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Abstract  13 

Salmonella prevalence has reduced in U.S. raw poultry products since adopting 14 
prevalence-based Salmonella performance standards, but human illnesses did not 15 
reduce proportionally. We used Quantitative Microbial Risk Assessment to evaluate 16 
public health risks of raw chicken parts contaminated with different levels of all Salmonella 17 
and specific high- and low-virulent serotypes. Lognormal Salmonella level distributions 18 
were fitted using data from 2012 USDA-FSIS Baseline Survey and 2023 USDA-FSIS 19 
HACCP verification sampling data. Three different dose-response (DR) models were 20 
used: Single DR for all serotypes, reduced virulence for Kentucky, multiple serotype-21 
specific DR models. All scenarios found risk concentrated in the few products with high 22 
Salmonella levels. Using a single DR model with Baseline data (μ=-3.19, σ=1.29), 68% 23 
and 37% of illnesses were attributed to the 0.7% and 0.06% of products > 1 and 10 CFU/g 24 
Salmonella, respectively. More recent HACCP data (μ=-4.85, σ=2.44) showed that 99.9% 25 
and 99.6% of illnesses were attributed to the 2.3% and 0.8% of products > 1 and 10 26 
CFU/g Salmonella, respectively. Scenarios with serotype-specific DR models showed 27 
more concentrated risk at higher levels. Baseline data showed 91.5% and 63.7% and 28 
HACCP data showed >99.9% and 99.9% of illnesses were attributed to products > 1 and 29 
10 CFU/g Salmonella, respectively. Regarding serotypes, 0.003% and 0.3% of illnesses 30 
were attributed to the 0.2% and 0.7% of products with > 1 CFU/g of Kentucky, 31 
respectively, while 69% and 78.7% of illnesses were attributed to the 0.3% and 1.2% of 32 
products > 1 CFU/g containing either Enteritidis, Infantis, or Typhimurium using Baseline 33 
or HACCP input data, respectively. These results suggest public health risk in chicken 34 
parts is concentrated in the few finished products with high-levels and specifically high-35 
levels of high-virulent serotypes. Low-virulent serotypes, such as Kentucky, are predicted 36 
to contribute to extremely few human cases. 37 

Keywords: risk assessment; Salmonella; chicken parts; high-virulent serotypes  38 
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Raw poultry products are an important source of human salmonellosis cases not only in 40 
the U.S. but globally (Barrow et al., 2012). In the U.S., the United States Department of 41 
Agriculture Food Safety and Inspection Service (USDA-FSIS) developed and 42 
implemented the current performance standard based on Salmonella prevalence to 43 
reduce the salmonellosis cases attributable to poultry products (USDA-FSIS, 2016). 44 
USDA-FSIS data show Salmonella prevalence has decreased over the last several years, 45 
however this reduction in Salmonella prevalence has not led to the reduction of human 46 
salmonellosis cases (USDA-FSIS, 2023d; Williams et al., 2022). As outbreak-based 47 
estimations (The Interagency Food Safety Analytics Collaboration, 2023) suggest that 48 
18.6% of foodborne salmonellosis illnesses are attributable to chicken, preventing 49 
salmonellosis from chicken products is expected to help meet the U.S. Healthy People 50 
2030 objective of reducing Salmonella infections from 15.3 cases to 11.5 cases per 51 
100,000 population (Office of Disease Prevention and Health Promotion, 2023).  52 

Regulation based on Salmonella prevalence does not appear to have adequately reduced 53 
human illness cases attributed to poultry, so there is a shift toward considering the risk of 54 
high levels of contamination and different risk presented by contamination by individual 55 
serotypes, to inform potential risk management strategies (NACMCF, 2024). Studies of 56 
the Salmonella dose-response (DR) relationship indicated that outbreaks are often 57 
associated with higher doses causing a higher attack rate (Teunis et al., 2010). 58 
Quantitative Microbial Risk Assessment (QMRA) studies investigating Salmonella level-59 
based risk management strategies suggest removing products with high-levels of 60 
Salmonella may substantially reduce the public health risk from chicken parts (Lambertini 61 
et al., 2019), ground turkey (Lambertini et al., 2021) and ground beef (Strickland et al., 62 
2023).  63 

Salmonella is represented by over 2,600 serotypes that can differ in their capacity to 64 
cause illness (Miller & Wiedmann, 2016). Several studies have suggested different 65 
serotypes have different likelihoods of causing illnesses when consumed in similar doses 66 
(Cheng et al., 2019; Ferrari et al., 2019; Luvsansharav et al., 2019). Outbreak data also 67 
supports that some serotypes are more commonly associated with human illnesses 68 
(Jackson et al., 2013; Jones et al., 2008).  The top three most common serotypes 69 
identified in the CDC FoodNet surveillance system are Enteritidis (16% of total), 70 
Typhimurium (14%) and Newport (10%), collectively responsible for 40% of all reported 71 
salmonellosis cases from 1996-2022. Further, genomic analyses show some serotypes 72 
share common determinants of increased virulence (Fenske et al., 2023). In 2023, USDA 73 
defined three serotypes (Enteritidis, Infantis, and Typhimurium) as Key Performance 74 
Indicator (KPI) serotypes for raw poultry products for the 2022-2026 fiscal years (USDA-75 
FSIS, 2023a). This data suggests that these three serotypes are high-virulent serotypes. 76 
This was based on the incidence of these serotypes in CDC data, their link to outbreaks, 77 
and their frequency in poultry products. In contrast, to these high-virulent serotypes, there 78 
is evidence that Kentucky may represent a low-virulence serotype. Salmonella Kentucky 79 
was the most frequently recovered serotype from the carcass surveillance program from 80 
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USDA-FSIS, but they are less likely to cause human illnesses in the U.S. than other 81 
serotypes (Cosby et al., 2015; Richards, Kue, et al., 2023).  82 

Concurrently, USDA-FSIS also proposed a new framework with novel strategies to control 83 
Salmonella in poultry products (USDA-FSIS, 2022). One of three major components is to 84 
develop new enforceable final product standards for raw poultry products focusing on 85 
Salmonella at certain levels and/or serotypes. In a parallel effort, USDA-FSIS proposed 86 
declaring Salmonella above 1 CFU/g as an adulterant in Not Ready To Eat (NRTE) 87 
breaded, stuffed chicken products (USDA-FSIS, 2023e) because NRTE breaded stuffed 88 
chicken products have repeatedly been a source of Salmonella outbreaks, 11 outbreaks 89 
from 1998-2022 (CDC, 2023). 90 

This study aimed to assess the public health risk of Salmonella contamination of chicken 91 
parts with different levels of all serotypes and risk from specific high-virulent and low-92 
virulent serotypes using public data collected by USDA-FSIS to define level and serotype 93 
inputs. Poultry products are good for exploring the public health impact of food 94 
contaminated with different levels and serotypes of Salmonella because of the large 95 
amount of contamination data available. This work advances previous risk assessment 96 
efforts by comparing results from increasingly complex DR approaches, with the most 97 
complex approach using epidemiological and human challenge data to model different 98 
serotype-specific DR relationships for four commonly recovered serotypes in chicken 99 
parts (Teunis, 2022). This work also compares results from using Salmonella 100 
enumeration data from a chicken parts baseline study from 2012 that was used in the 101 
previous QMRA effort (Lambertini et al., 2019), to results derived from using recent 2023 102 
USDA-FSIS HACCP verification data for chicken parts (USDA-FSIS, 2023b). This data 103 
was obtained with qPCR, which has a much higher upper limit of quantification making it 104 
possible to better observe and model the high-level tail of the Salmonella level 105 
distribution. 106 

Material and methods 107 

Modeling overview 108 
The main steps considered in the QMRA are shown in Figure 1. Salmonella in raw chicken 109 
parts was modeled from finished product packaging to consumption. For the Salmonella 110 
contamination distribution, two datasets from USDA-FSIS were collected and used (see 111 
Table 1). The QMRA focused on the assessment of the proportion of illnesses coming 112 
from products contaminated with certain levels [>LOD (=1/30 mL, equivalent to 0.0074 113 
CFU/g), >1 CFU/g, >10 CFU/g] of all Salmonella or serotypes of interest including high-114 
virulent serotypes (Enteritidis, Infantis, and Typhimurium) and a low-virulent serotype 115 
(Kentucky). The dose in one serving was calculated by multiplying values drawn from 116 
Salmonella level and serving size distributions. Then, a scaling factor was applied to 117 
reduce Salmonella levels to account for the retail and consumer between raw product 118 
packaging and consumption, such as consumer cooking. The scaling factor was set to 119 
match the average probability of illness to a baseline probability of illness, about 2 in a 120 
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million, calculated using public health data. For the risk characterization, three 121 
approaches with different complexities in DR models were used to assess the public 122 
health risk from different serotypes: (1) One DR model for all serotypes; (2) Reduced 123 
virulence for Kentucky; (3) Multiple serotype-specific DR models. Each approach was 124 
used to assess and compare the public health risk residing in chicken parts contaminated 125 
with different levels of all Salmonella and high(Enteritidis, Infantis, Typhimurium) or low-126 
virulent (Kentucky) serotypes. A relative risk output was defined as an expected 127 
proportion of illnesses caused by products meeting certain contamination conditions 128 
compared to all illnesses predicted from a scenario.  129 

