
ABSTRACT 

KIRCHNER, MARGARET KATHERINE. The Effect of Consumer Behaviors on Cross-
Contamination While Preparing Meals in a Consumer Kitchen. (Under the direction of Dr. Lee-
Ann Jaykus and Dr. Benjamin Chapman). 
 
Cross-contamination of raw food to other surfaces, hands, and foods is a serious issue at the 

home and in foodservice.  It can result in the transfer of potentially harmful pathogens to hands, 

kitchen surfaces, or Ready-to-Eat (RTE) foods.  Improper food handling behaviors, like failure to 

wash hands, improper or incomplete handwashing, chopping raw and RTE foods on the same 

surfaces, and more.  It is estimated that one in five cases of foodborne illnesses is acquired in the 

home; a venue where cross-contamination can occur.  However, how bacteria move around a 

kitchen environment when consumers are preparing food is not well characterized.  In this 

dissertation, cross-contamination that occurs in the home while preparing both raw turkey patties 

and skin-in-bone-on chicken thighs was quantitative analyzed, by both frequency and transfer 

efficiency, in conjunction with the food safety behaviors displayed by participants during the 

meal preparation.  In year one, participants (n=371) prepared a meal of turkey patties, containing 

the bacteriophage MS2 as a surrogate, and a RTE lettuce salad while being recorded using 

cameras.  Environmental sampling was then performed on various kitchen surfaces and a lettuce 

sample to assess the frequency and degree of cross-contamination that occurred across the 

kitchen through RT-qPCR.  About half of the participants were shown a video on proper 

thermometer use as a food safety intervention; the other half served as a control.  Most surfaces 

were only cross-contaminated £ 20% of the time, with the exception of spice containers, positive 

48% of the time.  The highest MS2 concentrations, exceeding 8 log10 viral genome equivalent 

copies (GEC) per surface on average, were also attributed to the spice containers.  These results 

together indicate that spice containers could serve as a vehicle of cross-contamination.   Transfer 



efficiency, expressed as a percentage, was relatively low, ranging from an average of 0.002 - 

0.07%, but more work needs to be done with risk modeling to determine how this fits into the 

development of foodborne illness.  A total of 367 lettuce samples were taken (222 salad lettuce 

and 145 garnish lettuce) and 9.9% of the salad lettuce samples were positive for MS2 and 22.1% 

of the garnish lettuce samples were positive.  The garnish had a higher average concentration of 

the surrogate compared to the salad lettuce (5.9+0.78 vs. 5.5+ 0.45 log10 GEC per sample for 

garnish vs. salad, respectively).  The transfer efficiency from the raw ground turkey to the 

garnish and salad lettuce were 1.9 x 10-3 and 1.6 x 10-4 per sample, respectively.  The 

intervention did not have any effect on the cross-contamination of the kitchen surfaces or the 

lettuce.  For year two, participants (n=281) were instructed to prepare a meal of bone-in skin on 

chicken thighs and a RTE vegetable salad while being recorded.  Similarly to year one, half of 

the participants were given an intervention, an email about not washing chicken, and the other 

half served as a control group.  Unlike year one, the surrogate used to inoculate the chicken 

thighs was E. coli DH5-a, a non-pathogenic strain that behaves similarly to pathogenic E. coli, 

and samples were enumerated through plating on selective media.  The sink before the 

participant cleaned it had the highest frequency of contamination, regardless of if the chicken 

was washed or not, though they were contaminated more frequently when the chicken was 

washed (60.3% for washers and 35.6% for non-washers, p=0.0011).  Cleaning of the inner sink 

and countertop resulted in a significant decrease in the frequency of contamination for both 

washers and non-washers (p<0.050).  Sinks before cleaning and environmental swabs taken from 

the countertop at a distance of 0-6” from the sink had the highest concentration of E. coli, but all 

surfaces had a relatively low frequency of contamination.    The intervention did not affect the 

frequency or degree of salad contamination.  In order to determine how consumer behaviors, 



notably handwashing and touch-based behaviors, effect cross-contamination, impact the of risk 

cross-contamination of kitchen surfaces when preparing a meal, data from year one was 

analyzed.  Behavioral coding was performed for handwashing and touch-based behaviors using 

the available videos (n=278) and the microbiological data was used to represent cross-

contamination.  Cross-contamination risk was defined as the likelihood and degree (i.e. 

contaminant concentration) of MS2 transferred to surfaces.  The three most significant predictors 

out of the handwashing variables were (1) the percent of the time handwashing was attempted, 

(2) the average handwashing efficacy score, and (3) the average scrub time; with the risk of 

cross-contamination decreasing as those three variables increased.  The best touch-based 

predictors varied by surface.  After assessing handwashing and touch variables together using 

multiple backwards stepwise and logistic regressions, both handwashing and touch-based 

variables were found to be good predictors of cross-contamination; with the percentage of raw 

product touches and the number of times a surface was touched as the most commonly 

significant predictors.  However, those predictors with a protective effect on cross-contamination 

(OR< 1; with tight confidence intervals) were handwashing predictors.  Overall, these results 

provide a better understanding of how cross-contamination occurs in a home kitchen during meal 

preparation, characterizes how microbes move around a home kitchen, and what food safety 

behaviors significantly impact cross-contamination.  These data can be used to inform food 

safety regulation and education efforts as well as provide ample information to be used in 

predictive and risk modeling. 
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CHAPTER 1: Cross-Contamination on Atypical Surfaces and Venues in Food Service 

Environments 

SUMMARY 

Cross-contamination of raw food to other surfaces, hands, and foods is a serious issue in 

foodservice.  With individuals eating more meals away from home, contracting a foodborne 

illness from a food service establishment is of increasing concern.  However, most studies have 

concentrated on hands or food contact surfaces and neglected atypical and unusual surfaces 

(surfaces that are not usually identified as a source of cross-contamination) and venues.  This 

review seeks to identify atypically cross-contaminated surfaces and atypical venues where cross-

contamination could occur that have not been examined thoroughly in the literature.  Most 

surfaces that could be at risk for cross-contamination are frequently touched, rarely cleaned and 

sanitized, and can support the persistence and/or growth of foodborne pathogens.  These surfaces 

include, menus, spice and condiment containers, aprons and coveralls, mobile devices and 

tablets, and currency, among others.  Venues that are explored, temporary events, mobile 

vendors, and markets, are usually limited in space or infrastructure, have low compliance to 

proper handwashing, and provide the opportunity for raw and RTE foods to come into contact 

with one another. These factors all create an environment where cross-contamination can occur 

and potentially impact food safety.  A more comprehensive cleaning and sanitizing regime 

encompassing these surfaces and venues could potentially help mitigate the cross-contamination 

described here.  This review highlights key surfaces and venues that have the potential to be 

cross-contaminated that have been underestimated in the past or are not fully explored in the 

literature.  These knowledge gaps demonstrate where further work is need to fully understand the 
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role of these surfaces and venues in cross-contamination and how it can be prevented in the 

future. 

 

INTRODUCTION 

Foodborne disease constitutes a serious burden on public health, with over 48 million illnesses in 

the United States and an estimated 600 million illnesses globally every year (Scallan et al., 2011; 

World Health Organization, 2015).  According to the U.S. Centers for Disease Control and 

Prevention (CDC), 61% of outbreaks, reporting a single preparation location, from 2009-2015 

were contracted from food consumed outside of the home (Dewey-Mattia et al., 2018).  These 

outbreaks are of concern because individuals are spending up to 50% of their food budget on 

eating at food service establishments outside of the home (Saksena et al., 2018).  A variety of 

foodborne pathogens, such as Escherichia coli, Salmonella spp., Staphylococcus aureus, and 

Clostridium perfringens, have been linked to such outbreaks in the past and highlight the myriad 

of ways food can become contaminated in a retail or food service environment (Saksena et al., 

2018; Todd et al., 2009). While many factors could potentially contribute to pathogens 

contaminating food served outside the home, cross-contamination is one of the most thoroughly 

investigated (Chapman et al., 2010; Kang et al., 2019; Lahou et al., 2012; Todd et al., 2009, 

2007).  

 

Cross-contamination, the transfer of microbes from a raw product to another surface or product, 

is known to occur in the foodservice industry in numerous ways (Chapman et al., 2010; Dewey-

Mattia et al., 2018; Kang et al., 2019; Lahou et al., 2012; Todd et al., 2009).  Traditionally, cross-

contamination occurs between raw products and food contact surfaces, food handlers, and 
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directly to Ready-to-Eat (RTE) foods (Byrd-Bredbenner et al., 2013; Evans and Redmond, 2018; 

Kendall et al., 2004; Mazengia et al., 2014; Phang and Bruhn, 2011; Redmond et al., 2004; 

Redmond and Griffith, 2003; Sneed et al., 2015).  Studies have found that traditionally occurring 

cross-contamination can result in 13.8-81.8% of RTE products being contaminated (Guyard-

Nicodème et al., 2013; Luber et al., 2006).  However, these traditional routes of contamination 

do not encompass all the potential surfaces that could become contaminated with a pathogen and 

present a danger to employees and consumers alike.   

 

Atypical cross-contaminated surfaces are those that are not routinely associated with cross-

contamination, like menus, surfaces food doesn’t frequently come into contact with, etc.  These 

surfaces vary depending on location (i.e. restaurant, home, or mobile food enterprise) and the 

type of food prepared.  While there has been much speculation on atypical cross-contaminated 

surfaces, very little research has been performed detailing the frequency and risk of cross-

contamination on these surfaces.  Some research has suggested that menus, currency, spice 

containers, and other atypical surfaces could be a concern for cross-contamination (de Wit et al., 

1979; Gámez et al., 2016; Sirsat et al., 2013; Todd et al., 2009).  Similarly, there is little 

information on cross-contamination in atypical venues where food is served, such as temporary 

events, mobile vendors, and retail markets.  A hallmark of these atypical venues is a lack of 

space and infrastructure, which can lead to cross-contamination due to the insufficient equipment 

or close quarters (Okumus et al., 2019; Todd et al., 2009; Wilson, 2015; Young et al., 2017).  

