera-
ture (Dhananjayan et al., 2006) on which the baseline
scenario A was based.

During proper refrigerated storage (4 °C) of
poultry meat, Salmonella number will not change
because 4 °C is below the minimum temperature
for growth (Oscar, 2014, 2015). However, during im-
proper refrigerated storage (15 °C) of poultry meat,
Salmonella number will increase because 15 °C is
above the minimum temperature for growth (Oscar,
2017b). On the other hand, during proper (4 °C)
and improper (15 °C) refrigerated storage of poul-
try meat, the number of psychotropic spoilage mi-
croflora will increase at lower and higher growth
rates, respectively (Baranyi, Robinson, Kaloti, &
Mackey, 1995; del Rio, Gonzalez de Caso, Prieto,
Alonso-Calleja, & Capita, 2008; McClure, Baranyi,
Boogard, Kelly, & Roberts, 1993). In the present
study, Salmonella number of ground turkey was
determined at meal preparation or after refriger-
ated storage. Thus, samples with higher numbers of
Salmonella (Table I) could represent ground turkey
that was not properly refrigerated. Also, in the cur-
rent study, the number of native microflora at meal
preparation or after refrigerated storage was sim-
ulated based on published data for ground turkey
(Dhananjayan et al., 2006). The pert distribution
used for total bacterial load simulated a full range
of scenarios for refrigerated storage from freshly

ground and stored meat (4.4 log/g) to nearly spoiled
meat (8.8 log/g) from extended storage. Thus, behav-
ior of Salmonella and native microflora before meal
preparation (refrigerated storage) was simulated at
meal preparation as an intrinsic property of the dis-
tributions used to simulate this unit operation (meal
preparation) and pathogen event (contamination).

For the second assumption, Sampedro et al.
(2018) in a risk assessment for Salmonella and
ground turkey reported that 20% of consumers eat
ground beef cooked to a doneness of medium rare
(6%) or medium (14%), which would likely result
in a portion of the serving being raw after cooking.
Therefore, 13 discrete distributions (one for each 25 g
portion in a serving from 25 to 325 g) for incidence of
undercooking ({0, 1} {80, 20}) were used in the base-
line scenario A (Table II) to simulate the assump-
tion that each portion of a serving was cooked inde-
pendently and where 0 = proper cooking, 1 = un-
dercooking, 80 = incidence of proper cooking, and
20 = incidence of undercooking. In test scenario H
(Table II), a different discrete distribution ({0, 1} {60,
40}) was used to simulate a higher incidence of un-
dercooking.

For the third assumption, a formula (if the out-
put of the discrete distribution = 0 then Salmonella
number = 0) that returned a value of zero was used
to simulate the assumption that proper cooking re-
sulted in death of all bacteria including Salmonella.

For the fourth assumption, a pert distribution (0,
1, 5) was used in the baseline scenario A (Table II) to
simulate extent of undercooking as the amount (g)
of a portion (25 g) that was raw after cooking or re-
ceived insufficient heat treatment to kill any bacteria.
In test scenario I (Table II), a modified pert distribu-
tion (0, 2, 10) was used to simulate a higher extent of
undercooking.

A model that predicts log reduction was not used
because such model does not exist for the native mi-
croflora of ground turkey. The model that is needed
to fill this data gap in the present process risk model
is one that predicts the number of bacterial survivors
per 25 g as a function of initial number per 25 g, and
time and temperature of cooking. The predictions
from this model could be used outside the process
risk model to predict the probability distributions for
incidence (discrete) and extent (pert) of undercook-
ing (Oscar, 2004b). More specifically, the thermal in-
activation model for native microflora would pre-
dict the equivalent amount of ground turkey (g/25g)
that did not receive enough heat to kill any bacte-
ria. For example, if the model predicted the number
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of bacterial survivors was 1,000 per 25 g and the ini-
tial number of bacteria was 25,000 per 25 g then the
equivalent amount of ground turkey that did not re-
ceive enough heat to kill any bacteria would be 1 g.
The reason that the model was not available for the
present study was that quantitative microbial risk as-
sessment (QMRA) is an iterative process. Sometimes
it is necessary to build the process risk model first and
then use it as a guide to obtain the needed data for
development of submodels.

For the fifth assumption, the RANDBETWEEN
function of Excel was used to simulate the assump-
tion that the location of Salmonella in the thermal
line of death was random where the range was from
1 to N, the total number of bacteria in the 25 g por-
tion.

A model for thermal death of Salmonella in
ground chicken with native microflora as a dynamic
function of time (0–10 minutes), temperature (50–
100 °C), and initial number (2–5 log/g)(Oscar, 2017a)
that was used in a process risk model (PRM) for
Salmonella and ground chicken (Oscar, 2019) was
not used in the present study because it did not ad-
equately simulate thermal death of Salmonella as
a function of the natural microbial ecology of the
ground poultry meat.

2.2.3. Consumption (Dose-Response) Submodel

The disease triangle, dose-response model for
Salmonella (Oscar, 2019), which is based on human
outbreak (Teunis et al., 2010) and feeding trial (Os-
car, 2004a) data (Fig. 3), was used to simulate the
severity or risk of salmonellosis per serving and over-
all. In brief, when a person consumes a foodborne
pathogen like Salmonella, their response falls on a
continuum of increasing severity from no response to
infection to illness to hospitalization to death (Fig. 1).
To simulate this continuum, a disease triangle score
(DTS) was calculated:

DTS = F + H + P

where F was the output (0.1–2.5 AU) of a pert dis-
tribution for food consumption behavior, H was the
output (0.9–5.0 AU) of a pert distribution for host
resistance, and P was the output (0.1–5.0 AU) from
the cooking submodel for Salmonella serotype and
virulence (v). In the baseline scenario A (Table II),
the pert distribution for F was 0.1, 1.5, 2.5 and the
pert distribution for H was 0.9, 3.5, 5.0. In test sce-
nario H (Table II), the modified pert distribution for
F was 0.6, 2.0, 2.5, which simulated more high risk

Fig 3. Human outbreak and feeding trial data used to model dose–
response as a function of disease triangle score (DTS) from 12.5 to
1.1 in 0.1 increments. Each DTS corresponds to a different pert
distribution or dose–response curve.

food consumption behaviors like consuming antacids
(Oscar, 2017b; Smith, 2003). In test scenario I (Ta-
ble II), the modified pert distribution for H was 1.9,
4.5, 5.0, which simulated more high risk consumers
like immunocompromised individuals.