Salmonella contamination data collection for chicken parts 130 
The project obtained two different datasets including The Nationwide Microbiological 131 
Baseline Data Collection Program: Raw Chicken Parts Survey (hereafter “Baseline parts 132 
survey”) (USDA-FSIS, 2012) and USDA-FSIS routine microbiological sampling of raw 133 
chicken parts (hereafter “HACCP verification data”). Baseline parts survey data was 134 
obtained through a Freedom of Information Act (FOIA) request. HACCP verification data 135 
was obtained from the USDA-FSIS Laboratory Sampling Data webpage (USDA-FSIS, 136 
2023b). A summary of collected data is shown in Table 1. 137 

Three types of information were extracted from the datasets: (1) the Salmonella 138 
presence/absence screening test result; (2) the enumeration results based on Most 139 
Probable Number (MPN) assay in Baseline parts survey and qPCR assay (GENE-UP™ 140 
QUANT Salmonella) in HACCP verification data; and (3) Salmonella serotypes using 141 
Pulsed-Field Gel Electrophoresis (PFGE) in Baseline parts survey and Whole Genome 142 
Sequencing (WGS) in HACCP verification data. We assumed all sample collection and 143 
assays were conducted as intended, following protocols in Microbial Laboratory 144 
Guidebook (MLG) 4.14. Isolation and Identification of Salmonella (USDA-FSIS, 2023c). 145 
For chicken parts sampling, FSIS inspectors prepared rinsate samples by rinsing 1,814 146 
g (4 lb) of chicken using 400 mL of Buffered Peptone Water (BPW) and sent 30 mL of 147 
rinsate sample to the lab. Then, the rinsate sample was enriched and screened through 148 
3M™ Molecular Detection System. The primary screening result was recorded as positive 149 
or negative (LOD = 1 CFU/30 mL, equivalent to 0.0074 CFU/g) (Lambertini et al., 2019). 150 
Only samples scored positive on primary screening were used to determine the 151 
Salmonella level and serotypes. 152 

Salmonella contamination data fitting for level and serotype distributions 153 
This study used a censored data analysis approach based on the limit of detection of the 154 
presence/absence screening assay (LOD = 1 CFU/30 mL) and the quantifiable range of 155 
enumeration methods (MPN: 0.33-11 MPN/mL rinse which translates to 0.007 to 2.4 156 
CFU/g and qPCR: 10-107 CFU/mL rinse which translates to 2.2-2.2x106 CFU/g using the 157 
volume and weight used for the assay, respectively) to estimate the Salmonella level for 158 
chicken parts (USDA-FSIS, 2014). MPN assay result data were fitted to a Lognormal 159 
distribution using a Bayesian latent variable hierarchical model introduced by Williams 160 
and Ebel (2012) and as applied by Lambertini et al. (2021). This method was used to deal 161 
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with uncertainty in the MPN estimates. To fit the censored data from qPCR enumeration 162 
to a Lognormal distribution, the “fitdistrplus” package was used (Delignette-Muller & 163 
Dutang, 2015). Records with negative screening results were left-censored to lower than 164 
the LOD (1 CFU/30 mL, equivalent to 0.0074 CFU/g). Records with positive screening 165 
results and <10 CFU/mL were Interval censored between LOD (1 CFU/30 mL, equivalent 166 
to 0.0074 CFU/g) and 10 CFU/mL. Observations within the qPCR quantification range 167 
(10-10,000,000 CFU/mL) were not censored. No record was right censored, as no result 168 
above 10,000,000 CFU/mL was observed.  169 

A summary of all fits is provided in Table 2, with the observed counts from each dataset 170 
and expected proportion from fitted distribution within Salmonella levels of interest [> LOD 171 
(1 CFU/30 mL, equivalent to 0.0074 CFU/g), >1 CFU/g, >10 CFU/g]. The Salmonella level 172 
distribution fit model code is provided in GitHub, and was coded in R (R Core Team, 173 
2023), Just Another Gibbs Sampler (JAGS) (Plummer, 2022), using the R package “rjags” 174 
package (Plummer et al., 2023). Additionally, the packages “readxl” (Wickham & Bryan, 175 
2023), “stringr” (Wickham, 2022), “pastecs” (Grosjean & Ibanez, 2018), “knitr” (Xie, 2023), 176 
and “MASS” (Ripley & Venables, 2023) were also used in overall data management. 177 

Serotype distributions from the Baseline parts survey from 2012 and two different time 178 
periods HACCP verification data (03/26/2015- 07/01/2022 and 10/03/2022-06/30/2023) 179 
are shown in Table 3. For the QMRA serotype distribution input, HACCP verification data 180 
from 2015 to 2022 was used to have more data points with a similar number of samples 181 
each year over a long recent period of time. Baseline parts survey serotype distribution 182 
was not used to avoid over-sampling from one specific year. The recently released 183 
serotype data from 10/03/2022-06/30/2023 was not used in this study because this data 184 
became available after we started using the 2015-2022 serotype distribution for the 185 
QMRA. One serotype for every serving was randomly selected from this serotype 186 
distribution to represent the serotype in one serving.  187 

In summary, we used the Baseline parts survey and HACCP verification data to represent 188 
the different Salmonella level distributions, which we modeled separately to check for the 189 
impact of uncertainty in the level distribution. Conversely, we used a single serotype 190 
distribution from HACCP verification data spanning the time between both datasets used 191 
for levels as this provided a larger and more robust set of data for the serotype distribution. 192 

Candidate Final Product Standards  193 
The model was designed to first check if the level is above a certain level threshold. Then 194 
it checks if the serotype in the serving is a serotype of interest or not. Salmonella levels 195 
of interest were set at LOD, 1 CFU/g and 10 CFU/g. LOD was set as a level of interest 196 
based on current prevalence-based Salmonella performance standards. 1 CFU/g was 197 
selected as a representative level for being the threshold for NRTE breaded chicken 198 
products. 10 CFU/g was set to test a higher level than 1 CFU/g.  199 

High-virulent and low-virulent serotypes were selected based on the scientific evidence 200 
showing the relationship between human illnesses and serotypes. Table 3 lists serotypes 201 
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that were considered for serotype-specific DR models in this study and the reason for 202 
that. High-virulent serotypes considered in this study were Enteritidis, Infantis, and 203 
Typhimurium because they are often related to human illnesses and USDA-FSIS also 204 
considered these three serotypes as KPIs for raw chicken products. As our risk 205 
assessment was specific for the U.S., Kentucky was considered a low-virulent serotype 206 
as it rarely causes human illness in the U.S. (few reported cases) but is one of the 207 
serotypes most commonly recovered from chicken products in the U.S. Thus, a scenario 208 
of excluding Kentucky was evaluated.  209 

Candidate final product standards investigated for the public health risk were (1) “level 210 
only” assuming Salmonella above a certain level is targeted (2) “level&high-virulent (KPI) 211 
serotypes” focusing on high-levels of high-virulent Salmonella, (3) “level&exclude low-212 
virulent serotype Kentucky” focusing on the high-levels of all Salmonella but Kentucky to 213 
see how letting Kentucky pass through the system affects the overall risk. 214 

Simulating Salmonella dose in one serving using a scaling factor to adjust for retail 215 
to consumer handling practices 216 
The total dose of Salmonella per serving was calculated by multiplying observations from 217 
the Salmonella level distribution and the serving size distribution. For the Salmonella level 218 
distribution, Lognormal distribution parameters [Baseline parts survey: (μ=-3.19, σ=1.29), 219 
HACCP verification data: (μ=-4.85, σ=2.44)] were used. A previously published serving 220 
size distribution (Lambertini et al., 2019), with a mean of 2.06 Log g and a standard 221 
deviation of 0.23 Log g, was used; these data came from the NHANES data for chicken 222 
breast consumption (CDC, 2018).  223 

A scaling factor representing multiple Log reductions was used to adjust for the fact that 224 
the input Salmonella distribution is raw chicken parts, but obviously people rarely 225 
consume chicken raw. Therefore, the scaling factor provides an aggregate Log reduction 226 
from finished product packaging to consumption that represents the overall effect of retail, 227 
consumer handling, and cooking practices.  The value of this scaling factor was set to 228 
match the baseline mean probability of illness model output to the order of magnitude of 229 
the incidence of salmonellosis associated with chicken consumption in the U.S. The 230 
nationwide consumption of chicken was estimated based on 30.9 kg (61.8 lb) of chicken 231 
per capita consumption (USDA-FSIS, 2023). The serving size was estimated to be 114 g 232 
(as per above, 10^2.06 log g per serving) equating to around 271 servings of chicken per 233 
person in a year. When considering the U.S. population of about 332 million people on 234 
July 1st 2021 (United States Census Bureau, 2023), it can then be calculated that the total 235 
chicken servings per year in the U.S. is around 90 billion servings which was calculated 236 
by multiplying the U.S. population by the number of servings per person. The number of 237 
foodborne illness attributable to chicken was calculated by multiplying a mean estimated 238 
number of 1,027,561 domestically acquired salmonellosis cases in a year from Scallan et 239 
al. (2011) by 17.3% of foodborne disease attributed to Salmonella in chicken from 2020 240 
data reported in 2022 (most current number at the time of our calculation) (The 241 
Interagency Food Safety Analytics Collaboration, 2022) leading to 177,768 salmonellosis 242 
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cases attributed to chicken. Using the values calculated above, the probability of illness 243 
in one serving can be obtained by dividing the amount of foodborne illness attributed to 244 
Salmonella in a year (177,768 cases) by the total number of chicken servings 245 
(89,969,366,913 servings) consumed. The resulting calculation produces an estimate of 246 
about 2 salmonellosis cases per 1 million servings of chicken consumed. The scaling 247 
factor for each model was calculated to match the average probability of illness to this 248 
baseline by running the model with 10 of 100,000 iterations with Monte Carlo simulation. 249 
When the mean of 10 simulations matches the baseline probability of illness (about 2 in 250 
a million), the scaling factor was saved for use in the QMRA.  251 