Outbreaks have been connected to these environments in the past and cross-contamination could 

be a factor in such occurrences (Todd et al., 2009; Wilson, 2015; Young et al., 2017).   
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The purpose of this literature review is to identify and examine atypically cross-contaminated 

surfaces in the retail food service environment and determine atypical foodservice settings where 

cross-contamination is significant concern.  Searches were conducted on Web of Science, NCBI, 

and Google Scholar databases using a variety of search terms combined with the term “cross-

contamination”, detailed in Table 1.1.  Articles were then eliminated from the search after 

scanning the abstracts if their research design was poor or if they did not focus on the goals of 

this literature review. 

 

ATYPICAL CROSS-CONTAMINATION SURFACES  

Menus 

While contamination of many non-food contact surfaces have not been explored, menus are one 

of the few surfaces that have been targeted in previous studies.  Though there a very few such 

studies in the literature, agreement has been reached that the menu material impacts the survival 

and persistence of microbes.  Laminated menus have been found to support microbial 

contamination for a longer period of time than paper menus due to the absorbent properties of 

paper (Gámez et al., 2016; Sirsat et al., 2013; Todd et al., 2009); with Escherichia coli surviving 

up to 24 h and Salmonella spp. up to 72 h on laminated menus compared to under 6 hours on 

paper menus (Sirsat et al., 2013).  Less available water means that gram negative microbes 

would not be able to survive for as long on paper menus compared to laminated menus, which do 

not absorb water (Gámez et al., 2016).  E. coli has been documented to survive for up to 25 days 

on plastic surfaces (Neely, 2000), and only 7 days on paper surfaces (Hübner et al., 2011), 

reaffirming similar findings on menus (Gámez et al., 2016; Sirsat et al., 2013).  Because these 

microbes can survive on plastic surfaces, microbes present on menus have the potential to cross-
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contaminate hands and food.  The longer the microbes are able to persist, the more likely 

multiple patrons or employees could handle the menus, contaminating their hands and creating 

more opportunities for cross-contamination in general. 

 

Since menus are frequently handled by both employees and patrons of food service 

establishments, there are multiple opportunities for menus to be contaminated themselves and 

serve as a vector to cross-contaminate either food or hands.  Sirsat et al., 2013 demonstrated that 

Salmonella spp. and E. coli could effectively be transferred from inoculated menus to fingerpads 

for up to 48 h with up to 6 logs CFU/cm2 of E. coli K-12 and Salmonella Typhimurium 

transferred from menus to fingertips after 6 hours.  Transfer of up to 4.5-5.5 log CFU/cm2 from 

fingerpads to menus was also shown, suggesting that cross-contamination can occur from hands-

to-menus and from menus-to-hands (Table 1.2).  While handwashing ³15 seconds has been 

shown to significantly reduce the amount of bacteria on hands and the amount able to be 

transferred (Boyce and Pittet, 2002; Jensen et al., 2017), it is widely known that best hygiene 

practices, like proper handwashing, are not practiced regularly by foodservice employees or 

consumers (Table 3; Anderson et al., 2004; Cogan et al., 1999; Doring et al., 2018; Sneed et al., 

2015).  The low compliance to proper handwashing illustrates how easily cross-contamination 

can occur from hands to menus or vice versa without cleaning and sanitizing procedures in place. 

 

Menus are not often included in sampling protocols or cleaning regimens and are inspected only 

by site or touch in some establishments (Sirsat et al., 2013).  Up to 87% of menus have been 

found to harbor bacteria, including pathogens from human hands like Staphylococcus aureus, in 

monitoring studies (Bilici et al., 2017; Choi et al., 2014; Elsergany et al., 2015; Sirsat et al., 
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2013), suggesting that menus should be cleaned and sanitized as part of a restaurants’ hygiene 

protocol.  Combined with the low number of studies including menus, the level of contamination 

on and cross-contamination to and from menus has caused an underestimation in the risk of 

contamination associated with restaurant menus. 

 

Monetary Associated Items 

Several studies have shown that currency, both paper notes and metal coins, can harbor bacteria, 

including foodborne pathogens (Jiang and Doyle, 1999; Khin et al., 1989; Lamichhane et al., 

2009; Michaels, 2002; Todd et al., 2009).  E. coli O157:H7 has been shown to survive from 7-11 

days and Salmonella spp. for 1-9 days on pennies, nickels, dimes, and quarters at 25°C (Jiang 

and Doyle, 1999).  Khin et al., 1989 found enterotoxigenic E. coli and Salmonella spp. were 

isolated from currency notes in butchers’ shops and Vibrio spp. were isolated from currency 

obtained in fishmongers’ shops; showing that currency can be cross-contaminated with microbes 

from both food and the environment around them (Table 1.2).  This incidence suggests that the 

reverse, contamination from currency-to-food, is also plausible. 

 

Foodservice providers are aware of the risk of cross-contamination to food from currency, with 

Certified Food Protection Manager programs and the U.S. Food and Drug Administration’s 

Model Food Code highlighting the need to wash hands or change gloves after handling money 

(National Restaurant Association, 2017; Strohbehn et al., 2008).  Thus far, the relative level of 

bacteria on currency and its ability to persist have been documented (Table 1.2), but there has 

been no direct research done on the cross-contamination potential of currency-to-food.  What has 

been documented is that food handlers do not always comply to hygiene practices when handling 
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money (Green et al., 2006; Strohbehn et al., 2008; Todd et al., 2009).  Food workers in typical 

food service environments adhere to best handwashing practices less than 50% of the time in 

general; causing opportunities for currency to cross-contaminate hands (Chapman et al., 2010; 

Green et al., 2006; Strohbehn et al., 2008).  Similarly, in mobile or temporary foodservice 

operations 31-70.3% of operators are noncompliant with hygiene standards including 

handwashing and glove changing regarding money handling (Table 1.3; Czarniecka-Skubina et 

al., 2018; Isoni Auad et al., 2019; Liu et al., 2014; Okumus et al., 2019).  The low rates of 

compliance to hygiene practices while handling food and currency can create a situation where 

cross-contamination can occur.  Sanitizing currency itself is not a viable option but cleaning and 

sanitizing the cash box itself and promoting hygienic practices in general are viable options.  

 

Spice and Condiment Containers 

Almost every food service establishment has spice containers or condiment bottles at the back or 

front of house.  With such a ubiquitous presence and frequency of use, it seems strange that very 

little work has been done on spice containers in the context of cross-contamination (de Wit et al., 

1979; Sneed et al., 2015; United States Department of Agriculture, 2018).  When they have been 

studied in consumer kitchens, spice containers have been found to be cross-contaminated over 

50% of the time (de Wit et al., 1979; Sneed et al., 2015; United States Department of 

Agriculture, 2018).  This high rate of contamination indicates that spice containers could be a 

harborage site for pathogenic microorganisms.  However, there is less agreement on the level of 

contamination present on spice containers following cross-contamination (Table 1.2).  Sneed et 

al., 2015 reported an average level of 0.59 log CFU cm2 of Lactobacillus caesi but Cates et al., 

2018 reported much higher average levels of up to 9.1 log genome equivalent units of MS2 on 
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average.  The use of different surrogates, bacterial versus viral, could explain some of the 

discrepancies but more work needs to be done to come to a conclusion about the level of 

contamination present on spice containers after cross-contamination.    

 

Nevertheless, spice containers are used very differently in food service compared to a home 

kitchen.  Oftentimes the amount of spice containers and condiments available at the front of 

house entirely depends on the product being sold.  Products prepared at temporary events or on 

the street, like hot dogs, can have a multitude of condiments available to the consumer, making 

contamination of these containers more likely to occur due to their frequency of use (Isoni Auad 

et al., 2019; Nicolas et al., 2007; Yavelak et al., 2018).  But almost all restaurants and food 

service establishments have some condiments on tables at the front of house (National 

Restaurant Association, 2017), which leaves them vulnerable to cross-contamination from foods 

or human handling.  Spice and condiment containers are handled frequently by multiple people 

before and after handling food items, which can be a risk factor for cross-contamination (Isoni 

Auad et al., 2019; National Restaurant Association, 2017; Nicolas et al., 2007).  The frequency 

of touch and the evidence that spice containers have been subject to cross-contamination in the 

home (de Wit et al., 1979; Sneed et al., 2015) suggests that they are vulnerable to cross-

contamination in retail environments and may not be fully recognized as a potential hazard. 

 

Cloth Items 

Previous research has shown that clothing can become contaminated with bacteria and transfer 

that bacteria to food products (Table 1.2; Todd et al., 2009, 2007).  Several viruses have been 

demonstrated to persist on cloth for several hours, notably Hepatitis A Virus and norovirus 
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survived on cloth for up to 90 days (Abad et al., 1995; Todd et al., 2009).  The risk of these 

pathogens transferring to food and causing illness has been demonstrated in hospitals, 

foodservice establishments, and even sporting events (Becker et al., 2000; Todd et al., 2009).  

The transfer of microbes from skin-to-cloth and vice-versa have both been detailed before, 

providing a possible contamination route (Mackintosh and Hoffman, 1984).  The contamination 

of cloth is one reason uniforms, coveralls, and aprons are important to ensuring food safety 

(Carrasco et al., 2012; National Restaurant Association, 2017).  However, uniforms and aprons 

can also be vulnerable to contamination, especially when working with raw foods, making 

cleaning and sanitizing them and important food safety step (Table 1.2).  Lues and Van Tonder, 

2007, documented that 32% of food handlers aprons had greater fecal coliform counts than 

considered advisable.     