The DTS was used to calculate a pert distribution
for log illness dose (ID):

minimum ID = 0 + ((12.5 − DTS) × 0.8)

most likely ID = 1 + ((12.5 − DTS) × 0.8)

maximum ID = 2 + ((12.5 − DTS) × 0.8)

which resulted (Fig. 3) in one of 115 possible
pert distributions for illness dose (log) that ranged
from (0,1,2) for a DTS of 12.5 (highest risk) to
(9.1,10.1,11.1) for a DTS of 1.1 (lowest risk). The
severity of salmonellosis (SS) in AU per serving was
calculated as follows (Oscar, 1998):

SS = 0 if N = 0

SS = N/10ID if N > 0

where N was the number of Salmonella on the serv-
ing after cooking or at consumption and 10ID was the
antilog of the log illness dose. The total severity of
salmonellosis in AU per lot (907 kg) was calculated
as the sum of SS for all servings simulated.
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It is possible to use the current process risk
model to predict the number of infections (<1), ill-
nesses (≥ 1 to <10), severe illnesses or hospitaliza-
tions (≥ 10 to <100), and deaths (≥ 100) where the
numbers in parentheses are the ratio of dose con-
sumed (number of Salmonella) to illness dose (num-
ber of Salmonella that cause an illness). In addition,
the model could be used to predict the probability of
an outbreak (two or more cases of illness per lot) by
determining the proportion of replicate simulations
of a scenario that predicted two or more cases of
salmonellosis. However, these approaches were not
included in this study because the poultry industry
might not want to use a model that predicts health
outcomes.

When a person consumes a pathogen dose (≥ 0
log) with their food, their peak response falls on a
continuum from no infection to infection to illness
to death (Fig. 1). For modeling purposes, in a human
feeding trial (McCullough & Eisele, 1951a, 1951b,
1951c, 1951d), the individual dose-response is first
classified as no illness or illness based on a set of cri-
teria. Then the proportion of subjects with illness in
each dose group is calculated and graphed as a func-
tion of dose. These data are then fitted to a dose-
response model (Latimer, Jaykus, Morales, Cowen,
& Crawford-Brown, 2001; Oscar, 2004a) that predicts
the proportion of ill subjects as a function of dose.
Thus, the individual dose-response is a binary event
(illness or no illness), whereas the population dose-
response curve is the cumulative distribution of these
binary events. Therefore, when a subject is ill from
consuming a dose of pathogen, the dose consumed
was equal to or greater than the number of pathogens
needed to cause an illness for that pathogen × food ×
host interaction and when a portion of the population
is ill from exposure to a pathogen, it means that the
number of pathogens consumed equaled or exceeded
the dose of pathogen needed for those pathogen ×
food × host interactions to cause an illness. Thus, it
is valid to simulate the pathogen × food × host inter-
action as a binary event by randomly assigning an ill-
ness dose (threshold dose) to each serving simulated.

2.3. Scenario Analysis

A scenario is a unique set of inputs or in-
put distributions in a process risk model. Chang-
ing one input or input distribution in the baseline
model creates a new scenario. For example, increas-
ing the most likely value of the pert distribution for
Salmonella number of ground turkey (25 g) from

0.185 log to 0.685 log would create a new scenario.
Twelve scenarios were simulated (Table II) in the
present study to evaluate effects of model variables
on risk of salmonellosis; they were: (A) baseline, (B)
Salmonella prevalence, (C) Salmonella number, (D)
Salmonella virulence, (E) serving size, (F) serving
size distribution, (G) total bacterial load, (H) inci-
dence of undercooking, (I) extent of undercooking,
(J) food consumption behavior, (K) host resistance,
and (L) ground chicken. In each scenario, a single
input distribution (scenarios B to K) or multiple in-
put distributions (scenario L) in the baseline sce-
nario was(were) altered to create the test scenarios
that were used to determine whether the model vari-
able being evaluated was an important risk factor for
salmonellosis. In addition, scenario L was simulated,
as explained in more detail later, to test the null hy-
pothesis that Salmonella prevalence at meal prepa-
ration is a good indicator of poultry food safety. The
location of the modified input distribution(s) within
the process risk model is(are) shown in Fig. 1 for each
scenario.

In QMRA, a baseline scenario is established us-
ing published data, unpublished data, surrogate data,
and expert opinion (Cassin, Lammerding, Todd,
Ross, & McColl, 1998; Casulli et al., 2019; Oscar,
2004b). Risk factors in the baseline scenario are rep-
resented by probability distributions because they
are variable and uncertain. “What if” scenarios sup-
ported or not supported by data are simulated to de-
termine effects and potential effects, respectively, of
interventions on risk. Scientific surveys of hazards in
food (Bailey et al., 2001; Fearnley, Raupach, Lagala,
& Cameron, 2011; Habib, Coles, Fallows, & Good-
child, 2019; Madden, Moran, Scates, McBride, &
Kelly, 2011; Mazengia et al., 2014; Surkiewicz, John-
ston, Moran, & Krumm, 1969; Waldroup, Rathgeber,
& Forsythe, 1992; Yang et al., 2017) and consumer
surveys (Evans, 1992; James, Evans, & James, 2008;
Jay, Comar, & Govenlock, 1999; Kennedy et al., 2005;
Kosa, Cates, Bradley, Chambers, & Godwin, 2015)
of food handling practices indicate that probabil-
ity distributions for risk factors (temperature abuse,
undercooking, cross-contamination, host resistance)
differ among distribution channels and as a function
time (e.g., season) due to cultural, climatic, and hu-
man diversity. Thus, it is appropriate to simulate dif-
ferences in risk factors among distribution channels
when evaluating effects of performance standards on
food safety. To the best of my knowledge there are
no studies supporting the notion that risk factors are
the same among all distribution channels.
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2.4. Model Simulation