Risk characterization 252 
For the risk characterization, three different DR model approaches with different 253 
complexities were used to assess the public health risk from different serotypes: (1) 254 
WHO/FAO (2002) DR model parameters using for all serotypes; (2) Serotype Anatum DR 255 
model parameters representing low virulent serotype Kentucky and WHO/FAO (2002) 256 
model parameters assigned for non-Kentucky serotypes; (3) Teunis (2022) four serotype-257 
specific DR model parameters assigned to 7 serotypes and randomly assigning 1 of 4 DR 258 
model parameters to other serotypes. Table 4 summarizes which DR model parameter is 259 
assigned to which serotype and the reasoning for assigning. The average probability of 260 
illness in a serving is characterized by simulating 1 million servings. 261 

The probability of illness per serving was estimated using two DR models.  262 

The first one is the Beta-Poisson DR equation (eq 1), where S.F. is the scaling factor, and 263 
α and β values are parameters of the distribution for calculating the probability of illness 264 
(Pill). Beta-Poisson model was used for all serotypes of Salmonella (WHO/FAO, 2002) 265 
and Salmonella Anatum from QMRA wiki (https://qmrawiki.org/experiments/salmonella-266 
anatum). For Beta-Poisson DR model, Probability of illness is characterized as  267 

 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 = 1 −  (1 + 𝑆𝑆.𝐹𝐹.×𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝛽𝛽

)−𝛼𝛼  (1) 268 

The second model is a hierarchical Beta-Poisson DR model (eq 2) for serotype-specific 269 
DR model parameters extracted from Teunis (2022). Among 14 serotype-specific DR 270 
model parameters provided, only four serotype-specific DR model parameters 271 
(Enteritidis, Heidelberg, Typhimurium and Anatum) were used here to simulate the 272 
serotype-specific probability of illness as they represented serotypes of interest and 273 
showed appropriate sample size in outbreak data (n ≥ 100 data points), and reliable 274 
human challenge studies.  275 

Teunis (2022) serotype-specific DR models follow these two hierarchical DR functions. 276 
The probability of illness for a given dose (Pill|dose) is conditional (Pill|inf) on infection from a 277 
given dose (Pinf|dose), as  278 

 𝑃𝑃(𝑖𝑖𝑖𝑖𝑖𝑖|𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) = 𝑃𝑃(𝑖𝑖𝑖𝑖𝑖𝑖|𝑖𝑖𝑖𝑖𝑖𝑖) × 𝑃𝑃(𝑖𝑖𝑖𝑖𝑖𝑖|𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)  (2) 279 
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Where the probability of infection (Pinf) is defined by the hypergeometric Beta-Poisson 280 
model (Teunis & Havelaar, 2000) using serotype-specific Teunis (2022) microbial 281 
infection parameters  282 

 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 = 1 − 1𝐹𝐹1(𝛼𝛼,𝛼𝛼 + 𝛽𝛽,−𝑆𝑆.𝐹𝐹.𝑋𝑋 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)  (3) 283 

Then the probability of illness given infection uses a hazard model of illness  284 

 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖|𝑖𝑖𝑖𝑖𝑖𝑖 = 1 −  (1 + 𝑆𝑆.𝐹𝐹.×𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜂𝜂

)−𝑟𝑟  (4) 285 

For equations 3 and 4, four parameters α, β, η, 𝑟𝑟 are extracted from Teunis (2022) and 286 
provided in Table S1.  287 

For the risk assessment, relative risk is defined as the proportion of illnesses expected 288 
from products with certain types of contamination. The proportion of finished products 289 
meeting the described contamination was also obtained from the 1 million iterations of 290 
the Monte Carlo simulation. The number of servings from products with certain levels of 291 
all Salmonella or serotypes of interest was calculated by multiplying the proportion by 292 
about 90 billion estimated total number of chicken servings in a year. The mean probability 293 
of illness from the products with certain levels of all Salmonella or serotypes of interest 294 
was then multiplied by the number of servings that are coming from the products with the 295 
contamination described. This estimated number of illnesses was then divided by the total 296 
number of illnesses expected in a year from all servings consumed. The relative risk was 297 
compared between three different QMRA approaches and two different Salmonella level 298 
distributions. 299 

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (%)  =300 
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑎𝑎𝑎𝑎𝑎𝑎 𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
  ∗ 100 (5) 301 

Data and Model availability  302 

The QMRA for this study was developed in both R and @risk. R code used for this study 303 
was developed in R version 4.1.1. (R Core Team, 2021). All QMRA models and datasets 304 
used in this study are accessible at https://github.com/foodsafetylab/Kim-2024-305 
PoultrySalmonellaModels. 306 

  307 
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Results  308 

Publicly available finished product chicken parts datasets show rare contamination 309 
with Salmonella above 1 CFU/g. 310 
Enumeration data from two different USDA-FSIS finished chicken parts datasets were 311 
used to compare Salmonella contamination at different levels (Table 2). The Baseline 312 
parts survey data from 2012 shows 722 of 2,296 (28.9%) samples tested positive using 313 
a rinse of 4 lb of parts in 400 ml of buffer, enriching and quantifying a 30 ml portion (for 314 
LOD of 1 CFU / 30 ml in rinsate, so 0.0074 CFU/g in parts). Focusing on the high-level 315 
tail, only 38 (1.52%) samples tested above 1 CFU/g, and the observed MPN results had 316 
an upper limit of 11 MPN/mL rinse, which was 2.4 CFU/g parts (so it was not possible to 317 
directly observe if samples were above 10 CFU/g). A distribution fitting process 318 
accounting for the lower detection and upper quantification limits (left and right censored 319 
data) gave a lognormal distribution with a mean of -3.19 Log(CFU/g) and a standard 320 
deviation of 1.29 Log(CFU/g). This distribution implies a 20.6% Salmonella prevalence 321 
(% >LOD of 0.0074 CFU/g, lower than observed), with 0.7% of samples above 1 CFU/g 322 
(close to observed), and 0.06% of the samples above 10 CFU/g. 323 

The more recent HACCP verification data collected from Jan. to jun. 2023 shows that 539 324 
of 6,200 (8.7%) chicken part samples tested positive. This more recent data used qPCR 325 
for quantification, not MPN as in the Baseline parts survey, which was more sensitive to 326 
the higher-level tail. For HACCP verification data, 56 (0.9%) samples tested above 2.2 327 
CFU/g (the lower limit of quantification, lower LOQ, binned in Table 2 as > 1 CFU/g) and 328 
25 (0.4%) tested above 10 CFU/g. These data also included 461 positive samples that 329 
tested less than the lower LOQ (binned as positive in Table 2). These samples are 330 
analyzed as interval-censored (> LOD of 0.0074 CFU/g and < lower LOQ of 2.2 CFU/g 331 
parts from the assay lower LOQ of < 10 CFU/ml rinse). A distribution process accounting 332 
for the lower detection and quantification limits (left and interval censored data) gave a 333 
Lognormal distribution with a mean of -4.85 Log(CFU/g) and a standard deviation of 2.44 334 
Log(CFU/g). This distribution implies a 13.2% Salmonella prevalence (above observed), 335 
with 2.3% of samples above 1 CFU/g (close to observed), and 0.8% above 10 CFU/g 336 
(close to observed).  337 

Across datasets, both observed counts and fitted Lognormal distribution showed that a 338 
small proportion of products had contamination above 1 CFU/g. Comparing the two 339 
datasets, the more recent HACCP verification data was estimated to have about 1 Log 340 
lower mean level distribution, but about 1 Log greater variability. These parameter 341 
estimates are consistent with the observation that the more recent HACCP verification 342 
data shows lower Salmonella prevalence but very likely more samples above the 1 CFU/g 343 
and 10 CFU/g high-level thresholds (differences in quantifiable range prevent direct 344 
comparison of observed frequencies at specific high-level thresholds). 345 

This QMRA estimates chicken parts with finished product contamination above 1 346 
CFU/g Salmonella account for most of the risk, when modelling contamination data 347 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 10, 2024. ; https://doi.org/10.1101/2024.03.08.584166doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.08.584166


Assessing salmonellosis risk in raw chicken parts using QMRA 

Page 11 of 39 
 

from the 2012 Baseline parts survey and a classic WHO/FAO dose response 348 
approach treating all Salmonella serotypes equally. 349 
Table 5 shows the proportion of total salmonellosis risk from chicken parts for those parts 350 
that match a given finished product contamination profile (the ‘relative risk’) across many 351 
different contamination profiles that could represent candidate finished product standards 352 
(rows in the table) and assumptions regarding input contamination data and DR model 353 
approaches (columns). Each result was collected with 1 million Monte Carlo iterations in 354 
R, where the mean risk of illness for the product with a given contamination profile was 355 
compared to the risk for all products (under those assumptions for contamination 356 
distribution and DR model approach), such that the baseline risk from products with all 357 
levels and all serotypes is always 100%.  358 