 

Dish cloths and towels are used frequently as part of the cleaning and sanitizing procedures for 

food service operations (Brown et al., 2013; Gilbert, 1969).  These towels are used for numerous 

purposes, like wiping tables and surfaces clean of water and food or drying hands, and are used 

multiple times a day without cleaning in between (Brown et al., 2013; Cogan et al., 2002; 

Gilbert, 1969; Todd et al., 2007).  This use can be concerning when a towel is used to wipe up 

meat juice and then employed for other purposes; potentially transferring pathogenic microbes to 

other kitchen surfaces and foods (Brown et al., 2013; Carrasco et al., 2012; Gilbert, 1969; Severi 

et al., 2012).  Salmonella and other food microbes also possess the ability to form biofilms and 

the ridges and nooks in a towel can create an ideal harborage site (Dantas et al., 2018).  Towels 

used in a home kitchen have been posited as a cause of cross-contamination in several studies 

(Table 1.2; Cogan et al., 2002, 1999; de Wit et al., 1979; Redmond et al., 2004; Sneed et al., 
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2015).  In two such studies, de Wit et al., 1979, found up to 74% of dishcloths were cross-

contaminated and Sneed et al., 2015, determined dish towels were a possible source of cross-

contamination, with the towels harboring up to 4.43 log CFU L. casei per towel.  However, it 

also important to note that L. casei could have come from another environmental source or 

replicated on the towels prior to enumeration.  Dish towels have been found to be contaminated 

during outbreaks as well (Table 1.2).  For example, a contaminated dish towel from a restaurant 

associated with a UK outbreak of Salmonella Enteritidis caused speculation the outbreak could 

have been in part due to contaminated dish towels (Severi et al., 2012).  The low sampling of 

these surfaces serves to contribute to the underestimation of microbial contamination of cloths.  

 

Screens and Technology 

Smart phones, computer tablets, ATMs, and other electronics permeate the entire food safety 

system.  Large and small food service providers alike have adopted technology into their 

everyday operations.  Restaurants are utilizing tablets for ordering and playing games at tables, 

small vendors, like food trucks and farmers market sellers, are employing tablets or swipe card 

accessories on mobile phones to allow consumers more payment options, and both occasionally 

have ATMs on site (Elsergany et al., 2015; Filloon, 2017).  Despite the increased presence of 

technology in the food service and retail sector, most information on contamination of 

technology related to food is performed in the home or in hospitals and other health care settings 

(Akinyemi et al., 2009; Borer et al., 2005; Braddy and Blair, 2005; Lahou et al., 2012; White et 

al., 2012).  This previous research indicates that mobile devices and other technologies can 

harbor potentially harmful pathogenic bacteria like S. aureus and E. coli (Table 1.2; Akinyemi et 

al., 2009; Borer et al., 2005; Braddy and Blair, 2005; Egert et al., 2015).   



   

 
 

11 

Additionally, studies have found that the bacterial species on participants fingertips were also 

present on their phones (Meadow et al., 2014).  Food service employees and consumers  

frequently interact with technology used as part of the venue as well as their own personal 

mobile devices (Czarniecka-Skubina et al., 2018; Elsergany et al., 2015).  This interaction means 

that employees and consumers could potentially transfer bacteria from their fingertips to the 

technology in the venue and potentially cause cross-contamination from screen-to-food.  

Czarniecka-Skubina et al., 2018 found that over 30% of outdoor food vendors in Paris had 

personal mobile devices in their preparation area; which could lead to cross-contamination of 

other food in the establishment (Table 1.2 and 1.3).   

 

This contamination is compounded by the fact that foodborne pathogens are known to persist on 

a variety surfaces including glass, metal, and plastic (Mafu et al., 2011; Sheth et al., 2018; Sinde 

and Carballo, 2000).  Notably, Listeria monocytogenes can survive for a least 24 h after drying 

and potentially form biofilms on glass, plastic, stainless steel, and rubber surfaces (Sheth et al., 

2018).  Since covers for mobile devices are often made of plastic and the devices themselves can 

have metal and glass, L. monocytogenes and Salmonella spp. could potentially form a biofilm 

(Sinde and Carballo, 2000; Smoot and Pierson, 1998) in the niches and gaps present in these 

devices.  If this biofilm were to transfer to a food contact surface or to the food itself, the biofilm 

could be supported by the nutrients on the surface and put food handlers and costumers at risk. 

 

All these surfaces are not routinely considered to be at risk for cross-contamination.  However, 

they are all frequently handled by employees or customers, making them vulnerable to cross-

contamination through hands (Elsergany et al., 2015; Michaels, 2002; Sirsat et al., 2013; Sneed 
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et al., 2015; Todd et al., 2009).  Many of these surfaces, like screens and menus, have been 

demonstrated to support the persistence, growth, or transfer of pathogenic microbes; indicating 

they could become harborage sites of pathogenic microbes (Table 1.2; Akinyemi et al., 2009; 

Gámez et al., 2016).  The impact of these surfaces on cross-contamination has not been well 

characterized due to most studies prioritizing the sampling of food contact surfaces; causing the 

role of these atypical surfaces to be underestimated.  When spice containers were assessed during 

meal preparation studies, over 50% of them were found to be cross-contaminated (de Wit et al., 

1979; Sneed et al., 2015); and menus were shown to transfer up to 6 logs of E. coli K-12 to 

fingertips (Sirsat et al., 2013).  Such results show that these areas could substantially contribute 

to cross-contamination, but studies that do focus on these areas tend to take place in health care 

or consumer kitchen settings and not a retail or food service settings (Akinyemi et al., 2009; 

Borer et al., 2005; de Wit et al., 1979; Sneed et al., 2015).  Additionally, these surfaces are not 

routinely incorporated into cleaning and sanitizing protocols, which means they can likely 

facilitate cross-contamination to food and hands.  

 

ATYPICAL CROSS-CONTAMINATION VENUES 

Mobile Vendors 

With more consumers on the go and focused on convivence, mobile food vendors are becoming 

more common globally.  Mobile vendors, like street carts, stands, and food trucks, have different 

food safety challenges because their design is unusual compared to brick-and-mortar businesses, 

due to their mobile nature (Nicolas et al., 2007; Okumus et al., 2019; Vanschaik and Tuttle, 

2014).  These challenges can arise from limited space, low access to potable water, less available 

equipment, and the need to transport their business when necessary (Table 3).  Traditional cross-



   

 
 

13 

contamination, via a food contact surface or a workers’ hands, can occur in these situations due 

to small working spaces and the tendency to re-use items (Czarniecka-Skubina et al., 2018; Liu 

et al., 2014; Nicolas et al., 2007).  Atypical cross-contamination can also occur due to 

environmental exposure, a lack of storage space, and poor hygiene practices (Black et al., 2018; 

Isoni Auad et al., 2019; Nicolas et al., 2007).  However, the specific concerns vary by the vendor 

type. 

 

Street foods are often served out of carts or stands, usually small and wheeled with umbrellas or 

awnings above them, and sometimes a portion of the food preparation is done in a secondary 

space.  Many of these establishments do not have an ideal layout for food safety and can lack 

some equipment found in conventional food service establishments (Alimi, 2016; Czarniecka-

Skubina et al., 2018; Nicolas et al., 2007).  Many stalls and carts will use the same cutlery and 

cutting boards to chop raw and RTE foods (Table 1.3; Alimi, 2016; Czarniecka-Skubina et al., 

2018; Liu et al., 2014; Nicolas et al., 2007), which is a proven risk factor for cross-contamination 

(Lahou et al., 2012; Mazengia et al., 2015).  In developing countries in particular, the same 

cutlery and plates can be used by many customers without being properly washed in between 

uses (Alimi, 2016; Nicolas et al., 2007).  In Shijiazhuang, China, 90% of street vendors prepared 

or touched food with bare hands while they were actively serving customers (Liu et al., 2014).  

Both of these conventional cross-contamination problems could be solved with improved 

education, further regulation, and access to clean water for handwashing and the washing of tools 

(Anderson et al., 2004; Boyce and Pittet, 2002; Jensen et al., 2017).  However, due to the mobile 

nature and lack of facilities associated with street food establishments, water for cleaning is not 

easily accessible (Table 1.3; Alimi, 2016; Nicolas et al., 2007).  The issue of water access could 
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also be part of why studies have reported that street food vendors do not wash their hands 

frequently (Liu et al., 2014; Okumus et al., 2019).  

 

Atypical cross-contamination can also be an issue with street food.  One street food study 

reported that 72% of vendors did not wash their hands between handling food and money 

(Czarniecka-Skubina et al., 2018), a finding consistent with other studies (Liu et al., 2014; 

Okumus et al., 2019).  Because money is known to be a potential vector for foodborne 

pathogens, this practice could prove dangerous and potentially cause foodborne illness through 

cross-contamination (Table 1.2; Jiang and Doyle, 1999; Todd et al., 2009).  Additionally, 

vendors do not always wear aprons or coveralls which can lead to cross-contamination from 

cloth-to-hands or cloth-to-food (Liu et al., 2014).  The minimal protection offered by the stalls 

and carts exposes much of the food to environmental elements, including dirt, dust, animals, and 

other unhygienic factors (Table 1.3; Alimi, 2016; Black et al., 2018; Nicolas et al., 2007; Todd et 

al., 2009).  There is little information about cleaning and sanitizing practices used for the outer 

cart or stall among street food operations but without cleaning and sanitizing, umbrellas, 

awnings, or the cart itself could become contaminated.  Salmonella, Listeria, E. coli, and 

Norovirus have been proven survive on both cloth and metal for up to several days (Abad et al., 

1995; Dantas et al., 2018; Todd et al., 2009, 2007).  Even with proper sanitation, the exposure of 

the food to the environment could provide contact with other factors, like dirt or flies (Alimi, 

2016; Black et al., 2018; Nicolas et al., 2007; Todd et al., 2009).  Both fruit flies and common 

house flies have been shown to be vectors for foodborne pathogens and are able to transfer these 

bacteria to food and food contact surfaces (Table 1.3; Black et al., 2018; Todd et al., 2009). 
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Unlike street food vendors, food trucks are mostly enclosed, have a small restaurant style 

kitchen, and contain more appliances and tools (Isoni Auad et al., 2019; Okumus et al., 2019; 

Vanschaik and Tuttle, 2014).  These additional features make food trucks less vulnerable to some 

of the risk factors associated with street foods, such as lack of water for washing dishes and 

handwashing.  However, food trucks still have a small work space; and employee errors, such as 

improper use of utensils and tools, food handling, hygienic practices, money handling, and 

uniform or apron use, can still cause cross-contamination, similar to street foods (Table 1.3; 

Czarniecka-Skubina et al., 2018; Isoni Auad et al., 2019; Liu et al., 2014; Okumus et al., 2019; 

Vanschaik and Tuttle, 2014).  The presence of flies around or inside a food truck can also cause 

issues (Black et al., 2018; Okumus et al., 2019).  Because at least some food is prepared on site 

for food trucks, or possibly at a commissary location, the cleanliness of the clothes and hands of 

food handlers plays a large role in preventing cross-contamination (Czarniecka-Skubina et al., 

2018; Isoni Auad et al., 2019; Liu et al., 2014; Nicolas et al., 2007; Okumus et al., 2019).   