The model was simulated with @Risk settings of
Latin Hypercube sampling, Mersenne Twister, and 50
simulations (i.e., replicate simulations) per scenario.
A different seed was used to initiate each simulation
and produced a unique outcome of the model sce-
nario being simulated. In addition, a different seed
was used for each replicate simulation to character-
ize variability and uncertainty of model outputs. It-
erations or servings simulated depended on lot size
and mean serving size. Lot size was fixed at 2,000
pounds or 907 kg per the ground turkey industry
standard (Sampedro et al., 2018). Mean serving size
was used to determine the number of servings to sim-
ulate when a distribution of serving sizes was simu-
lated. Ten scenarios (A to D, and G to L) involved 25
g servings or 36,280 servings per 907 kg lot and two
scenarios (E and F) involved 125 g servings or 7,256
servings per 907 kg lot.

2.5. Data Analysis

The outputs of the model were probability dis-
tributions. A total of 9,000 probability distributions
for model outputs were generated (i.e., 50 simula-
tions × 15 model outputs × 12 scenarios). This re-
sulted in 282,984,000 model outputs. To summarize
this vast amount of information, summary statis-
tics from the probability distributions for model
outputs and scenarios were used to calculate the
15 dependent variables for statistical analysis. De-
pendent variables evaluated were Salmonella preva-
lence (%), Salmonella virulence (mean AU), and
Salmonella number (mean, maximum, and total) at
meal preparation and after cooking, and severity of
salmonellosis (mean, maximum, total AU), illness
dose (mean), and exposures (total) at consumption.

2.6. Statistical Analysis

Output distributions for model outputs (depen-
dent variables) for scenarios A to L were evaluated
for normality using the D’Agostino-Pearson omnibus
K2 test at p ≤ 0.05. Output distributions that passed
(p ≤ 0.05) the test for normality were analyzed
by one-way analysis of variance (ANOVA). When
ANOVA was significant (p ≤ 0.05), means of test sce-
narios B to L were compared to mean of the base-
line scenario A using Dunnett’s multiple compari-
son test corrected for multiple comparisons at p ≤
0.05. Output distributions that failed (p > 0.05) the

D’Agostino-Pearson omnibus K2 test for normality
were analyzed by a nonparametric method (Kruskal–
Wallis test). When the Kruskal–Wallis test was signif-
icant (p ≤ 0.05), medians of test scenarios B to L were
compared to the median of the baseline scenario A
using Dunn’s multiple comparison test corrected for
multiple comparisons at p ≤ 0.05. All statistical anal-
yses were performed in Prism.

3. RESULTS

3.1. Baseline Scenario A for Ground Turkey

Baseline scenario A simulated risk of salmonel-
losis from 25 g servings of ground turkey. The input
settings (Fig. 2 and Table II) were based on published
studies and new data collected by WSE-qPCR, cul-
tural isolation, and serotyping (Table I). Salmonella
prevalence at meal preparation was 26% per 25 g,
whereas median Salmonella number (log/25 g) was
0.18 (range: 0–1.6). Salmonella virulence ranged from
0.8 AU for serotype Kentucky (low) to 4.8 AU for
serotype Typhimurium (high). These data were used
to simulate Salmonella contamination (prevalence,
number, serotype, virulence) of ground turkey as a
function of serving size (25–325 g). Simulation results
were compared to test scenarios B to L to evaluate
effects of model variables on risk of salmonellosis.

3.2. Test Scenario B for Salmonella Prevalence

An increase of Salmonella prevalence at meal
preparation from 26.0% to 41.3% per 25 g (Fig. 4(a))
had the following significant effects on model out-
puts: (1) an increase of Salmonella prevalence after
cooking from 0.31% to 0.50% per 25 g (Fig. 4(b)),
(2) an increase of Salmonella exposures at consump-
tion from 112 to 181 per lot (Fig. 4(c)), (3) an in-
crease of Salmonella number at meal preparation
from 28,255 to 44,906 per lot (Fig. 5(a)), (4) an in-
crease of Salmonella number after cooking from 336
to 539 per lot (Fig. 5(b)), and (5) an increase of to-
tal severity of salmonellosis from 0.38 to 0.56 AU
per lot (Fig. 5(c)). Thus, Salmonella prevalence at
meal preparation was an important risk factor for
salmonellosis.

3.3. Test Scenario C for Salmonella Number

An increase of Salmonella number at meal
preparation from 28,255 to 91,659 per lot (Fig. 5(a))
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Fig 4. Simulation results for the baseline scenario A and test sce-
narios B to L: (a) Salmonella prevalence at meal preparation, (b)
Salmonella prevalence after cooking, and (c) Salmonella expo-
sures at consumption. Bars (error bars) are median (95% confi-
dence intervals) values for Kruskal–Wallis test or mean (standard
deviation) values for one-way analysis of variance (ANOVA). Sce-
narios B to L were compared to scenario A using Dunn’s multiple
comparison test for Kruskal–Wallis and Dunnett’s multiple com-
parison test for ANOVA where a superscript above a bar of ns,
nonsignificant (p > 0.05); *, significant (p ≤ 0.05).