The most appropriate starting point to present results is those assuming contamination 359 
from the Baseline parts survey and using the WHO/FAO(2002) DR model approach that 360 
treats all serotypes equally (4th and 5th columns), as these assumptions are most 361 
consistent with previous risk assessments. For these assumptions, 98.4% of illnesses 362 
were attributed to the 20.7% of finished chicken parts that have Salmonella levels above 363 
the typical assay LOD of 0.0074 CFU/g. Further, 68.1% of illnesses were attributed to the 364 
0.7% of finished products above 1 CFU/g and 37.4% of illnesses were attributed to the 365 
0.06% of finished products above 10 CFU/g. Therefore, under these assumptions, most 366 
of the illnesses from chicken parts are predicted to be from finished products 367 
contaminated with more than 1 CFU/g.  368 

When accounting for serotype-specific dose-response models, the estimated 369 
relative risk of salmonellosis caused by finished products above 1 CFU/g increases 370 
to almost all the total risk. 371 
The next two DR model approaches model increasingly complex treatment of serotype-372 
specific risk, first reducing the virulence of Kentucky (Table 5, 6th column), then using 4 373 
different serotype-specific DR parameters sets to represent the range of Salmonella 374 
serotypes (Table 5, 7th column). Simply reducing Kentucky virulence has almost no 375 
impact on the relative risk of products contaminated with high-levels of any Salmonella. 376 
Accounting more fully for serotype-specific virulence noticeably increases the relative risk 377 
associated with high-level contamination, from 68.1% to 91.5% for products above 1 378 
CFU/g and from 37.4% to 63.7% for products above 10 CFU/g, still using the Baseline 379 
parts survey contamination. The QMRA also predicts a small increase in illness risk 380 
associated with the 20.7% of products with detectable contamination, from 98.4% to 381 
99.8%.  382 

Having a serotype-specific DR model makes it possible to examine the relative risk 383 
presented by various serotypes and levels of contamination. The bar plots at top of Figure 384 
2 visualize these relative risks for products above the level threshold on the right side of 385 
dashed line, breaking these apart by serotype groups of interest, and also products below 386 
the level threshold on the left side. The density plots below the bar plots visualize the 387 
proportion of finished products that are above or below the level thresholds for both input 388 
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contamination datasets. The results that assume the Baseline parts survey 389 
contamination, show that the single grouping with the most illness attributed (75.3%) is 390 
the three KPI serotypes (Enteritidis, Infantis, and Typhimurium) above the given level 391 
thresholds. Salmonella Kentucky is predicted to be responsible for relatively few illnesses, 392 
even when above the relatively high-level thresholds. 393 

When assuming contamination consistent with more recent chicken parts HACCP 394 
verification data, the higher though still rare fraction of products with very high-395 
level contamination (0.8% above 10 CFU/g) is estimated to contain virtually all of 396 
the public health risk.  397 
The more recent HACCP verification data shows a lower prevalence, but larger tail of 398 
high-level contamination, which is modeled as a contamination input distribution with a 399 
lower mean but higher deviation (Table 5, last 4 columns, and Figure 2). Using these 400 
data, virtually all the risk (99.61%) is attributable to the 0.8% of products above 10 CFU/g, 401 
using the WHO/FAO DR model approach treating all serotypes equally. Risk is even more 402 
concentrated (99.99% or more) in products above 10 CFU/g using the serotype-specific 403 
DR model approach. Products with detectable Salmonella level now represent more than 404 
99.998% of risk across all DR model approaches. Further, 78.7% of total risk is 405 
attributable to the 0.4% of products with three KPI serotypes when present above the 10 406 
CFU/g level thresholds (Figure 2).  407 

Final product standards that target relatively high-levels of high-virulent serotypes 408 
would target finished products responsible for a large fraction of public health risk 409 
while implicating a smaller fraction of finished products.  410 
Figure 2 shows that most of the public health risk is in the relatively small fraction of 411 
finished products contaminated above 1 CFU/g or 10 CFU/g, and particularly those 412 
contaminated with high-virulent serotypes including Enteritidis, Infantis, and Typhimurium 413 
across both finished product contamination datasets. Therefore, we modeled the relative 414 
risk of products that would be implicated by candidate finished products standards that 415 
apply not just to levels (e.g., > 10 CFU/g) but also what serotypes the standards would 416 
apply to (e.g., current KPI serotypes).  417 

One analysis was a finished product standard that applies to only selected high-virulent 418 
serotypes (specifically Enteritidis, Infantis, and Typhimurium as the current USDA-FSIS 419 
KPI serotypes as of late 2023, middle rows of Table 5). Modelling the contamination from 420 
the Baseline parts survey, and using the full serotype-specific DR approach, 75.3%, 421 
69.0%, and 47.8% of relative risk was attributed to products contaminated with 422 
detectable, >1, and >10 CFU/g respectively. The more interesting thing is the comparison 423 
between these results and the level-only standard. While 99.9% of relative risk is present 424 
in the 20.7% of products with detectable Salmonella, 75.3% of the total risk is present in 425 
the only 10.6% of products with detectable current KPI serotypes, suggesting most of the 426 
risk is in about half of the detectably contaminated products. Similarly, while 91.5% of the 427 
risk is in 0.6% of products with contamination >1 CFU/g of all serotypes, 69.0% of the risk 428 
is in the 0.3% of products with KPI serotypes >1 CFU/g. Furthermore, 63.7% of the risk 429 
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is in the 0.06% contaminated by all serotypes >10 CFU/g and 47.8% of the risk is in the 430 
0.03% contaminated by KPI serotypes >10 CFU/g. In all cases, standards that target only 431 
KPI serotypes would implicate about half the product and retain more than half the public 432 
health benefit, suggesting a path to effective illness reduction that meets the 25% Healthy 433 
People 2023 target. 434 

When modelling the newer HACCP verification data, the overall trend is still present that 435 
risk can be more efficiently reduced by targeting specific serotypes, although the specifics 436 
differ. In these results, level-only standards would remove almost all the public health risk 437 
(99.99+%), but targeting only the current KPI serotypes would remove about 78.7% of 438 
relative risk while still implicating only about half the overall product. It is also worth noting 439 
that the same standards apply much less effectively when assuming the WHO/FAO(2002) 440 
DR approach treating all serotypes equally, which is a logical consequence of the DR 441 
model and further justification for work to use serotype-specific DR models for risk 442 
assessment.  443 

As a logical converse to the above analyses targeting high-virulent serotypes, we also 444 
modeled standards that permit the presence of a low virulent serotype (specifically 445 
allowing Kentucky at any contamination level, bottom rows of Table 5). Applying this 446 
finished product standards approach to the contamination representing the Baseline parts 447 
survey, the relative risk was 99.9%, 91.5%, and 63.7%, for contamination detectable, >1, 448 
or > 10 CFU/g, respectively. Critically, these numbers are essentially the same as for the 449 
only level-based standards and do implicate about 30% less product; the same trend 450 
appears in the results for the DR approach that explicitly reduces Kentucky virulence from 451 
the single WHO/FAO DR base approach. For the contamination profile representing the 452 
newer 2023 HACCP verification data, these standards implicate products responsible for 453 
99.7% of relative risk, compared to 99.99% or more for only level-based standards. 454 
Overall, these analyses suggest the finished products contaminated with serotype 455 
Kentucky present a very low public health risk. 456 

Discussion 457 

Because multiple risk assessments show the most risk is from high-levels of 458 
contamination, it is important to accurately measure and model the high-level tail 459 
of the contamination distribution. 460 

This and another recent chicken parts QMRA (Lambertini et al., 2019) show that the risk 461 
is concentrated in products with the high-levels of Salmonella (products >1 MPN/g and 462 
>10 MPN/g), as do studies in ground turkey (Lambertini et al., 2021; Sampedro et al., 463 
2024) and ground beef (Strickland et al., 2023). But all these studies model product 464 
contamination data collected using MPN method for the enumeration (in our case the 465 
Baseline parts survey data), which unfortunately has an upper limit of quantification lower 466 
than levels responsible for much of the risk (assay limit of 11 MPN/ml, here parts rinse, 467 
which translates to 2.4 CFU/g parts). So, it is not possible to directly observe, e.g., 468 
contamination at or above 10 CFU/g.  469 
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The current best practice for building a risk assessment accounting for the unobserved 470 
higher-level tail of contamination has been to fit an underlying statistical distribution to 471 
these ‘censored’ data such that the fitted distribution gives results that would reasonably 472 
reproduce the observed pattern of both quantifiable and outside the quantification limit 473 
data. Our work uses a Bayesian latent variable hierarchical model suggested by Williams 474 
and Ebel (2012) specifically for MPN data, and was previously applied in the risk 475 
assessments by Lambertini et al. (2019, 2021). This method reasonably assumes the 476 
observed data comes from an underlying Lognormal distribution, which is commonly used 477 
for modelling chicken product contamination distributions (Jongenburger et al., 2015). 478 
The method also gives more precise and less biased parameter estimates than Maximum 479 
Likelihood Estimation (Williams & Ebel, 2012). Our analysis fitting the censored data 480 
predicts approximately 0.06% of chicken parts represented in the Baseline parts survey 481 
data would have contamination > 10 CFU/g, but one would have much greater confidence 482 
in this estimate of the tail of the distribution if one could directly observe contamination at 483 
that level.  484 