 

Several studies have noted that aprons or uniforms were not worn or were unclean; exposing 

microbes on the cloth to the food and facilitating cross-contamination (Tables 1.2 and 1.3; 

Czarniecka-Skubina et al., 2018; Liu et al., 2014; Okumus et al., 2019).  Many food trucks 

provide a variety of spice and condiments containers for consumers and contamination of these 

containers could cause cross-contamination to the food being served (Table 1.3).  Isoni Auad et 

al., 2019, found that food trucks that employed more sauces or condiments had a higher 

percentage of coliforms and S. aureus compared to food trucks with a fewer containers available.  

The presence of condiment containers could well be where some of handling contamination 

originated.   
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Temporary Events 

Like mobile vendors, temporary events have also been linked to foodborne illnesses and even 

several outbreaks (Cho et al., 2006; Wilson, 2015).  Temporary events are classified here as 

festivals, community picnics, fairs, tailgates, etc (Table 1.1).  These events often bring a 

community together, sometimes employ volunteers or people untrained in food safety, and 

prepare food in temporary structures or spaces assembled for an event (Cho et al., 2006; 

Franklyn and Badrie, 2015; Mancini et al., 2012; Summers and Fritz, 1978; Wilson, 2015; 

Yavelak et al., 2019, 2018).  These factors can culminate to promote an unsafe food handling 

environment that can result in the cross-contamination of foods and eventually result in 

foodborne illness (Table 1.3). 

 

Because food is often prepared at temporary events by people who are untrained in food safety 

practices, like at tailgates or community picnics, unsafe food handling and cleaning and 

sanitizing practices are relatively common (Mancini et al., 2012; Shumaker et al., 2019; Yavelak 

et al., 2019, 2018).  Shumaker et al., 2019 found that 91.5% of temporary foodservice 

establishments were out of compliance with one risk factor for foodborne illness and 14.3% were 

identified as having practices that could lead to cross-contamination (Table 1.3).  Low 

handwashing compliance rates, when they were reported, were found across most studies 

(Mancini et al., 2012; Shumaker et al., 2019; Yavelak et al., 2019).  But since some events 

(tailgates and BBQs) are consumer driven, handwashing information often goes unreported.   

 

Even when an event occurs every year, like a state fair, the temporary nature of the structures 

food is prepared in can create risks of cross-contamination.  Limited space or the temporary 
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nature of the venue has been specifically cited as part of the problem with temporary events and 

food service establishments in several papers (Franklyn and Badrie, 2015; Mancini et al., 2012; 

Summers and Fritz, 1978).  Because of the limited space, atypical surfaces, like spice containers, 

may be in closer proximity to raw food products or contaminated surfaces and become cross-

contaminated (Table 1.2).   Cleaning and sanitizing practices were another area where errors 

occurred, with sanitizers being prepared incorrectly or poor techniques being used (i.e. only 

sanitizing, sanitizing before cleaning, and cleaning without sanitizing; Franklyn and Badrie, 

2015; Mancini et al., 2012; Shumaker et al., 2019; Yavelak et al., 2019).  Hygiene is especially 

important when animal shows are also a part of the event, like in county and state fairs, due to 

the presence of zoonotic pathogens associated with these animals (Cho et al., 2006).  These 

operations have been implicated in several outbreaks, notably of pathogenic E. coli (Cho et al., 

2006; Wilson, 2015); which means that appropriate handwashing facilities and proper sanitation 

of both the animal areas and the food vendors are vital to prevent illness in these situations. 

 

Markets with RTE Goods 

Other venues where cross-contamination can occur that are often overlooked are markets with 

RTE goods.  Even if all of the products sold at these markets are not considered RTE, raw 

products can be stored near RTE foods or foods often consumed raw in a market or within a 

consumers bag or cart; as is the case with farmers markets and grocery stores (Harrison et al., 

2013, 2001; Williams et al., 2011; Young et al., 2017).  Farmers markets in particular have 

increased by over 300% from 2000 to 2016 with over 8,000 in the United States (Young et al., 

2017).  Grocery stores, while not increasing, are producing a larger number of RTE meals and 

foods to satisfy customer demand for convenient ready-made meals; with 20% of customers 
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leaving with at least one RTE food service-style meal when visiting a grocery store (Robertson et 

al., 2013).   

 

Farmers markets contain a variety of goods, both raw and RTE, which regularly change with the 

seasons (Pan et al., 2015; Young et al., 2017).  Many such goods sold at farmers markets, like 

leafy greens, vegetables, and fruits, have been consistently found to be contaminated with 

pathogens like L. monocytogenes, E. coli, and Salmonella spp. (Pan et al., 2015; Young et al., 

2017).  These goods must be stored and displayed in containers or on tables provided by the 

farmer or retailer.  Because the products are in direct contact with the containers, they can 

become contaminated by pathogens if even one food product is contaminated (Harrison et al., 

2013; Pollard et al., 2016; Young et al., 2017).  While some markets do provide tables or a 

general area to display products, farmers often have to use at least some of their own supplies as 

well (Table 1.3; Harrison et al., 2013; Pan et al., 2015; Pollard et al., 2016).  Regardless of who 

provides the containers and displays, cleaning and sanitizing practices vary between markets 

with upwards of 82.2% of farmers markets not using sanitizers on food contact surfaces and a 

wide variety of hygienic practices utilized in general (Harrison et al., 2013; Young et al., 2017).   

 

Vendors are frequently observed handling food with bare hands and performing multiple tasks 

without washing hands in between (Table 1.3; Harrison et al., 2013; Young et al., 2017).  

Compliance with best handwashing practices in general are low, with one review reporting an 

average of 4% handwashing compliance across multiple studies (Young et al., 2017); and 

individual studies reported a varying compliance, with some as low as 0%, for other 

handwashing factors (i.e. presence of hand sanitizer, handwashing stations close to vendors, etc) 
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(Harrison et al., 2013; Pollard et al., 2016; Young et al., 2017).  As noted previously in this 

review, handling food after handling money without properly washing hands could be a risk 

factor for cross-contamination (Table 1.2; Khin et al., 1989; Lamichhane et al., 2009; Michaels, 

2002).  Additionally, farmers markets take place outdoors or in a semi-covered location with 

high environmental exposure (Table 1.3).  Some farmers markets allow animals and leave food 

in the open, exposing them to dust and flies, which could facilitate cross-contamination (Black et 

al., 2018; Harrison et al., 2013; McIntyre et al., 2014; Young et al., 2017).   

 

Grocery stores sell a variety of products with differing risks of cross-contamination.  Because 

consumers place multiple products into a single cart, there is risk of cross-contaminating other 

foods, the cart itself, or the consumer’s hands (Chen et al., 2018; Donelan et al., 2016).  Donelan 

et al., 2016 found that produce was the food most often directly touched by raw poultry in a 

shopping cart, but dry goods and refrigerated goods were frequently touched as well.  Since 

produce is often eaten with minimal processing or raw, cross-contamination could result in more 

serious consequences, like foodborne illness, than for products that will be cooked before 

consuming, like rice (Williams et al., 2011).  The cart itself is also at risk for cross-contamination 

when shopping because the raw product or contaminated hands can come into direct contact with 

the cart (Table 1.3; Donelan et al., 2016).  The outside of retail poultry packaging has been found 

to be contaminated with Salmonella spp. and Campylobacter spp. and packaging has been 

known to leak; creating the potential for cross-contamination (Chen et al., 2018; Donelan et al., 

2016; Harrison et al., 2001).  Carts have been identified as potential harborage sites for microbes, 

and were found to be contaminated with bacteria from hands 75% of the time and touched 

directly after handling meat 85% of the time (Donelan et al., 2016; Elsergany et al., 2015).   
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Checkout introduces new surfaces that could be vulnerable to cross-contamination; the conveyor 

belt at the checkout counter and the bags (Chen et al., 2018; Luber et al., 2006).  The presence of 

leaks in packaging and pathogens on the exterior could transfer to grocery bags, especially 

reusable ones (Table 1.3; Chen et al., 2018; Harrison et al., 2001).  Reusable grocery bags have 

been found to support the growth of bacteria from meat juice when stored in trunks for 2 h 

(Williams et al., 2011); which indicates that if these bags are used again for other foods, cross-

contamination may occur.  It stands to reason that contamination from packaging could also 

occur on the conveyor belt or touch screens used to check out in grocery stores, especially since 

screens have been identified as potential harborage sites for microbes (Elsergany et al., 2015; 

Sheth et al., 2018).   

 

Mobile vendors, temporary events, and markets with RTE foods all have different features but do 

have some commonalities that put them at risk of cross-contaminating foods and surfaces.  All 

these atypical vendors have constrained space, limited equipment, or both (Czarniecka-Skubina 

et al., 2018; Isoni Auad et al., 2019; Shumaker et al., 2019).  These restrictions mean that foods 

and surfaces are more likely to be contaminated with pathogenic microbes from raw food due to 

a lack of space.  Many of these vendors, like street food carts and some farmers markets, do not 

have direct access to handwashing facilities (Table 1.3; Czarniecka-Skubina et al., 2018; 

Harrison et al., 2013; Nicolas et al., 2007; Young et al., 2017).  Because they do not have access 

to handwashing facilities, microbes can be transferred from contaminated hands to RTE or 

minimally processed foods, money, technology, and even spice containers (Cho et al., 2006; de 

Wit et al., 1979; Elsergany et al., 2015; Jiang and Doyle, 1999; Khin et al., 1989).  Even food 

trucks or grocery stores, which usually provide handwashing or hand sanitizing materials, deal 
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with cross-contaminated surfaces due to low handwashing compliance and a consumer handling 

of raw products or highly touched surfaces, like spice containers (Table 1.3; Chen et al., 2018; 

Donelan et al., 2016; Isoni Auad et al., 2019; Okumus et al., 2019).  This is especially 

concerning for grocery stores where contaminated grocery carts or checkout screens expose more 

people to highly touched contaminated surfaces (Chen et al., 2018; Donelan et al., 2016).  