Fig 5. Simulation results for the baseline scenario A and test
scenarios B to L: (a) Salmonella number at meal preparation,
(b) Salmonella number after cooking, and (c) total severity of
salmonellosis at consumption. Bars (error bars) are median (95%
confidence intervals) for Kruskal–Wallis test or mean (standard
deviation) for one-way analysis of variance (ANOVA). Scenarios
B to L were compared to scenario A using Dunn’s multiple com-
parison test for median values (Kruskal–Wallis) or Dunnett’s mul-
tiple comparison test for mean values (ANOVA) where a bar su-
perscript of ns, nonsignificant (p > 0.05); *, significant (p ≤ 0.05).
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had the following significant effects on model out-
puts: (1) an increase of Salmonella number after
cooking from 336 to 1,146 per lot (Fig. 5(b)), and
(2) an increase of total severity of salmonellosis from
0.38 to 1.20 AU per lot (Fig. 5(c)). Thus, Salmonella
number at meal preparation was an important risk
factor for salmonellosis.

3.4. Test Scenario D for Salmonella Virulence

A decrease of Salmonella virulence at meal
preparation from 3.94 to 0.80 AU per serving
(Fig. 6(a)) had the following significant effects on
model outputs: (1) a decrease of Salmonella viru-
lence after cooking from 3.94 to 0.80 AU per serv-
ing (Fig. 6(b)), (2) an increase of illness dose at con-
sumption from 4.05 to 6.55 log per serving (Fig. 6(c)),
and (3) a decrease of total severity of salmonellosis
from 0.38 to 0.000414 AU per lot (Fig. 5(c)). Thus,
Salmonella virulence at meal preparation was an im-
portant risk factor for salmonellosis.

3.5. Test Scenario E for Serving Size

An increase of serving size from 25 to 125 g had
the following significant effects on model outputs:
(1) an increase of Salmonella prevalence at meal
preparation from 26.0% per 25 g to 77.9% per 125 g
(Fig. 4(a)), and (2) an increase of Salmonella preva-
lence after cooking from 0.31% per 25 g to 1.52% per
125 g (Fig. 4(b)). However, total severity of salmonel-
losis did not change (Fig. 5(c)). Thus, serving size was
not a significant risk factor for salmonellosis.

3.6. Test Scenario F for Serving Size Distribution

An increase of serving size distribution from 25
to 125 g (mean) had the following significant ef-
fects on model outputs: (1) an increase of Salmonella
prevalence at meal preparation from 26.0% per 25 g
to 73.0% per 125 g (Fig. 4(a)), and (2) an increase of
Salmonella prevalence after cooking from 0.31% per
25 g to 1.56% per 125 g (Fig. 4(b)). However, total
severity of salmonellosis did not change (Fig. 5(c)).
Thus, serving size distribution was not a significant
risk factor for salmonellosis.

3.7. Test Scenario G for Total Bacterial Load

A decrease of total bacterial load by one log per
25 g had no significant effects on any model outputs

Fig 6. Simulation results for the baseline scenario A and test sce-
narios B to L: (a) Salmonella virulence at meal preparation, (b)
Salmonella virulence after cooking, and (c) illness dose at con-
sumption. Bars (error bars) are mean (standard deviation). Re-
sults were analyzed by one-way analysis of variance (ANOVA).
Scenarios B to L were compared to scenario A using Dunnett’s
multiple comparison test where a bar superscript of ns, nonsignifi-
cant (p > 0.05); *, significant (p ≤ 0.05).
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(Figs. 4–6). Thus, total bacterial load was not a signif-
icant risk factor for salmonellosis.

3.8. Test Scenario H for Incidence of
Undercooking

An increase of undercooking from 20% to 40%
per 25 g had the following significant effects on
model outputs: (1) an increase of Salmonella preva-
lence after cooking from 0.31% to 0.62% per 25 g
(Fig. 4(b)), (2) an increase of Salmonella exposures
from 112 to 226 per lot (Fig. 4(c)), (3) an increase of
Salmonella number after cooking from 336 to 684 per
lot (Fig. 5(b)), and (4) an increase of total severity of
salmonellosis from 0.38 to 0.79 AU per lot (Fig. 5(c)).
Thus, incidence of undercooking was a significant risk
factor for salmonellosis.

3.9. Test Scenario I for Extent of Undercooking

An increase of extent of undercooking had the
following significant effects on model outputs: (1)
an increase of Salmonella prevalence after cooking
from 0.31% to 0.63% per 25 g (Fig. 4(b)), (2) an in-
crease of Salmonella exposures at consumption from
112 to 229 per lot (Fig. 4(c)), (3) an increase of
Salmonella number after cooking from 336 to 675 per
lot (Fig. 5(b)), and (4) an increase of total severity of
salmonellosis from 0.38 to 0.78 AU per lot (Fig. 5(c)).
Thus, extent of undercooking was a significant risk
factor for salmonellosis.

3.10. Test Scenario J for Food Consumption
Behavior

An increase in the proportion of high risk food
consumption behaviors had the following significant
effects on model outputs: (1) a decrease of illness
dose from 4.05 to 3.66 log per serving (Fig. 6(c)), and
(2) an increase of total severity of salmonellosis from
0.38 to 0.71 AU per lot (Fig. 5(c)). Thus, food con-
sumption behavior was a significant risk factor for
salmonellosis.

3.11. Test Scenario K for Host Resistance

An increase in the proportion of high risk con-
sumers had the following significant effects on model
outputs: (1) a decrease of illness dose from 4.05 to
3.35 log per serving (Fig. 6(c)), and (2) an increase in
total severity of salmonellosis from 0.38 to 1.25 AU

Fig 7. Correlation (r) between Salmonella prevalence at meal
preparation and total severity of salmonellosis per lot for scenar-
ios A to L. Values in parentheses are the 95% confidence interval
for r.

per lot (Fig. 5(c)). Thus, host resistance was a signifi-
cant risk factor for salmonellosis.