One major advance in our work is that this is the first chicken risk assessment (to our 485 
knowledge) that uses public Salmonella data for chicken parts contamination that directly 486 
measures contamination in the high-level tail. Specifically, our study evaluates 2023 487 
HACCP verification data which uses qPCR for enumeration, a method with higher and 488 
wider quantification range than MPN (qPCR: 10 to 107 CFU/mL rinse compared to MPN: 489 
0.33 to 11 MPN/mL rinse, which translates to qPCR 2.2 to 2.2x106 CFU/g parts compared 490 
to MPN 0.007 to 2.4 CFU/g parts). The modest tradeoff between these methods is that 491 
when using qPCR in combination with the limit of quantification (2.2 to 2.2x106 CFU/g 492 
parts) is wider than for MPN (0.007 to 2.4 CFU/g parts). An even more sensitive method, 493 
such as MPN-qPCR-Shortened Incubation Time (SIT) introduced by Kim et al. (2017), 494 
could possibly resolve the tradeoff between quantifying the highest levels and those just 495 
above those detected by enrichment. Still, censored data analysis can accommodate any 496 
range of ‘interval censored’ data. The input 2023 HACCP verification data had 0.4% of 497 
samples >10 CFU/g, and the fitted distribution had 0.8% of contamination >10 CFU/g, 498 
which is a reasonable fit to the now observable highest risk tail, while still reproducing the 499 
prevalence in the data reasonably (observed 8.7% positive, fitted 13.2% above the 500 
detection threshold). In contrast, the older 2012 Baseline parts survey data showed a 501 
higher overall prevalence (observed 28.9%, fitted 20.6%), with a small tail of high-level 502 
contamination (1.5% observed > 1 CFU/g, fitted as 0.6%, with no ability to observe > 10 503 
CFU/g, fitted as 0.06%). It seems to be a valuable advance in data to support risk 504 
assessment to directly measure the highest levels, and to give direct support to the 505 
distribution fitting processes to model those levels, given that risk becomes increasingly 506 
concentrated at higher levels of contamination. Such effort to more accurately model high-507 
level tails is very important in this case, where the more recent data suggests a decrease 508 
in overall prevalence, but indicates a possible increase in the high-level contamination 509 
tail.  510 
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High-virulent serotypes are commonly found in finished product samples, so it is 511 
important to accurately assess risk using serotype-specific dose-response 512 
models.  513 

There is substantial evidence that the >2,600 Salmonella serotypes can differ in virulence 514 
and public health risk (Fierer & Guiney, 2001; Grimont & Weill, 2007; Jones et al., 2008) 515 
with clear genomic and epidemiologic data that isolates representing some serotypes and 516 
clades show a substantially lower or higher risk of causing human illness (Fenske et al., 517 
2023; Teunis, 2022). However, no previously published poultry QMRA adequately 518 
modeled risk comparing factors including prevalence and level with a comprehensive 519 
treatment of serotype-specific DR model (NACMCF, 2024).  520 

Our study used three different DR approaches to illustrate the implications and 521 
importance of serotype-specific DR models. In our simplest approach, treating all 522 
serotypes as equally virulent (with contamination consistent with the Baseline parts 523 
survey data), about half of the risk in products with high-levels (>10 CFU/g, which 524 
represents about 37% of the total risk) was from those with high-levels of high-virulent 525 
serotypes (19% of the 37% total) because three high-virulent serotypes account for about 526 
half of serotype prevalence in chicken parts as you can see in 4th column of Table 3. In 527 
the slightly more complex approach where we explicitly lowered the virulence of 528 
Kentucky, about two-thirds of the risk from high-level products was from high-virulent 529 
serotypes (26% of the 37% total). Two other risk assessments used a conceptually similar 530 
approach, assigning reduced virulence DR parameters to low-virulent serotypes though 531 
not just Kentucky, and reported a similar result that most illnesses were attributed to high-532 
virulent serotypes in turkey (Sampedro et al., 2024) and beef (Strickland et al., 2023) 533 
products.  534 

This study is the first risk assessment for chicken combining impacts of high-level 535 
contamination with a more complete serotype-specific DR approach. Specifically, the four 536 
most commonly recovered serotypes from chickens (Kentucky, Enteritidis, Infantis and 537 
Typhimurium), as well as a few others where data were available, were assigned the DR 538 
model parameters from Teunis (2022), which used epidemiological outbreak data (for 539 
high-virulent serotypes) and human feeding trials data (for low-virulent serotypes). We 540 
also adopted the source work’s approach to separately model the probability of infection 541 
and illness if infected, and the correlation between parameters. Using this more complete 542 
serotype-specific DR approach (and assuming Salmonella input level from the Baseline 543 
parts survey data), indicates that about two-thirds (67%) of the total risk was in products 544 
with high-levels (>10 CFU/g), and still about two-thirds of that risk was attributable to the 545 
current KPI serotypes >10 CFU/g (48% of the 67% total), with virtually no risk coming 546 
from Kentucky. This trend is even more extreme in the scenario assuming the 2023 547 
HACCP verification data Salmonella input level distribution, with a larger high-level tail, 548 
where virtually all the risk is in the high-level tails, and 79% of the total risk is attributed to 549 
KPI serotypes. In this case, still almost no risk (0.3%) is attributable to Kentucky, even 550 
though this serotype represents about 30% of the contamination at all level thresholds.  551 
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One limitation in this serotype-specific risk assessment approach is that we assumed only 552 
one serotype exists in any given product. We took this approach as the current HACCP 553 
verification data only reports a single serotype for a sample, due to methodological 554 
limitations. A new method suggested by Thompson et al. (2018) can identify multiple 555 
serotypes from one sample using sequencing of CRISPR spacers present in the sample; 556 
a recent study using this method found that only 3 out of 38 post-chill carcass samples 557 
contained multiple serotypes (Richards, Siceloff, et al., 2023). In addition, the same study 558 
found that Kentucky and the three KPI serotypes (Enteritidis, Infantis and Typhimurium) 559 
were still the most frequently identified serotypes, suggesting the assumption of a single 560 
serotype for contamination will not bias these serotype-specific model results in any 561 
obvious direction. 562 

These results suggest one could efficiently manage food safety risk using 563 
strategies that target the small fraction of the highest risk products. 564 

As previously discussed, our QMRA (and others) showed concentrated risk in the small 565 
fraction of products contaminated with high-levels of Salmonella, and even more 566 
concentrated risk in products with high-levels of high-virulent serotypes. These risk 567 
assessment results imply that it would be both effective and efficient to develop and 568 
implement practical risk management strategies focusing on reducing the small fraction 569 
of high-level Salmonella contamination, and/or specifically high-virulent serotypes.  570 

There are different ways to interpret this risk assessment result. First, if one assumes 571 
perfect sampling and testing could identify and eliminate every product with contamination 572 
above a given threshold, our results assess the risk reduction expected from eliminating 573 
that contamination from the food supply. Obviously, perfect sampling and testing are 574 
neither realistic nor practical, but these results could then inform a plausible maximum 575 
effect of a test and reject strategy. Other risk assessments have extensively modeled the 576 
impacts of different within lot variability (Lambertini et al., 2019; Lambertini et al., 2021), 577 
and different sampling and testing plan assumptions (Sampedro et al., 2024), which can 578 
be seen as a way to put these ‘perfect test’ results into context. 579 

Another way to interpret this risk assessment results is to use improved process controls 580 
(Cohn et al., 2023) to dramatically reduce the likelihood of a high-level and/or high-virulent 581 
serotype product, which could then provide a meaningful level of risk reduction. One 582 
process control strategy could be adopting control limits for total Salmonella levels, such 583 
as setting an internal upper control limit to something observable and actionable (e.g., >1 584 
CFU/g), and setting an upper specification limit to something indicative of a true public 585 
health failure (e.g., >10 CFU/g). Such a process control approach would allow for routine 586 
monitoring and process improvement through corrective action, without relying on a lot-587 
specific microbial criterion to identify failed lots. The proposed USDA-FSIS Salmonella 588 
framework does mention the consideration of applying Statistical Process Control (SPC) 589 
to indicator organism testing throughout the sanitary dress process (USDA-FSIS, 2022). 590 
In addition, a paper has explored SPC for various quality indicators in processing facilities 591 
in the European Union (Mataragas et al., 2012) and a few recent papers have explored 592 
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statistical relationships between indicator organisms and Salmonella at different 593 
processing stages. (Chavez-Velado et al., 2024; Williams et al., 2015; Williams et al., 594 
2017), but none directly apply SPC to pathogens directly.  595 