Unclear or variable cleaning and sanitizing practices add to the issue of cross-contamination by 

potentially allowing the microbes to persist on a surface, especially those that are not often part 

of a cleaning protocol.  More uniform and widespread use of proper cleaning and sanitizing 

procedures would help mitigate the risk of cross-contamination of human hands, surfaces, and 

foods.       

 

This is not a comprehensive review of atypical surfaces involved in and venues vulnerable to 

cross-contamination.  Partially, because almost any surface or venue could be implicated in an 

atypical instance of cross-contamination.  Instead, this review highlights the most likely surfaces 

and venues where cross-contamination has been underestimated or underreported, with some 

support in the literature.  Because of this focus on abnormal surfaces and venues, some of the 

studies described here were published in very specific or unrenowned journals.  Due to the lack 

of information present about these topics, these studies were included in the review, but only 

after their methodology and design were assessed by the authors and determined to be sound.  

This issue highlights the need for further research to be performed on these surfaces and venues 

to validate or confirm previous findings.  Similarly, there were few articles on food trucks in the 

United States, farmers markets or grocery stores outside of the United States, the role of 

uncommon surfaces in cross-contamination, and temporary events in general.  These gaps mean 
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that the conclusions presented here are likely not representative of these surfaces and events 

globally; but a limited number of publications contributed to this issue. 

 

CONCLUSIONS 

Cross-contamination is an issue of concern in retail and foodservice establishments due to the 

increasing number of people eating foods away from home and the amount of handling preparing 

some of these foods requires.  However, cross-contamination research has focused mostly on 

food contact surfaces and neglected other surfaces present in establishments that could be cross-

contaminated themselves and in turn contaminate foods (Dewey-Mattia et al., 2018; Kang et al., 

2019; Lahou et al., 2012; Todd et al., 2009).  This review delved into several atypical surfaces 

and venues that are not often discussed in connection with cross-contamination and whose 

impact is likely underestimated (Table 1.2 and 1.3).  By targeting these uncommon cross-

contamination circumstances, we were able to identify surfaces and venues that are often 

overlooked when assessing what poses a cross-contamination risk and assess the potential of 

these surfaces and venues to cause cross-contamination in general.  Overall, the surfaces 

identified were frequently touched, often not part of a cleaning and sanitizing protocol, and had 

the ability to harbor foodborne pathogens.  The venues and vendors mentioned all had a smaller 

operating space than a conventional restaurant, low access to handwashing facilities or 

handwashing compliance, and possessed surfaces handled by consumers that could viably be 

cross-contaminated.  Because these scenarios are not often reported, several gaps with the cross-

contamination literature were identified, including, but not limited to; The role of menus, 

technology, spice and condiment containers in cross-contamination and cross-contamination 

occurring at temporary events, food trucks, and farmers markets globally.  Further studies on all 
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of these topics will be needed to gain a fuller understanding of how these surfaces and venues 

factor into of cross-contamination within food service and retail establishments, the development 

of foodborne illness originating from food consumed outside the home, and how to properly 

clean and sanitize in order to reduce the risk of cross-contamination and developing a foodborne 

illness. 
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Table 1.1: Search Terms Used in Conjunction with “Cross-Contamination.” 

Surfaces   Venues 

Monetary and Menus Containers Cloth Technology   
Temporary 

Events Mobile Vendors Markets 
Coins Spice Containers Apron Computer  Tailgate Street Food Farmers Markets 

Currency Condiments Dishcloth Keyboard  Community Picnic Street Cart CSA 
Cash Box Salt Cellar Dish Towel Screens  Circus Food Stall Grocery Store 
Register Salt Shaker Uniforms  Tablet  Carnival Food Cart Market 
Menu Toppings Coveralls Mobile Device  State Fair Food Truck Food Store 

 Sauces Clothing Cell Phone  County Fair Food Stand  
   ATM  Farm Fair   
   Phone  Potluck   
      PDA   Festival     
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Table 1.2: Studies that Discuss Atypically Cross-Contaminated Surfaces 

Venue Study  Microbe Findings 

Menus 

Sirsat et al., 2013 

Escherichia coli  

Survived 24 h on laminated menus 
Survived < 6 h on paper menus 

Transfers from menu to fingerpads after 24 h 
Transfers from fingerpad to menu after 6 h 

Salmonella Typhimurium  

Survived 72 h on laminated menus 
Survived < 6 h on paper menus 

Transfers from menu to fingerpads after 24 h 

Transfers from fingerpad to menu after 6 h 
   

Gámez et al., 2016 Escherichia coli  Survived > 12 h on laminated menus 
Staphylococcus aureus Survived > 24 h on laminated menus    

Bilici et al., 2017 ATPase assay 82.9% contaminated 
Aerobic plate count 1.52 log cfu/cm2    

Choi et al., 2014 Native microflora Significant difference between ATP levels before and after cleaning    

Elsergany et al., 2015 Native microflora 87.5% of menus contaminated 
>500 CFU/cm2; Staphylococcus spp. most commonly found     

Monetary 

Jiang and Doyle, 1999 

Escherichia coli  
Survived on pennies 7 days 
Survived on nickels 9 days 

Survived on dimes and quarters 11 days   

Salmonella spp. 

Survived on pennies 1 day 
Survived on nickels 2 days 
Survived on dimes 9 days 

Survived on quarters 4 days    

Khin et al., 1989 Isolated from currency notes E. coli and Salmonella spp. found on monetary notes from butchers 
Vibrio spp. found on monetary notes from fishmongers    

Lamichhane et al., 2009 Isolated from currency notes 

75% of notes contaminated 
S. aureus, Streptococcus epidermidis, S. pyogenes, Klebsiella 
pneumoniae, Salmonella choleraesius, E. coli, Enterobacter 

aerogenes, and E. cloaceae     

Spice and 
Condiment 
Containers 

de Wit et al., 1979 Escherichia coli K12 60% of salt cellars and spice tins contaminated    
Sneed et al., 2015 Lactobacillus casei 77% of salt shaker contaminated, average 0.59 log CFU/shaker    

FSIS Stuff MS2 48.8% were contaminated 
Average of 9.1 log Genome Equivalent Copies per Spice Container     

Cloth Items Lues and Van Tonder, 
2007 Native microflora 84% of aprons were contaminated 

26% of aprons had coliforms     
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Table 1.2 Studies that Discuss Atypically Cross-Contaminated Surfaces (Continued) 
        

Cloth Items 

  16% of aprons had Eneterobcteriaceae 
48% of aprons had S. aureus    

de Wit et al., 1979 Escherichia coli K12 74% of dishcloths contaminated    

Sneed et al., 2015 Lactobacillus casei 
83% of small towels and 95% of large towels contaminated 

3.74 and 4.43 log CFU/towel found on small and large towels on 
average    

Cogan et al., 1999 Native microflora 25% of the dishcloths were contaminated with Salmonella and 
Campylobacter after cleaning    

Cogan et al., 2002 Campylobacter 85% of cloths contaminated before cleaning 
Salmonella 85% of cloths contaminated before cleaning     

Screens 
and 

Technology 

Elsergany et al., 2015 Native microflora 100% ATM keypads contaminated; >500 CFU/cm2  
87.5% gadgets in shops contaminated; <500 CFU/cm2     

Akinyemi et al., 2009 Native microflora 

62% of phones contaminated; 37% food handlers, 30.6% of 
students and lecturers, 16.9% public servants, 15.3% of health 

workers 
Staphylococcus spp., S. aureus, Enterococcus spp., E.coli, 

Puseudomonas aeruginosa, and Klebsiella spp. were iolsated from 
phones    

Braddy and Blair, 2005 Native microflora 
40% of PDAs contaminated 

S. aureus found on 82% of contaminated phones 
   

White et al., 2012 Native microflora 
86% had multiple bacterial species present 

Staphylococcus spp., S. aureus, Enterococcus spp., Micrococcus 
spp., Coliforms, and others were isolated from the phones    

Egert et al., 2015 Native microflora 100% of touchscreens contaminated;  1.37 ± 0.33 CFU/cm2 
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Table 1.3: Studies that Discuss Atypical Food Service Venues 

Venue Observation/Behavior Papers 

Mobile 
Vendors 

Street 
Food 

Use the same cutting board and knives on raw and RTE foods Alimi, 2016; Czarniecka-Skubina et al., 2018; Liu et al., 2014; Nicolas 
et al., 2007 

Handling of foods with bare hands Alimi, 2016;  Liu et al., 2014; Nicolas et al., 2007 
Perform multiple tasks without washing hands or changing gloves Czarniecka-Skubina et al., 2018; Liu et al., 2014; Okumus et al., 2019 

Aprons, coveralls, or uniforms not worn or were dirty Czarniecka-Skubina et al., 2018; Liu et al., 2014; Todd et al., 2009 

Exposure to the dust, flies, and the environment Alimi, 2016; Nicolas et al., 2007; Liu et al., 2014; Black et al., 2018 

Food 
Trucks 

Use the same cutting board and knives on raw and RTE foods Czarniecka-Skubina et al., 2018; Isoni Auad et al., 2019; Liu et al., 
2014; Vanschaik and Tuttle, 2014 

Perform multiple tasks without washing hands or changing gloves Czarniecka-Skubina et al., 2018; Isoni Auad et al., 2019; Liu et al., 
2014;  Okumus et al., 2019 

Low handwashing compliance Czarniecka-Skubina et al., 2018; Vanschaik and Tuttle, 2014 

Aprons, coveralls, or uniforms not worn or were dirty Czarniecka-Skubina et al., 2018; Isoni Auad et al., 2019; Liu et al., 
2014;  Okumus et al., 2019 

Exposure to the dust, flies, and the environment Black et al., 2018; Okumus et al., 2019 
Spice and condiment container contamination Isoni Auad et al., 2019 

    