3.12. Test Scenario L for Ground Chicken

Compared to ground turkey at meal prepara-
tion, ground chicken significantly differed as follows:
(1) lower Salmonella prevalence at 19% per 25 g
(Fig. 4(a)), (2) higher Salmonella number at 141,587
per lot (Fig. 5(a)), and (3) higher Salmonella vir-
ulence at 4.65 AU per serving (Fig. 6(a)). These
differences resulted in the following significant ef-
fects on model outputs: (1) lower Salmonella preva-
lence after cooking at 0.23% per 25 g (Fig. 4(b)),
(2) lower Salmonella exposures at consumption at
82 per lot (Fig. 4(c)), (3) higher Salmonella viru-
lence after cooking at 4.65 AU per serving (Fig. 6(b)),
(4) higher Salmonella number after cooking at 1,657
per lot (Fig. 5(b)), (5) lower illness dose at con-
sumption at 3.50 log per serving, and (6) higher
total severity of salmonellosis at 2.37 AU per lot.
Thus, ground chicken had a higher risk of salmonel-
losis than ground turkey even though it had a lower
Salmonella prevalence at meal preparation.

3.13. Test Scenarios A to L

Total severity of salmonellosis per lot of ground
turkey was graphed as a function of Salmonella
prevalence at meal preparation to evaluate the cor-
relation between these model outputs (Fig. 7). The
results indicated that risk of salmonellosis was not
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correlated (r = −0.39; p = 0.21) with Salmonella
prevalence at meal preparation.

4. DISCUSSION

Salmonella contamination of ground turkey is an
important public health issue because it has resulted
in recent outbreaks of salmonellosis and product
recalls. For example, an outbreak of salmonellosis
from ground turkey occurred between December 19,
2018 and March 16, 2019 (www.cdc.gov/salmonella/
schwarzengrund-03-19/). The outbreak involved
three states, seven cases, one hospitalization, and
no deaths. The victims (86% female) ranged in age
from 1 to 71 years with a median age of 49 years. The
outbreak strain (Salmonella Schwarzengrund) was
identified by whole-genome sequencing of clinical
and food isolates and was resistant to multiple antibi-
otics. The company issued a recall of 78,164 pounds of
product on March 13, 2019. The ground turkey sam-
pled in the present study, which was not from the im-
plicated company, was found to harbor seven differ-
ent serotypes of Salmonella but not Schwarzengrund.

Another outbreak of salmonellosis from ground
turkey occurred between February 27, 2011 and
September 13, 2011 (www.cdc.gov/salmonella/
ground-turkey-11-10-2011.html). This outbreak
involved 36 states, 136 cases, 37 hospitalizations,
and 1 death. The victims (55% male) ranged in age
from 1 to 90 years with a median age of 23 years.
The outbreak strain (Salmonella Heidelberg) was
resistant to multiple antibiotics and was subtyped
by pulsed field gel electrophoresis. The implicated
company issued product recalls on August 3, 2011 (36
million pounds) and on September 11, 2011 (185,000
pounds). The serotype (Heidelberg) responsible for
this outbreak was not isolated in the present study,
which tested ground turkey that was not from the
company implicated in this outbreak.

A third outbreak involving Salmonella Hadar
and ground turkey occurred between December 27,
2010 and March 24, 2011 (www.cdc.gov/salmonella/
2011/turkey-burger-4-4-2011.html). This outbreak
involved 10 states, 12 cases, 3 hospitalizations, and 0
deaths. The outbreak strain was resistant to multiple
antibiotics. The age of victims (63% female) ranged
from 1 to 86 years with a median age of 26 years.
The company responsible for the outbreak issued a
product recall on April 1, 2011 of 54,960 pounds.
Serotype Hadar was isolated from ground turkey in
the present study. However, it was not isolated from
the company implicated in this outbreak.

These outbreaks, which occurred from ground
turkey that passed inspection, show that the current
approach to identifying unsafe lots of food at the
processing plant using Salmonella prevalence as an
indicator of food safety is not completely success-
ful. They also show that types of Salmonella and
consumer demographics differ among outbreaks.
In the current study, it was shown that in addition
to Salmonella prevalence, Salmonella virulence and
number, incidence and extent of undercooking, food
consumption behavior, and host resistance were
important risk factors for salmonellosis from ground
turkey. Thus, it was concluded that Salmonella
prevalence alone was not a good indicator of poultry
food safety because there were other risk factors
that needed to be considered when evaluating
safety of individual lots of ground turkey before
they were shipped to consumers. This was further
demonstrated in the present study by comparing
risk of salmonellosis from ground turkey and ground
chicken. Here, even though ground chicken had a
lower Salmonella prevalence (19%/25g) than ground
turkey (26%/25g) at meal preparation, it posed a
higher risk of salmonellosis because it was con-
taminated with higher numbers of more virulent
serotypes of Salmonella than ground turkey.

The current performance standard for ground
turkey (Anonymous, 2016) is no more than 13.5%
positive samples over a 52-week moving window pe-
riod. The ground turkey examined in the present
study was obtained at retail from December 26,
2017 to April 23, 2018. During this 17-week period,
Salmonella prevalence at meal preparation following
proper storage (4 °C for 6 hours) was 26% (26/100)
per 25 g. It can reasonably be assumed that the
ground turkey had passed inspection since it was ob-
tained at a retail outlet. Thus, it should have had a
Salmonella prevalence <13.5%. However, Simmons,
Fletcher, Berrang, and Cason (2003) found that when
the number of Salmonella on a chicken carcass is
low, the whole rinse and aliquot method used by the
chicken industry underestimates Salmonella preva-
lence when compared to whole carcass enrichment
(WCE) because its lower limit of detection (LLD)
is higher than that of WCE, which has an LLD of
one cell of Salmonella per carcass. In the present
study, a WSE method was used that has an LLD
of one cell of Salmonella per sample (Oscar, 2016).
Thus, the use of a more sensitive detection method
(i.e., WSE) may explain the higher than expected
Salmonella prevalence observed in the present
study.

http://www.cdc.gov/salmonella/schwarzengrund-03-19/
http://www.cdc.gov/salmonella/schwarzengrund-03-19/
http://www.cdc.gov/salmonella/ground-turkey-11-10-2011.html
http://www.cdc.gov/salmonella/ground-turkey-11-10-2011.html
http://www.cdc.gov/salmonella/2011/turkey-burger-4-4-2011.html
http://www.cdc.gov/salmonella/2011/turkey-burger-4-4-2011.html
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Cui, Guran, Harrison, Hofacre, and Alali (2015)
examined ground turkey for Salmonella prevalence
and number. They reported a Salmonella prevalence
of 14.5% and a mean number (95% confidence in-
terval) of 1.9 (1.1–2.6) log per 25 g. In the present
study, Salmonella prevalence of ground turkey was
26% per 25 g, whereas Salmonella number ranged
from 0 to 1.6 log per 25 g with a median of 0.18
log per 25 g. The lower Salmonella prevalence and
higher mean Salmonella number reported by Cui
et al. (2015) could be due to a different source of
ground turkey and(or) differences in data collec-
tion methods. Nonetheless, both studies indicate that
ground turkey is contaminated with low-to-moderate
levels of Salmonella.