Another process control strategy can be serotype-specific control strategies. One 596 
commonly used example is the vaccination of live birds in poultry houses against one or 597 
a few high-virulent serotypes, e.g., Typhimurium (Dórea et al., 2010; NACMCF, 2024; 598 
Hofacre et al., 2021). The U.S. has seen a substantial decrease in infections caused by 599 
Typhimurium and Heidelberg last 20 years and this seems to match with the timing when 600 
commercial poultry vaccines against Typhimurium became available (NACMCF, 2024). 601 
Another example could be preharvest lotting strategies, where one would test incoming 602 
flocks for high-virulent serotypes and apply additional risk reduction measures to those 603 
flocks. This may include removal of high-virulent flocks from certain secondary 604 
processing, such as grinding, to reduce the risk profile of finished products from those 605 
processes. Alternatively, ‘logistical slaughter’ could be used where high-virulent flocks are 606 
processed at the end of a shift to prevent cross contamination to lower risk and is already 607 
implemented in many countries in EU (Rasschaert et al., 2020). However, the 608 
effectiveness of this approach is unclear yet as the correlation between the preharvest 609 
and finished product is shown to be weak (Nauta et al., 2009; Rasschaert et al., 2008). 610 
More specifically, there is a shift in the recovered serotype distribution between breeder 611 
flocks, chilled carcasses, and finished intact parts (Siceloff et al., 2022), complicating the 612 
relationship between preharvest interventions and finished product outcomes. In addition, 613 
vaccination targeting specific serotypes can create a niche and this niche can be filled by 614 
other serotypes, possibly other high-virulent serotypes (Foley et al., 2011). 615 

A strategy to target risk concentrated in contamination with high-levels or high-616 
virulent serotypes can be applied to other chicken products and other meat and 617 
poultry.  618 

This study used the chicken parts category as a representative product because it is a 619 
widely consumed product with extensive contamination data available. Our results are 620 
consistent with a previous study (Lambertini et al., 2019), which also showed that finished 621 
products with high-level contamination have more risk, a concept relevant to other poultry 622 
and other meat products. Lambertini et al. (2021) modeled ground turkey and suggested 623 
a similar result, that a microbial criterion of 1 cell/g for finished products would lead to an 624 
estimated 46.1% reduction in risk of illness. Another QMRA using ground turkey data 625 
showed removing ground turkey lots contaminated with above 10 MPN/g and 1 MPN/g 626 
will reduce illness about 38.2% and 73.1%, respectively (Sampedro et al., 2024). A QMRA 627 
for ground beef showed a small fraction of high-level products contaminated with above 628 
10 MPN/g and 1 MPN/g contain about 13.6% and 36.7% of risks, respectively (Strickland 629 
et al., 2023). Overall, our data and previous studies across products thus support that 630 
products contaminated with a small fraction of higher level Salmonella have high-virulent.   631 

Importantly, while our study used Salmonella as a proxy to define Salmonella subgroups 632 
that differ in virulence, it is becoming increasingly clear that there is substantial diversity 633 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 10, 2024. ; https://doi.org/10.1101/2024.03.08.584166doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.08.584166


Assessing salmonellosis risk in raw chicken parts using QMRA 

Page 18 of 39 
 

and heterogeneity within many Salmonella serotypes. This is particularly apparent and 634 
important for Salmonella Kentucky, which represents at least two distinct clades, one that 635 
is virulence attenuated and common in chickens in the US (representing predominantly 636 
ST 152) and one that appears highly virulent and often is resistant to multiple antibiotics 637 
(ST 198) (Tate et al., 2022), and potentially other clades when using different 638 
nomenclature (Richards, Kue, et al., 2023).  In our study here, Salmonella Kentucky thus 639 
represents a proxy for Salmonella Kentucky ST 152. In such instances, future risk 640 
assessments will benefit from approaches that consider evolutionary-supported 641 
definitions of Salmonella clades that differ in virulence [for example, as defined by WGS 642 
or Multilocus Sequence Typing (MLST)]. 643 

Conclusions 644 

Contamination with high-levels of high-virulent serotypes is relatively rare in finished 645 
chicken parts. Yet this risk assessment suggests that most of the public health risk from 646 
chicken parts is concentrated in those rare products with high-levels of high-virulent 647 
serotypes.  This conclusion is consistent with multiple previous risk assessments 648 
(Lambertini et al., 2019; Lambertini et al., 2021; Sampedro et al., 2024) for individual 649 
finished poultry products that build more detailed models of potentially confounding 650 
factors like lot-to-lot variation and imperfect testing. Our work advances these previous 651 
efforts by incorporating a serotype-specific DR approach based on epidemiological data 652 
and using more recent HACCP verification data that directly measure the high-level tail 653 
of the Salmonella contamination distribution. Therefore, this study supports a growing 654 
consensus that public health could be improved by Salmonella risk management 655 
strategies targeted to reduce high-levels of high-virulent serotypes so that the poultry 656 
industry is appropriately incentivized to manage the Salmonella risk in finished products 657 
by reducing the highest risk outcomes. In addition, our study supports that limited public 658 
health benefits would be gained from the control of low virulent serotypes (such as the 659 
virulence attenuated Salmonella Kentucky clade circulating in the U.S.) (Tate et al., 2022). 660 
This is important as regulatory policies centered on Salmonella prevalence alone may 661 
implicitly or explicitly encourage reductions of virulence attenuated Salmonella, such as 662 
Kentucky. This may not only not show measurable public health outcomes, but may have 663 
negative consequences, such as facilitating increased prevalence and emergence of 664 
other, possibly high-virulent Salmonella serotypes.  665 
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Tables  889 

Table 1. Summary of collected USDA-FSIS publicly available datasets used in this project to characterize Salmonella 890 
contamination in chicken parts by presence, level, and serotype. 891 

Sampling program Date Available Salmonella relevant data  Number of 
records 

Source 

The Nationwide Microbiological 
Baseline Data Collection Program: 
Raw Chicken Parts Survey  
(Baseline parts survey) 

01/26/2012-
08/14/2012 

Screeninga, serotype, level (MPN)b 
 

2,496 FOIA: 2023-
FSIS-00047-Fd 

USDA-FSIS routine 
microbiological sampling of raw 
chicken parts  
(HACCP verification data) 

01/30/2023-
06/30/2023 

Screening, serotype, level (qPCR)c 
 

6,203 FSIS laboratory 
sampling datae 

10/03/2022- 
01/29/2023 

Screening, serotype 
 

4,928 FSIS laboratory 
sampling data 

03/26/2015-
07/01/2022 

Screening, serotype 
 

70,566 FSIS laboratory 
sampling data 

a Salmonella Screening limit of detection: 1 CFU/30 mL (0.0074 CFU/g) 892 
b Quantifiable range for MPN enumeration method: 0.33-11 CFU/mL (0.0073 MPN/g-2.4 MPN/g) 893 
c Quantifiable range for qPCR enumeration method: 101-107 CFU/mL (4.5x101 CFU/g-4.5x107CFU/g) 894 
d https://www.fsis.usda.gov/sites/default/files/media_file/documents/FOIA-Logs_Q1-2FY23.pdf  895 
e (USDA-FSIS, 2023b)  896 
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Table 2. Observed and fitted proportions of Salmonella in level intervals of interest.  898 

Counts from Total Negative,  
< LODa of  
0.0074 CFU/g 

Positive, 
> LOD of  
0.0074 CFU/g 
 

Positive,  
>1 CFU/g  
 

Positive,  
>10 CFU/g 

Baseline parts survey, data from 01/25/2012-08/13/2012 
Observed 2,496 1,774 

(71.1%) 
722 

(28.9%) 
38 

(1.5%) 
NAb 

Fitted Lognormal (μ =-3.19, σ=1.29)  79.4% 20.6% 0.653% 0.0558% 
HACCP verification data for raw chicken parts, data from 01/30/2023 to 06/30/2023 
Observed 6,200 5,661 

(91.3%) 
539 

(8.7%) 
56c 

(0.9%) 
25 

(0.4%) 

Fitted Lognormal (μ =-4.85, σ=2.44)  86.8% 13.2% 2.3% 0.8% 
a The limit of detection (LOD) was calculated by multiplying the limit of detection of the screening assay by the volume of 899 
rinsate buffer divided by the mass of chicken: (1 MPN/30 mL rinsate) x (400 mL rinsate /1814 g parts) = 0.0074 CFU/g 900 
parts. 901 
b Not available because of MPN method’s maximum quantifiable range is 11 MPN/mL rinsate (about 2.4 CFU/g parts). 902 
c qPCR method’s quantifiable range is from 10 to 10,000,000 CFU/mL. Results reported as <10 CFU/mL values (461 903 
counts total) were counted in the positive bin, but not for positive and >1 CFU/g or >10 CFU/g because the exact value 904 
was not known. Distribution fitting treats these censored data appropriately by interval censoring this between LOD and 905 
10 CFU/g.  906 
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Table 3. Salmonella serotype distributions in three different datasets. A longer intermediate time HACCP verification data 908 
from 2015-2022 was used for QMRA.  909 
Why Included in QMRA 
Model 

Serotype Baseline parts 
survey 

(01/26/2012-
08/14/2012) 

HACCP Verification 
Data 

(03/26/2015-
07/01/2022) 

HACCP Verification 
Data  

(10/03/2022-
06/30/2023) 

Count Frequency Count Frequency Count Frequency 
Commonly found in chicken 
but rare in human illnesses 
(Lower virulence) 