Temporary Events 

Improper food handling Cho et al., 2006; Franklyn and Badrie, 2015; Mancini et al., 2012; 
Shumaker et al., 2019; Yavelak et al., 2019, 2018 

Low handwashing compliance Franklyn and Badrie, 2015; Mancini et al., 2012; Shumaker et al., 
2019; Yavelak et al., 2019 

Aprons, coveralls, or uniforms not worn or were dirty Franklyn and Badrie, 2015 

Improper cleaning and sanitizing Franklyn and Badrie, 2015; Mancini et al., 2012; Shumaker et al., 
2019; Yavelak et al., 2019 

Exposure to the dust, flies, and the environment Cho et al., 2006; Franklyn and Badrie, 2015; Wilson, 2015 
    

Markets 

Farmer's 
Markets 

Improper Cleaning and Sanitizing Harrison et al., 2013; Pollard et al., 2016; Young et al., 2017 
Perform multiple tasks without washing hands or changing gloves Harrison et al., 2013; Young et al., 2017 

Low Handwashing Compliance Harrison et al., 2013; Pollard et al., 2016; Young et al., 2017 

Exposure to the dust, flies, and the environment Black et al., 2018; Harrison et al., 2013; McIntyre et al., 2014; Young 
et al., 2017 

Grocery 
Stores 

Low handwashing compliance or equipment unavailable Donelan et al., 2016; Chen et al., 2018 
Contact with carts or bags Donelan et al., 2016; Elsergany et al., 2015 

Leaking packages Chen et al., 2018; Donelan et al., 2016; Harrison et al., 2001 
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CHAPTER 2: Cross-Contamination to Surfaces in Consumer Kitchens Using MS2 as a 

Surrogate in Ground Turkey Patties 

 

SUMMARY 

It is estimated that one in five cases of foodborne illnesses is acquired in the home.  However, 

how bacteria move around a kitchen environment when consumers are preparing food is not well 

characterized.  The purpose of this study was to determine the prevalence and degree of cross-

contamination across a variety of kitchen surfaces during a consumer meal preparation event.  

Consumers prepared a meal consisting of turkey patties containing the bacteriophage MS2 as a 

surrogate and a ready-to-eat lettuce salad.  Half were shown a video on proper thermometer 

usage before the trial.  After meal preparation, environmental sampling and detection were 

performed to assess cross-contamination with MS2.  For most surfaces, positivity did not exceed 

20%, with the exception of spice containers, for which 48% of the samples showed evidence of 

MS2 cross-contamination.  The spice containers also had the highest MS2 concentrations, at a 

mean exceeding 6 log10 viral genome equivalent copies (GEC) per surface.  The high level of 

MS2 on these spice containers drove significant differences between surfaces.  Together this 

suggests the significance of spice containers as a vehicle for cross-contamination, despite the 

absence of previous reports to this effect.  The thermometer safety intervention did not impact 

cross-contamination.  The efficiency of MS2 transfer, as expressed as a percentage, was 

relatively low, ranging from an average of 0.002 - 0.07%.  Quantitative risk assessment work 

using these data would aid in further understanding the significance of cross-contamination 

frequency and efficiency.  Overall, these data will aid in creation of more targeted consumer 

messaging to better control consumer cross-contamination behaviors. 
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INTRODUCTION 

There are 47.8 million foodborne illnesses in the United States annually, resulting in over 

120,000 hospitalizations and 3,000 deaths (Scallan et al., 2011).  Estimates on the percentage of 

foodborne illness acquired in the home due to poor food handling practices range from 9% 

(Gould et al., 2013) to upwards of 40% to 60% (Cogan et al., 2002; Duff et al., 2003; Humphrey 

et al., 2001; Sarjit and Dykes, 2017).  Salmonella and Campylobacter collectively contribute to 

over 1.8 million illnesses in the US, are found in poultry products, and can result in enduring 

sequelae, including neurological consequences (Scallan et al., 2011).  It is clear that improper 

handling of raw poultry, such as inadequate cooking, poor handwashing, and cross-

contamination of ready-to-eat foods in the home, can result in the development of foodborne 

illness from such pathogens (Gkana et al., 2016; Gould et al., 2013; Kosa et al., 2015; U.S. 

Department of Agriculture, 2011).   

 

Self-reported and observation-based studies demonstrate that consumers both knowingly and 

unknowingly engage in risky food safety behaviors in the home. These behaviors include 

incomplete or inadequate handwashing; using incorrect means to determine meat doneness; not 

reading or disregarding safe handling instructions; and cross-contaminating surfaces or ready-to-

eat (RTE) foods (Byrd-Bredbenner et al., 2013; Kendall et al., 2004; Kosa et al., 2015; Phang 

and Bruhn, 2011; Sneed et al., 2015).  Cross-contamination can create harborage sites for 

microorganisms, especially when those surfaces or items are improperly cleaned and sanitized 

(Guyard-Nicodème et al., 2013; Jensen et al., 2013; Van Asselt et al., 2008).  Such harborage 

sites then contribute to the cross-contamination of RTE foods such as salads and fresh produce 

items (Gkana et al., 2016; Jensen et al., 2013; Sneed et al., 2015).  
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The United States Department of Agriculture Food Safety and Inspection Service (USDA-FSIS) 

deals with the safety and regulation of meat, poultry, and egg products and creates resources to 

educate consumers about the proper way to handle potentially dangerous products like raw meat 

and poultry.  The degree to which these messaging resources actually influence consumer food 

safety behaviors has not been scientifically assessed; rather, food safety professionals tend to 

assume that they work.  While the ease with which pathogens move through the consumer 

kitchen environment, and creation of environmental ‘hot spots’ of contamination, has been 

investigated previously (De Jong et al., 2008; Sarjit and Dykes, 2017; Sneed et al., 2015; Van 

Asselt et al., 2008), these phenomena are still not well understood. 

 

The purpose of this study was to determine the prevalence and degree of cross-contamination 

across a variety of kitchen surfaces during the preparation of a meal including a raw poultry 

product and an RTE vegetable salad in a consumer test kitchen.  Simultaneously, the impact of a 

USDA-FSIS video on proper thermometer usage on consumer cross-contamination behaviors 

was also evaluated.  

 

METHODS 

Overall Study Design 

A meal consisting of raw ground turkey patties inoculated with a tracer organism (bacteriophage 

MS2) and a RTE vegetable salad was prepared by participants (n=371) in a test kitchen, recipes 

can be found in Appendix A.  Approximately half of the participants (n=172) were shown a 

USDA-FSIS food safety video on proper thermometer usage before meal preparation 

(intervention group); the other participants received no prior food safety education and served as 
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a control group (n=199).  NCSU Institutional Review Board approval was obtained for the study 

design and the tracer organism used (number 10599).  Due to the fact that this was a deception 

study, participants were not informed that researchers would be examining their food safety 

behaviors before preparing the meal.  Instead, participants were informed that the purpose of the 

study was to evaluate “new recipes,” which were provided to them by the researchers (Appendix 

A).  It was only after they had finished preparing the meal that they were informed of the true 

study objective; that being examining their food safety behaviors and determining the degree of 

cross-contamination.  Prior to participation, consent was given by the participants for video 

recording and observation using cameras while they were preparing the meal.  Later, researchers 

performed behavioral coding of these videos to evaluate the participants’ food safety behaviors.  

The participants were from Johnston and Wake counties in North Carolina and demographics 

were similar to those of the US population according to the 2010 census (U.S. Census Bureau, 

2012).  Between each individual observation, the kitchen was cleaned, rinsed, and then sanitized 

using a 10% sodium hypochlorite (bleach) solution with a contact time of 60 seconds before 

wiping with clean disposable paper towels.  The sanitizing step was repeated 3 times and was 

validated to reduce the concentration of MS2 by 8 logs on the countertop. 

 

Tracer Microorganism and Inoculum Preparation 

The bacteriophage MS2 was chosen as the tracer organism for several reasons, the foremost 

being that it is not hazardous to human health and safe for consumers to handle (Dawson et al., 

2005; Jones et al., 2012; Turgeon et al., 2014).  It is also a widely used surrogate for human 

norovirus and has a high degree of environmental stability (Dawson et al., 2005; EPA, 2015; 

Ravva and Sarreal, 2016).  This meant that MS2 was more likely to be recovered during 



   

 
 

44 

environmental sampling after the observation was completed than would a common bacterial 

surrogate.  Hence, it provided a conservative estimate for microbial cross-contamination from a 

raw product (Dawson et al., 2005; Jones et al., 2012).  MS2 is also not likely to be found in a 

kitchen environment at any appreciable level, which increased confidence that any MS2 detected 

on a kitchen surface would have originated from the inoculated turkey patties and be indicative 

of cross-contamination.   

 

MS2 was grown, enumerated, and stored as previously described (Cormier and Janes, 2014; Su 

and D’Souza, 2011; Turgeon et al., 2014).  Briefly, stock solutions of the bacteriophage (ATCC 

15597-B1, ATCC, Manassas, VA) were prepared using the double agar method.  The host 

bacteria, E. coli C3000 (ATCC 15597, American Type Culture Collection, Manassas, VA), was 

incubated in tryptic soy broth (TSB) for 4 to 6 hours with gentle shaking at 37°C.  Ten-fold serial 

dilutions of MS2 stock were prepared and 0.7 mL of the dilutions added to corresponding soft 

agar tubes (tubes with 9 mLs TSA with 0.6% agar) after which 0.3 mL of host E. coli was added.  

Soft agar tubes were vortexed to mix and poured onto the TSA plates.  Plates were allowed to 

solidify and then incubated overnight at 37°C.  Plates with complete lysis were flooded with 3 

mL of TSB and the liquid top layer was added to a tube with TSB, EDTA, and lysozyme. Tubes 

were incubated for 2 h at 37°C with shaking and then centrifuged at 9,300 x g for 10 min.  After 

centrifugation the supernatant was collected and filter sterilized using a 0.22 µm filter. The 

stocks were of a high titer (approximately 1010 PFU/mL) and were stored at -80°C until used.     