Sampedro et al. (2018) conducted a risk assess-
ment for Salmonella and ground turkey. They sum-
marized results from testing performed by the U. S.
Department of Agriculture, Food Safety and Inspec-
tion Service for the years 2010–2016. They reported
an overall Salmonella prevalence of 11.9% and a
mean Salmonella number of 0.16 log per g, which is
equivalent to 1.56 log per 25 g, if one assumes a uni-
form distribution of the pathogen. This result agrees
with that of Cui et al. (2015) but is higher than ob-
served in the present study. Methods with LLD > 1
cell per sample will underestimate Salmonella preva-
lence and overestimate Salmonella number by ex-
cluding samples below the LLD from calculation of
the mean. This may explain the difference in results
from the present study and those of Sampedro et al.
(2018) and Cui et al. (2015).

In the risk assessment model of Sampedro
et al. (2018) sensitivity analysis was used to identify
model inputs that had the most influence on risk of
salmonellosis (i.e., model output). Salmonella num-
ber was identified as one of the most influential in-
puts. Thus, Sampedro et al. (2018) proposed that
the performance standard for ground turkey could
be improved by basing it on both Salmonella preva-
lence and Salmonella number. In the present study,
the scenario analysis showed that Salmonella preva-
lence and Salmonella number at meal preparation
were important risk factors for salmonellosis from
ground turkey. Thus, results of the current study sup-
port the proposal of Sampedro et al. (2018) that the
performance standard for ground turkey could be im-
proved by basing it on both Salmonella prevalence
and Salmonella number.

In the risk assessment model of Sampedro et al.
(2018) for Salmonella and ground turkey, two dose-
response models were used; one for low-virulent

strains and one for high-virulent strains. Similarly,
Oscar (2017b) considered low-low, low, normal, high,
and high-high virulent serotypes of Salmonella in
a dose-response model for Salmonella and chicken
parts. Subsequently, Oscar (2019) expanded this
dose-response model to accommodate composite vir-
ulence from servings of ground chicken contami-
nated with more than one serotype of Salmonella.
In the present study, a further refinement of the Os-
car (2019) model was made. Namely, epidemiologi-
cal data were used to more precisely define differ-
ences in virulence among serotypes of Salmonella in
the dose-response model of Oscar (2019). Because
the scenario analysis in the present study indicated
that Salmonella virulence was an important risk fac-
tor for salmonellosis from ground turkey and based
on previous risk assessment studies (Oscar, 2004a,
2017b, 2019; Sampedro et al., 2018) that consider
Salmonella virulence in dose-response models, it is
proposed here that the performance standard for
ground turkey could be further improved by basing it
not only on Salmonella prevalence and number, but
also on Salmonella virulence.

Risk assessments for poultry (Ebel & Williams,
2015, 2019) show that a reduction in Salmonella
prevalence at the processing plant results in a simi-
lar reduction in salmonellosis when poultry meat is
shipped to the same distribution channel and con-
sumer population or when all other risk factors are
held constant. Similarly, in the present study, results
from scenarios A and B showed that a change in
Salmonella prevalence at meal preparation resulted
in a similar change in risk of salmonellosis when
ground turkey was shipped to the same distribu-
tion channel and consumer population or when all
other risk factors were held constant. However, when
ground turkey was shipped to different distribution
channels and consumer populations or when other
risk factors were not held constant, risk of salmonel-
losis was not correlated with Salmonella prevalence
at meal preparation. Thus, Salmonella prevalence
alone was not a good indicator of poultry food safety
when multiple risk factors were considered. This con-
clusion is in agreement with other studies (Oscar,
1998, 2004b, 2011b, 2012a, 2012b, 2016, 2017b, 2018b,
2019; Sampedro et al., 2018).

Salmonella are a minority member of the native
microflora of ground turkey. In the present study,
the number of Salmonella in ground turkey ranged
from 1 to 40 cells per 25 g, whereas native microflora
ranged from 25,000 to 250,000,000 per 25 g. Tradi-
tional thermal inactivation studies (Gurtler, Juneja,
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Jones, & Purohit, 2019; Juneja et al., 2016) create an
artificial ecology by introducing a large and none-
cological number of Salmonella. The result is the
appearance of nonrandom thermal inactivation of
the pathogen. In nature, where Salmonella is a mi-
nority member of the native microflora of food, ther-
mal inactivation is a random event because it de-
pends on the random location of Salmonella in the
food matrix relative to the heat source. Thus, the
new method (thermal line of death model) used in
the present study more accurately simulated death
and survival of Salmonella during cooking of ground
turkey because it considered the natural ecology of
Salmonella in ground turkey and the random loca-
tion of Salmonella in ground turkey relative to the
heat source.