Kentucky 198 30.1% 2,203 29.2% 216 22.6% 

Commonly associated with 
human illnesses in the U.S., 
KPI serotypeb 

Enteritidis 162 24.6% 1,812 24.0% 229 24.0% 

Commonly associated with 
human illnesses in the U.S., 
KPI serotype 

Infantis 11 1.7% 1,414 18.7% 301 31.5% 

Commonly associated with 
human illnesses in the U.S., 
KPI serotype 

Typhimurium 60 9.1% 643 8.5% 108 11.3% 

Association with human 
illness, Good dose-response 
data available in Teunis 
(2022) 

Heidelberg 50 7.6% 225 3.0% 2 0.2% 

Non-motile Typhimurium I 4,[5],12:i:−  93 14.1% 63 0.8% 6 0.6% 

All other serotypes Other 
serotypesc 

84 12.8% 1,195 15.8% 93 9.7% 

Total serotyped counts Every serotype 658 100% 7,555 100% 955 100% 

a For full data, see the ‘Serotype data summary for parts dataset.xlsx’ file in the GitHub repository. 910 
b KPI serotype is a Key Performance Indicator serotype defined by USDA-FSIS (USDA-FSIS, 2023a) 911 
c Other serotypes include all other serotypes as well as any samples where serotypes were unknown such as data 912 
recorded as “Multiple serotypes”.  913 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 10, 2024. ; https://doi.org/10.1101/2024.03.08.584166doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.08.584166


Assessing salmonellosis risk in raw chicken parts using QMRA 

Page 28 of 39 
 

Table 4. QMRA approaches for assigning available dose-response models for various Salmonella serotypes of interest in 914 
this project. 915 

Dose-Response (DR) model used for each Serotype 
Kentucky Enteritidis Heidelberg Infantis Typhimurium I 4,[5],12:i:- Anatum Others 

QMRA approach 1. All serotypes equal  
Beta-Poisson model and parameters from WHO/FAO (2002) for all serotypes 

QMRA approach 2. Reduced virulence for Kentucky  
Anatum DR parameters for 
Beta-Poisson model 
(Center for Advancing 
Microbial Risk Assessment, 
2024) using a McCullogh & 
Elsele (1951) challenge 
study data to represent 
reduced risk of Kentucky 

Beta-Poisson model with parameters from WHO/FAO (2002) for all serotypes that are not Kentucky 

QMRA approach 3. Serotype-specific DR parameters collected from Teunis (2022)a 
Anatum DR parameters 
were used to represent low-
virulent serotype 

Enteritidis 
specific DR 
parameters 

Heidelberg 
specific DR 
parameters, 
representing 
high-virulent 
serotype and 
having reliable 
sample size 
(>100) 

Heidelberg 
specific DR 
parameters 
representing 
high-virulent 
serotype 
because Infantis 
parameters did 
not have 
reliable sample 
size (8) 

Typhimurium 
specific DR 
parameters 

Typhimurium 
specific DR 
parameters 
because 
I 4,[5],12:i:- 
is a non-
motile 
Typhimurium 

Anatum 
DR 
parameters 

Randomly 
assign 1 of 4 
serotype-
specific DR 
parameters 
(Typhimurium, 
Enteritidis, 
Heidelberg, 
Anatum) 

a Hierarchical Beta-Poisson model was used [P(inf) + P(ill|inf)] following multivariate normal hyperdistribution916 
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Table 5. Comparing relative risk of illnesses using two different Salmonella distributions and three dose-response model 917 
approaches.  918 

Final Product Standard being 
evaluateda 

Food loss (% 
products 
meeting 

Implication for 
the 

contamination 
profile 

describedb 

Relative Riskc of Illness per Serving from 
Characterized Contamination Compared to 

Baseline Illnessd 

Food loss (% 
products 
meeting 

Implication for 
the 

contamination 
profile 

describedb 

Relative Riskc of Illness per Serving from 
Characterized Contamination Compared to 

Baseline Illnessd 
Salmonella level distribution input from 

Baseline parts survey 2012 
(μ =-3.19, σ=1.29) 

Salmonella level distribution input from HACCP 
verification data (01/30/2023-06/30-2023) 

(μ =-4.85, σ=2.44) 
Type Level 

(CFU/g) 
Serotypes 
standards 
applied to 

A1. 
All 

serotypes 
equale 

A2. 
 Reduced 
virulence 

Kentuckye 

A3. 
Serotype-

specific DR 
modelse 

A1. 
All 

serotypes 
equale 

A2. 
 Reduced 
virulence 

Kentuckye 

A3. 
Serotype-specific 

DR modelse 

Baseline All All 100% 100% 100% 100% 100% 100% 100% 100% 
           

Level 
only 

>0.0074 All 20.7% 98.4% 98.4% 99.9% 13.3% 99.998% 99.998% 99.9999994% 
>1 All 0.67% 68.1% 68.0% 91.5% 2.3% 99.91% 99.91% 99.9995% 
>10 All 0.059% 37.4% 37.0% 63.7% 0.83% 99.61% 99.6% 99.99% 

           
Level & 
high-
virulent 
(KPI)f 

serotypes 

>0.0074 Enteritidis, 
Infantis, or 
Typhimurium  

10.6% 50.2% 70.2% 75.3% 6.8% 53.2% 69.5% 78.7% 

>1 Enteritidis, 
Infantis, or 
Typhimurium 

0.34% 34.7% 48.4% 69.0% 1.2% 53.1% 69.4% 78.7% 

>10 Enteritidis, 
Infantis, or 
Typhimurium 

0.029% 19.1% 26.3% 47.8% 0.42% 53.0% 69.2% 78.7% 

           
Level & 
exclude 
low-
virulent 
serotype 

>0.0074 All except 
Kentucky 

14.6% 68.7% 97.3% 99.9% 9.4% 74.5% 98.7% 99.7% 
>1 All except 

Kentucky 
0.48% 47.2% 67.3% 91.5% 1.7% 74.4% 98.6% 99.7% 

>10 All except 
Kentucky  

0.041% 25.5% 36.6% 63.7% 0.59% 74.2% 98.3% 99.7% 

a Three candidate final product standards are shown on the left side of the table. On the right side of the standards, the 919 
relative risk from two different Salmonella level distribution inputs  920 
b Proportion of products meeting the described contamination profile was collected from a simulation from A3.   921 
c Relative Risk of Illness per Serving (%) is calculated as: The mean number of illnesses estimated from products meeting 922 
characterized contamination/The mean number of illnesses estimated from all products x 100. The relative risk is 923 
calculated by running one simulation of 1 million iterations in R. Baseline probability of illness in a serving was scaled to 2 924 
illness in a million servings. 925 
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d Different scaling factors were used for each approach and the dataset to match the baseline probability of illness per 926 
serving to about 1.9 in a million (1.9x10-6 illness/serving) based on calculations from public health data (Refer to 927 
Simulating Salmonella dose in one serving using a scaling factor to adjust for retail to consumer handling practices in 928 
materials and methods section). The scaling factor accounts for all customer and consumer handling from packing the 929 
finished product to consumption. Baseline mean illness was calculated by multiplying this baseline probability of illness 930 
per serving and the total number of servings in a year. 931 

e A1: One dose-response model for all serotypes; A2: Reduced virulence for Kentucky; A3: Multiple serotype-specific 932 
dose-response models 933 
f KPI serotype is a Key Performance Indicator serotype which was defined by USDA-FSIS for poultry as Enteritidis, 934 
Infantis and Typhimurium at the time of this work.  935 
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Figures 937 

 938 

Figure 1. Quantitative Microbial Risk Asessment framework used in this study.   939 
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 940 

Figure 2. Comparison of the relative risk of illnesses attributed to various Salmonella serotype groups above or below 941 
given level thresholds. Two Salmonella level distribution inputs were used, and all results represented are from the 942 
serotype-specific dose-response approach (A3). The colored layer at the above part of the figure shows the relative risk 943 
coming from each Salmonella level distribution input. The density functions below visualize Salmonella level distributions 944 
from the two different datasets used. The dashed line separates both risk and level distribution into below and above the 945 
level threshold. The relative risk from different serotypes is divided into three high-virulent KPI serotypes (Enteritidis, 946 
Infantis, and Typhimurium), a low-virulent serotype Kentucky, and other serotypes, each shown as different colors.   947 
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Supplemental Material 948 

Table S1->Salmonella spp. dose-response model parameters used in the QMRA.  949 
QMRA modeling 

approachesa using 
this dose-

response model 

Serotypes dose-
response model 
used for 

Parameters used for 
Infection Illness 

Beta-Poisson model from WHO/FAO (2002) 
A1, A2.  All serotypes NA mean (α) = 0.1324 

mean (β) = 51.45 
Beta-Poisson model from WHO/FAO (2002) with triangular distribution 
A1.1, A2.1  All serotypes NA (α)= Triangular(0.0763,0.1324,0.2274) 

(β)= Triangular(38.49,51.45,57.69) 
Beta-Poisson model from QMRA wiki using data from Meynell G.G. and Meynell E.W. (1958) 
A2 Kentucky NA MLE estimates 

α=3.18 X 10-1 
N50=3.71 X 104 

Hierarchical Beta-Poisson model [P(inf) + P(ill|inf)] following multivariate normal hyperdistribution from Teunis (2022) 
A3 Typhimurium,  