 

The raw turkey patties were inoculated with MS2 at a concentration of 108 PFU/g using a 

KitchenAid stand mixer (Whirlpool Corporation, Benton Charter Township, MI) to evenly 
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incorporate the bacteriophage throughout the meat.  Then 110 g patties (each containing 1010 

PFU/patty) were formed using gloved hands and packaged as a pair in plastic wrapped 

Styrofoam trays.  The patties were stored at 4°C and used within four days of preparation. 

 

Meal Preparation 

Several kitchens of various sizes, ranging from small apartment-style kitchens to larger teaching 

kitchens in extension centers and food banks, were used for the study.  Upon arrival to the 

kitchen the participant signed a release statement and was told to prepare a meal of ground 

turkey burgers and a RTE vegetable salad, using recipes provided by the researchers (Appendix 

A), as they normally would at home.  Participants were also instructed to place the cooking 

utensils in either the dishwasher or the sink, in accordance with how they usually washed these 

implements at home.  However, they were instructed not to wash the utensils.  This was done so 

that the effect of the intended washing method on cross-contamination could be assessed.  Any 

utensils that were inadvertently washed by the subject, using either method, were excluded from 

this analysis. 

 

Environmental Sampling 

After the participant completed meal preparation, 12 areas around the kitchen were swabbed.  

They included kitchen utensils, cleaning areas, kitchen surfaces, and two discretionary samples 

(Table 2.1).  After consent was obtained but prior to the participant entering the kitchen, a 

control swab of a 100 cm2 area of the counter near the sink was taken to ensure the kitchen 

environment was properly sanitized and no lingering MS2 was present.  The two discretionary 

samples were taken based on researcher observation during meal preparation and represented 
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possible cross-contamination hot-spots.  As a result, these samples varied by participant.  For flat 

surfaces, environmental sampling was done using the 3M sponge stick (3” x 1.5”, 10 mL 

Neutralizing Buffer, 3M, Maplewood, MN) and a sterile, disposable 100 cm2 template 

(Environmental Monitoring Systems, Charleston, SC). For irregular surfaces (e.g. spice 

containers, tap handles, etc.) the entire surface was swabbed.  While wearing gloves, researchers 

rubbed the swab over the target area in a single direction from top to bottom and then reversed 

direction for a second pass. This procedure was repeated twice, swabbing horizontally and from 

the top corner.  The swabs were placed on ice and transported to the NCSU food microbiology 

laboratory where they were processed for MS2 detection and enumeration within 24 hours of 

collection.   

 

MS2 Detection and Enumeration Using RT-qPCR 

MS2 was detected by RT-qPCR based on an assay adapted from previous studies (Dawson et al., 

2005; Jones et al., 2012; Turgeon et al., 2014).  Briefly, each sponge was stomached (Seward, 

Worthington, UK) for 1 min at 230 rpm with 20 mL of Tris-Glycine with 5% Beef Extract 

(TGBE) buffer, pH 9.5 (Trizma HCl, Sigma Aldrich, St. Louis, MO; glycine, Fisher Scientific, 

Geel, Belgium; Sodium Hydroxide, Mallinckrodt Baker, Pairs, KY; Beef Extract, Beckett 

Dickinson, Sparks, MD).  The total volume of the TGBE after stomaching was recorded and a 20 

mL aliquot was taken.  After pH adjustment to 6-8, the aliquot was supplemented with 10% 

polyethylene glycol (PEG) 8000 (Sigma Aldrich, St. Louis, MO; Sodium Chloride, Fisher 

Scientific, Geel, Belgium) and incubated with shaking for 2 h or overnight at 4°C. The tubes 

were then centrifuged at 4°C and 8500 x g for 20 min (Eppendorf, Hamburg, Germany).  The 

supernatant was poured off and 1 mL of PBS (ThermoFisher Scientific, Waltham, MA) was used 
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to resuspend the virus-containing pellet.  This was followed by a 1:1 chloroform:butanol 

extraction to further purify the solution.  RNA extraction was performed using a NucliSENSE 

easyMAG system (BioMerieux, Marcy l’Etoile, France) as per manufacturer instructions, with 

the RNA pellet resuspended into 25 µL of distilled water. 

 

The RT-qPCR probes, primers, and cycling protocol were performed as previously described 

(Conn et al., 2012).   Briefly, samples were run in duplicate for both an undiluted and a 10-1 

dilution of extracted RNA, to account for potential matrix-associated inhibition.  The Superscript 

III Platinum PCR kit (Invitrogen, Carlsbad, CA) was used for reactions and the reaction 

conditions and primers and probes used were as previously described (Conn et al., 2012).  

Reactions were performed on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad. 

Hercules, CA) and curves were visualized and analyzed on the CFX Maestro (Bio-Rad. 

Hercules, CA), a computer program.  The baseline threshold was set at 100 to eliminate 

background signals and a true positive result was considered to have a CT ≤35.  A standard curve 

was created using serially diluted MS2 stocks.  These stocks were RNA extracted and quantified 

using RT-qPCR to create a standard curve that was used the quantify the MS2 concentration 

present in samples in genome equivalent copies (GEC) per surface.  The degree of transfer was 

calculated for each surface by dividing the concentration of MS2 detected on a surface, as 

quantified using RT-qPCR, by the total inoculum of MS2 [i.e., 2.2 x 1010 PFU (108 PFU/g in two 

110g patties)].  This fraction was then multiplied by 100 to obtain the percentage of MS2 from 

the total inoculum that was transferred to a surface.  Based on the standard curve and Ct cut-off, 

a sample with ³ to 5 log10 GEC was considered a positive result, providing the equivalent of a 5 

log10 resolution.   
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Statistics 

The results for prevalence and degree of MS2 cross-contamination were analyzed using R 

software (R Core Team, 2013).  Data were examined for normality prior to analysis.  An 

independent samples t-test was used to identify significant differences between the treatment and 

control groups.  Significant differences in MS2 prevalence between surfaces were calculated 

using a chi-square and differences in MS2 concentrations between surfaces and the intended 

washing method were compared using a one-way ANOVA.   Non-detectable results were not 

included in the ANOVA analysis.  For the intended washing methodology, only a subset of 

participants were used because some participants accidently washed their dishes and therefore 

could not be included in the analysis.  Significance was set at p<0.05 for all tests.     

 

RESULTS 

Prevalence of Cross-Contamination Per Meal Preparation Event and on Specific Kitchen 

Surfaces 

For most of the meal preparation events, there were two or fewer environmental swabs showing 

evidence of cross-contamination, but 81% of the time, one or more surfaces were positive for 

MS2 (Figure 2.1).  There were not statistically significant differences in the number of surfaces 

that became cross-contaminated when comparing control to intervention groups (p>0.05).  The 

only appreciable difference between the intervention and control groups was that the control 

group had one observation with ten positive surfaces, the highest degree of cross-contamination 

observed. 
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The prevalence of cross-contamination varied by surface, but for most of the individual surfaces, 

there was evidence of MS2 cross-contamination 10-20% of the time (Figure 2.2A).  Notable 

exceptions were the refrigerator handle and inner sink surfaces, which were positive less than 

10% of the time; these surfaces were excluded from further analysis.  On the higher end of the 

spectrum, the most frequently contaminated surface was the spice containers, for which 48% of 

the samples showed evidence of MS2 contamination (Figure 2.2A).  This prevalence of 

contamination was significantly different from all other surfaces sampled (p<0.05).  There was 

no statistically significant difference in spice container sample positivity when comparing the 

intervention and control groups.  

 

Degree of Cross-Contamination Across Kitchen Surfaces 

The degree of cross-contamination, expressed as the concentration of MS2 detected, varied by 

surface and ranged from an average of 5.5 - 6.2 log10 viral GEC per surface (Figure 2.2B).  The 

tap handle harbored the lowest concentration of MS2 while the spice containers had the highest, 

closely followed by the cutting boards, at 5.5, 6.2, and 6.1 log10 GEC, respectively.  The average 

concentration of MS2 on other surfaces ranged from 5.5 - 5.7 log10 GEC (Figure 2.2B).  Overall, 

the amount of MS2 present on any one surface did not differ statistically when compared to the 

other surfaces (p<0.05).  However, several surfaces were significantly different from others, and 

most of these differences were driven by the relatively higher MS2 concentrations on the spice 

containers and cutting boards (Table 2.2).  The only two surfaces that were not significantly 

different from the spice containers were the cutting board and the trash bin lid, the surfaces with 

the second and third highest concentrations of MS2, respectively (Figure 2.2B and Table 2.2).  

The concentration of MS2 on the cutting boards was significantly different from all but four 
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surfaces, and the trash bin lid was only significantly different from two surfaces (Table 2.2).  

There were no other significant differences among the surfaces sampled or between the 

intervention and control groups.  The mean degree of transfer from the turkey patties to the 

surfaces, calculated arithmetically as a percentage of the initial raw turkey inoculum, are shown 

underneath the box plot axis and ranged from a low of 0.0002% (knife handle) to a high of 

0.07% (spice containers), corresponding to the highest and lowest average MS2 concentrations 

detected on a surface (Figure 2.2B, Appendix C).    

 

The Effect of Intended Washing Methodology on Cross-Contamination of Kitchen Utensils 

A total of 323 meal preparation events were analyzed to determine if there was a difference 

between the concentration of MS2 on kitchen utensils depending on the washing technique 

employed by the subjects.  The prevalence of MS2 varied by surface but overall was highest for 

the frying pan/GF handle and lowest on the knife handle (Table 2.3).  However, the cutting 

boards and frying pan/GF handles that were intended for the dishwasher had a significantly 

higher frequency of cross-contamination compared to those intended for the sink (p<0.05).  The 

concentration of MS2 ranged from 5.4 - 6.2 log10 GEC, with the knife handle having the lowest 

concentration and the cutting boards having the highest (Table 2.3).  There were not significant 

differences in MS2 concentration when comparing the two intended utensil washing methods.  

There were also no significant differences between the intervention and control group. 