Another important consideration for risk assess-
ment and food safety is serving size. In the present
study (results not shown) and in a previous study
for Salmonella and ground chicken (Oscar, 2019),
Salmonella prevalence increased in a nonlinear man-
ner as a function of serving size, whereas total sever-
ity of salmonellosis per lot was not affected by serv-
ing size demonstrating that Salmonella prevalence by
itself is not a good indicator of food safety. More-
over, these findings indicate that when reporting and
discussing results for Salmonella prevalence it is im-
portant to express prevalence as a function of sample
size. In the present study, Salmonella prevalence for
ground turkey was 26% when the sample size was 25
g and was predicted to be 77.9% when the sample or
serving size was 125 g. Moreover, the nonlinear re-
lationship between Salmonella prevalence and serv-
ing size means that linear extrapolation of Salmonella
prevalence from one sample size to another is not
warranted or valid. In fact, when sample or serving
size is large enough, Salmonella prevalence will be
100%. Hopefully, in the future, researchers will re-
port results for prevalence of foodborne pathogens
as a function of sample size, which will make com-
parisons among studies more meaningful.

Sampedro et al. (2018) simulated serving size
in their risk assessment model for Salmonella and
ground turkey with a pert distribution (85,113,170 g)
based on a personal communication with the turkey
industry. The model developed in the present study
for ground turkey predicted prevalence, number, and
serotype and virulence of Salmonella as a function of
serving size from 25 to 325 g in 25 g increments. Thus,
it covers the range of serving sizes of ground turkey
that are typically eaten by consumers. Also, as shown
in test scenario F, the current model can simulate a

distribution of serving sizes, which is more typical of
what occurs in practice when a batch (lot) of ground
turkey is shipped to and consumed by consumers.

Sampedro et al. (2018) simulated a lot size of 907
kg in their risk assessment model for Salmonella and
ground turkey. This was based on a personal com-
munication with the ground turkey industry, which
uses 2,000-pound (907 kg) lots in their production
scheme. Thus, this is a good lot size to simulate and,
therefore, was used in the present study. The current
study and a previous study (Oscar, 2019) with ground
chicken and the study of Sampedro et al. (2018) are
some of the first modeling studies to simulate risk
of salmonellosis as a function of lot size. This is im-
portant because it represents a future approach that
could be used in the food industry to assess the public
health impact of different lots of food before they are
distributed to consumers. Thus, it has practical appli-
cation and significance.

Risk managers are often interested in seeing the
distribution of risk when making decisions on how
best to address and mitigate a risk to public health.
In the present study, there were two classes of distri-
butions of risk for each scenario. First, there was a
distribution of risk for severity of salmonellosis per
serving. There were 50 of these output distributions
per scenario or 600 of these distributions in the cur-
rent study. It was not possible to show all these distri-
butions. Consequently, a second class of output distri-
bution for risk of salmonellosis (i.e., total severity of
salmonellosis per lot) was generated using the sum-
mary statistics of the first class of output distributions.
There were 12 of these output distributions, which
were summarized in a simple bar graph (Fig. 5(c)).
These output distributions characterized the variabil-
ity and uncertainty of the risk of salmonellosis within
a scenario and allowed an objective evaluation of the
effect of model variables on risk of salmonellosis (i.e.,
food safety) because the results could be subjected
to statistical analysis. Thus, by simplifying a large and
complex set of data and simulation results into a sim-
ple and objective bar graph, risk managers can be
provided with an easily understood risk assessment
that can help them make important food safety deci-
sions that impact public health.

Total severity of salmonellosis per lot was used as
the primary risk metric in the present study because
it integrated all model variables into a single measure
of food safety for use by risk managers. Moreover, it
was the summation of the area under the probabil-
ity distribution for severity of salmonellosis per serv-
ing where most of the values were zero as Salmonella
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prevalence after cooking ranged from 0.23% per 25
g in test scenario L to 1.56% per 25 g in test sce-
nario F (Fig. 4(b)). According to the D’Agostino-
Pearson omnibus K2 test, the distribution for total
severity of salmonellosis per lot among simulations
(n = 50 per scenario) of the model did not follow
a normal distribution. Thus, results among scenarios
were objectively interpreted and compared for sta-
tistical significance (p ≤ 0.05) using a nonparametric
test (Kruskal–Wallis) and multiple comparison test
of medians (Dunnett’s). This approach to risk assess-
ment provides risk managers with a valid and objec-
tive means of confidently and clearly applying sim-
ulation results from the model to their food safety
decisions aimed at protecting public health. It should
also be helpful in communicating the risk manage-
ment strategy and rationale to stakeholders to gener-
ate public support for changes in public health policy.

Total severity of salmonellosis per lot was pre-
dicted using a simulation model composed of three
unit operations (pathogen events) and submodels:
(1) one for Salmonella contamination (prevalence,
number, serotype, virulence) of ground turkey or
ground chicken at meal preparation, (2) one for
death and survival of Salmonella during cooking of
ground turkey or ground chicken, and (3) one for
dose-response of consumers to Salmonella exposure
from cooked ground turkey or ground chicken after
consumption. The model was used to make a valid
comparison of the safety of two lots of ground poul-
try meat; one for ground turkey (i.e., the baseline sce-
nario A) and one for ground chicken (i.e., test sce-
nario L). The comparison was valid because data for
Salmonella contamination (prevalence, number, and
serotype) of ground turkey and ground chicken were
collected at the same point in the farm-to-table con-
tinuum (i.e., meal preparation) using the same meth-
ods (i.e., WSE, qPCR, cultural isolation, and serotyp-
ing). Because Salmonella prevalence was different
for ground turkey (26%/25g) and ground chicken
(19%/25g), it was possible to test the null hypothesis
that Salmonella prevalence alone is a good indicator
of poultry food safety. However, because total sever-
ity of salmonellosis was higher (p ≤ 0.05) for ground
chicken than ground turkey even though ground
chicken had a lower prevalence of Salmonella than
ground turkey at meal preparation, the null hypoth-
esis was rejected and the alternative hypothesis that
Salmonella prevalence alone is not a good indicator
of poultry food safety was accepted. This conclusion
was supported by other evidence. Namely, simula-
tion of other scenarios indicated that total severity

of salmonellosis per lot was affected (p ≤ 0.05) by
other model variables or risk factors: (1) Salmonella
number, (2) Salmonella virulence, (3) incidence of
undercooking, (4) extent of undercooking, (5) food
consumption behavior, and (6) host resistance. In ad-
dition, there was no correlation between Salmonella
prevalence at meal preparation and risk of salmonel-
losis when ground turkey was shipped to different
distribution channels and consumers’ populations or
when multiple risk factors were considered. Thus, al-
though Salmonella prevalence at meal preparation
was an important risk factor for salmonellosis, it was
not a good indicator of poultry food safety because
it was only one of several factors that determine risk
of salmonellosis. The same conclusion was reached
in previous studies (Oscar, 1998, 2004b, 2011b, 2016,
2017b, 2018b, 2019; Sampedro et al., 2018).