I 4,[5],12:i:− 
mean(w,z)= (-2.83,3.83)  
var(w,z)= (3.89,4.36) 
cov(w,z)=-3.40  

mean(w,z)= (-5.13, 3.77)  
var(w,z)= (2.94,3.93) 
cov(w,z)= -2.84 

Enteritidis mean(w,z)= (7.21x10-2,6.68 X 
10-3)  
var(w,z)= (2.26,1.66) 
cov(w,z)=-1.36 

mean(w,z)= (-2.20,-5.71 X 10-2)  
var(w,z)= (7.00x10-1,6.09 X 10-1) 
cov(w,z)= -2.80x10-1 

Infantis, Heidelberg mean(w,z)= (1.07, 2.08)  
var(w,z)= (2.93 X101,2.21 X 101) 
cov(w,z)=-1.90 X101 

mean(w,z)= (-1.19,2.01)  
var(w,z)= (3.19x101,2.40 X 101) 
cov(w,z)= -2.10x101 

Kentucky, 
Anatum 

mean(w,z)= (-5.99,4.37)  
var(w,z)= (1.84,2.14) 
cov(w,z)=-1.68 

mean(w,z)= (-7.54,3.78)  
var(w,z)= (2.17,2.62) 
cov(w,z)= -2.04 
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aA1: All serotypes equal; A1.1: All serotypes equal using triangular distribution for DR parameters; A2: Reduced virulence 950 
for Kentucky using Anatum DR model, A2.1: Reduced virulence for Kentucky using Anatum DR model and WHO/FAO 951 
(2002) using triangular distribution for DR parameters; A3: Serotype-specific DR models  952 
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Table S2. Comparing relative risk of illnesses for the implementation of models in R or @RISK for Excel from Baseline 953 
parts survey input level data.  954 

Final Product Standard being 
evaluateda 

Food loss 
(% 

products 
meeting 

Implication 
for the 

contamina
tion profile 
describedb 

Relative Riskc of Illness per Serving from Characterized Contamination Compared to Baseline Illnessd 

Type Level 
(CFU/g) 

Serotypes A1e – All 
serotypes 

equal  
- R 

A1e – All serotypes 
equal 

– @ Risk in Excel 

A1.1e – All serotypes 
equal using 

triangular distribution 
- @ Risk in Excel 

A2e – 
Reduced 
virulence 
Kentucky 

– R 

A2e – Reduced 
virulence Kentucky  
– @ Risk in Excel  

A2.1e – Reduced 
virulence for 

Kentucky using 
Anatum Dr model 

and WHO/FAO 
(2002) using 

triangular distribution 
– @ Risk in Excel  

Baselin
e 

All (No 
threshold) 

All 100% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 
 

          
Level 
only 

>0.0074 All 20.7% 98.4% 98.3% 98.3% 98.4% 98.4% 98.2% 

>1  All 0.67% 68.1% 67.3% 66.8% 68.0% 68.5% 65.1% 

>10 All 0.059% 37.4% 36.0% 35.6% 37.0% 41.9% 34.3% 

          
Level & 
high-
virulent 
(KPI)f 
serotyp
es  

>0.0074 Enteritidis, 
Infantis, or 
Typhimurium 

10.6% 50.2% 47.3% 50.6% 70.2% 73.8% 63.5% 

>1 Enteritidis, 
Infantis, or 
Typhimurium 

0.34% 34.7% 31.4% 34.6% 48.4% 52.1% 39.9% 

>10 Enteritidis, 
Infantis, or 
Typhimurium 

0.029% 19.1% 16.0% 20.1% 26.3% 32.4% 18.4% 

          
Level & 
exclude 
low-
virulent 
serotyp
e 

>0.0074 All except 
Kentucky 

14.6% 68.7% 66.2% 71.5% 97.3% 97.1% 97.4% 

>1 All except 
Kentucky 

0.48% 47.2% 44.2% 49.7% 67.3% 67.5% 64.5% 

>10 All except 
Kentucky  

0.041% 25.5% 22.2% 27.9% 36.6% 41.2% 34.0% 
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a Three candidate final product standards are shown on the left side of the table. On the right side of the standards, the 955 
relative risk from two different Salmonella level distribution inputs.  956 
b Proportion of products meeting the described contamination profile was collected from a simulation from A3.   957 

c Relative Risk of Illness per Serving (%) is calculated as: The mean number of illnesses estimated from products meeting 958 
characterized contamination/The mean number of illnesses estimated from all products x 100. The relative risk is 959 
calculated by running one simulation of 1 million iterations in R. The baseline probability of illness in a serving was scaled 960 
to 2 illnesses in a million servings. 961 
d Different scaling factors were used for each approach and the dataset to match the baseline probability of illness per 962 
serving to about 1.9 in a million (1.9x10-6 illness/serving) based on calculations from public health data (Refer to 963 
Simulating Salmonella dose in one serving using a scaling factor to adjust for retail to consumer handling practices in 964 
materials and methods section). The scaling factor accounts for all customer and consumer handling from packing the 965 
finished product to consumption. Baseline mean illness was calculated by multiplying this baseline probability of illness 966 
per serving and the total number of servings in a year. 967 
e A1: All serotypes equal; A1.1: All serotypes equal using triangular distribution for DR parameters; A2: Reduced virulence 968 
for Kentucky using Anatum DR model, A2.1: Reduced virulence for Kentucky using Anatum DR model and WHO/FAO 969 
(2002) using triangular distribution for DR parameters. 970 
f KPI serotype is a Key Performance Indicator serotype which was defined by USDA-FSIS for poultry as Enteritidis, 971 
Infantis and Typhimurium at the time of this work.  972 

  973 
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Table S3. Comparing relative risk of illnesses for the implementation of models in R or @RISK for Excel from 2023 974 
HACCP verification data input level.   975 

Final Product Standard being evaluateda Food loss 
(% products 

meeting 
Implication 

for the 
contaminati

on profile 
describedb 

Relative Riskc of Illness per Serving Compared to Baseline Illnessd 

Type Level 
(CFU/g) 

Serotypes A1e– All 
serotypes 

equal  
- R 

A1e – All 
serotypes equal 

– @ Risk in 
Excel 

A1.1e – All serotypes 
equal using 

triangular distribution 
- @ Risk in Excel 

A2e – 
Reduced 
virulence 
Kentucky 

– R 

A2e – Reduced 
virulence Kentucky  
– @ Risk in Excel  

A2.1e – Reduced 
virulence for 

Kentucky using 
Anatum Dr model 

and WHO/FAO 
(2002) using 

triangular distribution 
– @ Risk in Excel  

Baseline All (No 
threshold) 

All 100% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 

          
Level only >0.0074 All 13.3% 99.998% 99.998% 99.998% 99.998% 99.998% 99.997% 

>1  All 2.3% 99.9% 99.9% 99.9% 99.9% 99.9% 99.9% 

>10 All 0.83% 99.6% 99.6% 99.5% 99.6% 99.5% 99.5% 

          
Level & 
high-
virulent 
(KPI)e 
serotypes 

>0.0074 Enteritidis, 
Infantis, or 
Typhimurium 

6.8% 53.2% 51.9% 42.5% 69.5% 78.4% 85.2% 

>1 Enteritidis, 
Infantis, or 
Typhimurium 

1.2% 53.1% 51.9% 42.4% 69.4% 78.3% 85.1% 

>10 Enteritidis, 
Infantis, or 
Typhimurium 

0.42% 53.0% 51.8% 42.2% 69.2% 78.0% 84.9% 

          
Level & 
exclude 
low-
virulent 
serotype 

>0.0074 All except 
Kentucky 

9.4% 74.5% 67.0% 80.3% 98.7% 99.2% 99.4% 

>1 All except 
Kentucky 

1.7% 74.4% 66.9% 80.3% 98.6% 99.1% 99.3% 

>10 All except 
Kentucky  

0.59% 74.2% 66.7% 80.0% 98.3% 98.8% 98.9% 

a Three candidate final product standards are shown on the left side of the table. On the right side of the standards, the 976 
relative risk from two different Salmonella level distribution inputs  977 
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b Proportion of products meeting the described contamination profile was collected from a simulation from A3.   978 
c Relative Risk of Illness per Serving (%) is calculated as: The mean number of illnesses estimated from products meeting 979 
characterized contamination/The mean number of illnesses estimated from all products x 100. The relative risk is 980 
calculated by running one simulation of 1 million iterations in R. The baseline probability of illness in a serving was scaled 981 
to 2 illnesses in a million servings. 982 
d Different scaling factors were used for each approach and the dataset to match the baseline probability of illness per 983 
serving to about 1.9 in a million (1.9x10-6 illness/serving) based on calculations from public health data (Refer to 984 
Simulating Salmonella dose in one serving using a scaling factor to adjust for retail to consumer handling practices in 985 
materials and methods section). The scaling factor accounts for all customer and consumer handling from packing the 986 
finished product to consumption. Baseline mean illness was calculated by multiplying this baseline probability of illness 987 
per serving and the total number of servings in a year. 988 
e A1: All serotypes equal; A1.1: All serotypes equal using triangular distribution for DR parameters; A2: Reduced virulence 989 
for Kentucky using Anatum DR model, A2.1: Reduced virulence for Kentucky using Anatum DR model and WHO/FAO 990 
(2002) using triangular distribution for DR parameters. 991 
f KPI serotype is a Key Performance Indicator serotype which was defined by USDA-FSIS for poultry as Enteritidis, 992 
Infantis and Typhimurium at the time of this work993 
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