The Salmonella contamination data for ground
turkey in the present study were collected at meal
preparation. Thus, they are a summation of all unit
operations and pathogen events that occurred be-
tween egg formation in the hen and meal prepa-
ration. Growth of Salmonella in ground turkey be-
tween grinding at the processing plant and meal
preparation is accounted for in these data and may
explain the samples with the highest numbers of
Salmonella. However, if the model were applied at
the processing plant, which is the intended future
application, it would need to be expanded to in-
clude unit operations and pathogen events from the
processing plant to meal preparation, such as retail
transport (growth), retail storage (growth), consumer
transport (growth), and consumer storage (growth).
Models that predict growth of Salmonella in ground
turkey or ground chicken at times and temperatures
encountered in these unit operations are available
(Oscar, 2006, 2009, 2011a) or could be developed.
Outputs from these models could be used to predict
how Salmonella number may change between grind-
ing at the processing plant and meal preparation as
was done in a previous study (Oscar, 2004b).

The current model can be improved by includ-
ing unit operations (pathogen events) for cross-
contamination of ready-to-eat (RTE) food (e.g.,
cooked ground poultry meat or salad fruits and veg-
etables) with Salmonella from raw ground turkey or
ground chicken followed by Salmonella growth on
RTE food during meal preparation. Data for natu-
ral cross-contamination of RTE food with Salmonella
from ground turkey and ground chicken were not
collected and are not available in the scientific lit-
erature but could be collected in the future using
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WSE, qPCR, cultural isolation, and serotyping as
was done in a previous study (Oscar, 2017b) with
whole chicken parts (i.e., wings, breasts, thighs, and
drumsticks) harvested from whole chickens sold in
flow-pack wrappers. In addition, existing models for
growth of chicken isolates of Salmonella on cooked
chicken (Oscar, 1999a, 1999b, 2002) or on Roma
tomatoes (Oscar, 2018a) or on Romaine lettuce (Os-
car, 2020) as a function of times and temperatures
encountered during meal preparation can be used to
forecast how Salmonella number on RTE food may
change between cross-contamination and consump-
tion.

Total severity of salmonellosis per lot of ground
turkey or ground chicken was not affected (p > 0.05)
by serving size or serving size distribution in the
present study. This result agrees with a previous study
(Oscar, 2019) with ground chicken and a slightly dif-
ferent but similar model. Although mean and max-
imum Salmonella number at meal preparation were
higher (p ≤ 0.05) in test scenario E for serving size
(125 g) and in test scenario F for serving size dis-
tribution (mean of 125 g) than in the baseline sce-
nario A for a serving size of 25 g (results not shown),
mean and maximum Salmonella number after cook-
ing were the same (p > 0.05) for test scenarios E and
F and baseline scenario A (results not shown). Thus,
cooking, which decreased Salmonella prevalence and
number and made exposure to Salmonella at con-
sumption a rare event, might explain why serving
size was not an important risk factor for salmonel-
losis. Furthermore, total number of Salmonella per
lot (907 kg) was not affected (p > 0.05) by serving
size (scenario E) or serving size distribution (scenario
F), which makes sense because the total number of
Salmonella per lot should be the same regardless of
how the lot is partitioned. This result agrees with
a previous study (Oscar, 2019) with ground chicken
that used a similar modeling approach.

In a previous study (Oscar, 1998), whole chick-
ens with lower numbers of Salmonella at the process-
ing plant exit posed higher risk of salmonellosis than
whole chickens with higher numbers of Salmonella
at the processing plant exit when they were temper-
ature abused during distribution, undercooked, and
consumed by someone from the high risk popula-
tion. These findings have broader implications for the
present approach to poultry food safety. They indi-
cate that the processing plant with the highest preva-
lence of Salmonella on its poultry meat is not neces-
sarily the processing plant that poses the highest risk
of salmonellosis. Rather, poultry meat from a pro-

cessing plant with a lower prevalence of Salmonella
could pose a higher risk of salmonellosis if it has a
higher number of Salmonella and(or) more virulent
serotypes of Salmonella and(or) if the poultry meat
is shipped to a distribution channel with a higher in-
cidence and(or) extent of temperature abuse and(or)
a higher incidence and(or) extent of undercooking
and(or) a higher incidence and(or) extent of cross-
contamination of RTE food and(or) a higher pro-
portion of higher risk food consumption behaviors,
and(or) a higher proportion of high risk consumers.
Thus, it is important to consider multiple risk factors
when assessing the risk of salmonellosis from indi-
vidual lots of poultry meat at the processing plant
before they are shipped to consumers. These results
and conclusions agree with those of the present study
indicating that poultry food safety is a function of
multiple risk factors and not just one. Thus, rather
than use a single risk factor like Salmonella preva-
lence to determine poultry food safety, it would be
better to use multiple risk factors to determine poul-
try food safety. One way to do this is to apply a
process risk model, like the one developed in the
present study, at the processing plant exit to inte-
grate pathogen (Salmonella) contamination (preva-
lence, number, and serotype and virulence) data and
postprocessing risk factors (temperature abuse, un-
dercooking, cross-contamination, food consumption
behavior, and host resistance) into an objective deci-
sion about the safety of individual lots of food be-
fore they are shipped to consumers. Such an ap-
proach would improve public health by maximizing
food safety and food security by ensuring that unsafe
food is not consumed, and by ensuring that safe food
is not destroyed.
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