 

Cross-Contamination Across Discretionary Samples 

For ease of analysis, all discretionary samples were binned into one of five categories, depending 

on the sample type.  Some sample types, like kitchen tools, were taken more often than others so 
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the total number of samples is not equal across all five bins (Table 2.4).  The prevalence of MS2 

contamination varied across the discretionary surface bins, ranging from 6.7% - 24.7% (Figure 

3A).  The frequency of contamination across the discretionary bins was similar to that observed 

for the other surfaces, like the soap dispenser and refrigerator handle (Figure 2.2B).  Participant 

items had the highest frequency of MS2 cross-contamination and kitchen tools had the lowest.  

The concentrations of MS2 detected were also comparable to those seen for the surfaces 

regularly sampled after meal preparation events (Figure 2.2B).  The concentration of MS2 

ranged from 5.6 - 5.9 log10 GEC, with the cleaning supplies and cloths bin having the lowest 

concentration and the kitchen tools bin having the highest (Figure 3B).  There were no 

significant differences (p<0.05) between the concentration of MS2 across the discretionary 

samples or between the intervention and control groups for each surface bin. 

 

DISCUSSION 

Prevalence and Level of MS2 Contamination Varies Between Surfaces  

Overall, MS2 was detected across all surfaces but the prevalence and concentration varied with 

surface type.  Contamination frequency was <20% for most surfaces (Figure 2.2A), comparable 

to some previous studies (Cogan et al., 2002; Evans and Redmond, 2018; Redmond et al., 2004) 

but lower than others (de Wit et al., 1979).  Most research on the cross-contamination of kitchen 

surfaces due to handling of raw meat or poultry products has focused on kitchen cutting boards 

(Chen et al., 2001; Cogan et al., 2002; De Boer and Hahne, 1990; de Wit et al., 1979; Evans and 

Redmond, 2018; Gkana et al., 2016; Kusumaningrum et al., 2004; Ravishankar et al., 2010; 

Sarjit and Dykes, 2017) or tap handles (Chen et al., 2001; Evans and Redmond, 2018; Sneed et 



   

 
 

52 

al., 2015), but have neglected surfaces like trash bin lids and other kitchen utensils, making our 

study both unique and comprehensive.   

 

Much of the cross-contamination research has focused on cutting boards because most 

Americans report using the same cutting board for meats and produce or inadequate cleaning of 

cutting boards (Kusumaningrum et al., 2004).  Early research on the cross-contamination of 

Campylobacter and Salmonella on cutting boards reported detecting the organisms at a 

frequency of 50% or even 100% of the time (De Boer and Hahne, 1990; de Wit et al., 1979).  

More recent work using naturally present Enterobacteriaceae reported only 10% cross-

contamination prevalence for cutting boards (Evans and Redmond, 2018); another study using 

Campylobacter spp. reported 80% (Cogan et al., 2002).  Our value for cutting board cross-

contamination frequency of 12.7% (Figure 2.2A) is on the lower end, perhaps because ground 

turkey was used and participants were not instructed to cut the meat.  Other studies that report a 

higher frequency of cross-contamination used an intact piece of meat cut directly on the cutting 

boards (Chen et al., 2001; Cogan et al., 2002; De Boer and Hahne, 1990; de Wit et al., 1979; 

Montville and Schaffner, 2003).  In our study, the mean concentration of MS2 detected on 

cutting boards was 6.1 log10 GEC (Figure 2.2B), slightly higher than most previously reported 

values for cross-contamination, which tended to be between 4.0 - 5.0 log10 (Chen et al., 2001) 

although one reported values of 6.0 log10 or greater (Montville and Schaffner, 2003).  Montville 

and Schaffner, 2003, have observed that inoculum size significantly influenced the transfer rate 

of Enterobacter aerogenes from chicken, hands, and kitchen surfaces to other surfaces; which 

may explain the variation of the level of surrogate transferred to surfaces between studies.  

Cutting boards have long been thought to contribute to indirect cross-contamination as 
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demonstrated by previous work (Chen et al., 2001; Cogan et al., 2002; De Boer and Hahne, 

1990; de Wit et al., 1979; Evans and Redmond, 2018; Gkana et al., 2016; Kusumaningrum et al., 

2004; Montville and Schaffner, 2003; Ravishankar et al., 2010; Sarjit and Dykes, 2017), and our 

results support that conclusion.   

 

Other areas sampled, like the refrigerator handle and the tap handle, both with 5.5 log GEC, had 

contamination comparable to previous work done with Enterobacteriaceae (Evans and 

Redmond, 2018) but not for other studies that reported degree of cross-contamination to be less 

than 1.0 log10 of both Lactobacillus casei and Enterobacter aerogenes (Chen et al., 2001; Sneed 

et al., 2015).  The efficiency of MS2 transfer, expressed as a percent of initial inoculum, was 

quite a bit lower for our study as compared to others (Figure 2.2B). While some studies have 

found transfer efficiencies from raw meat and poultry to cutting boards and knives as low as 

0.01%-3.11% with Salmonella and Campylobacter (Gkana et al., 2016; Kusumaningrum et al., 

2004; Ravishankar et al., 2010; Sarjit and Dykes, 2017), others have reported 7-30% with 

Enterobacter aerogenes on the same surfaces (Chen et al., 2001; Montville and Schaffner, 2003).  

None of the surfaces sampled in our study had a transfer efficiency exceeding 0.07%, which was 

only observed for the spice containers (Figure 2.2B).  One explanation for the differences 

between our data and others is that we were not able to sample until the end of the study, 

meaning that some objects were handled multiple times before swabbing, perhaps allowing for a 

‘dilution effect’ which might be partially responsible for our lower transfer values.       

 

Surprisingly, spice containers were positive for MS2 quite often, at a 49% cross-contamination 

frequency (Figure 2.2A).  To our knowledge, spice containers as a common recipient surface for 
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microbial cross-contamination has been seldom reported, although up to 70% of spice containers 

were cross-contaminated in a couple of studies documenting this surface type (de Wit et al., 

1979; Sneed et al., 2015).  Additionally, the mean concentration of MS2 on spice containers, 6.2 

log10 GEC (Figure 2.2B), was the highest in our study and drove many of the significant 

differences between surfaces when comparing the degree of MS2 cross-contamination.  

However, this result is not consistent with Sneed et al., 2015; who reported lower concentrations 

of L. casei, 0.59 log10 CFU, on contaminated spice containers.  The relatively high concentration 

of MS2 on spice containers observed in our study could be due to their close proximity to the 

region in which turkey patty handling occurred; the lack of attempts made to clean or sanitize the 

spice containers; and the high number of times the containers were handled (Cates et al., 2018).  

Perhaps most importantly, consumers may not necessarily think to wipe down or decontaminate 

spice containers after cooking since they are not typically targeted as at high-risk for cross-

contamination in consumer messaging.  This may be an important future messaging area for 

consumer food safety.   

 

Overall, we found no statistically significant differences between the prevalence of MS2 on most 

kitchen surfaces sampled and very few differences between the concentration of MS2 on those 

surfaces (Table 2.2).  The spice containers had a significantly higher concentration of MS2 than 

every other surface, except the cutting board and trash bin lid (Table 2.2).  The cutting board was 

significantly more contaminated than the pan handle/GF handle, dish cloth/sponge, tap handle, 

soap dispenser, and fridge handle (p<0.05, Table 2.2).  Even when participants did not use the 

cutting board, it was frequently on the counter while they were preparing food and may have 

been indirectly contaminated.  The trash bin lid was significantly more contaminated than the 
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dishcloth/sponge and the tap handle (Table 2.2), which could be due to direct contact with 

packaging, hands, or repeated contact when food or supplies harboring MS2 were being disposed 

of. 

 

Thermometer Video Intervention Did Not Impact Quantifiable Cross Contamination 

This study was also designed to determine if a specific food safety intervention (video on 

thermometer usage) would affect quantifiable cross-contamination.  While the video did 

significantly increase the likelihood of thermometer usage (Duong et al., 2020), it did not impact 

the prevalence, concentration, or number of surfaces contaminated with MS2 (p>0.05, Table 2.3 

and Figures 1 and 2).  Our data suggest that simply informing people of one food safety issue, 

and even facilitating behavior change around that issue, does not guarantee other food safety 

behaviors will be similarly impacted.  

 

Discretionary Surfaces Show Similar Cross-Contamination Patterns to Other Kitchen 

Surfaces 

While the discretionary surfaces were picked specifically because cross-contamination was likely 

to have occurred due to actions observed while the participant was preparing the meal, they did 

not have a higher prevalence or concentration of MS2 compared to other surfaces (Figure 2.3A 

and B).  This may be due to experimental design which allowed an object to be touched many 

times over the course of the meal preparation event before it was sampled for cross-

contamination, resulting in a dilution effect.  Nonetheless, the results suggest that most kitchen 

surfaces have a similar propensity for cross-contamination, with a few notable exceptions (i.e., 

spice containers and cutting boards).  It is interesting to note that one category of discretionary 
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samples, the cleaning and cloths bin have been previously studied as a harborage site for 

foodborne pathogens (Cogan et al., 2002; Hilton and Austin, 2000) and implicated in consumer 

cross contamination (Evans and Redmond, 2018; Redmond et al., 2004; Sneed et al., 2015).  In 

our study, cleaning areas were contaminated 22% of the time (Figure 2.3A) but we did not 

specifically sample dishcloths.   

 

Intended Washing Method Affects the Presence of MS2 on Kitchen Utensils.  

Observations from previous studies have suggested that people who rely on dishwashers to clean 

their kitchen utensils may be more likely to cross-contaminate those same utensils as compared 

to individuals who rely on manual washing (unpublished data).  For this reason, we 

systematically recorded the intended washing method.  In fact, the intended washing method did 

have an effect on the prevalence of MS2 on cutting boards and frying pan/GF handles, with those 

intended for the dishwasher being more likely to have MS2 contamination than those destined 

for sink washing.  However, the same effect was not observed for the concentration of MS2 on 

these utensils (Table 2.3).  Furthermore, no significant differences were seen in either the 

prevalence or concentration of MS2 for knife handles.  This suggests that the people who wash 

dishes may be more likely to cross-contaminate certain kitchen surfaces, but not all surfaces.  To 

the authors’ knowledge, the effect of the intended washing method on cross-contamination has 

not been previously studied and deserves more attention.   

 

There are some limitations to our study.  Most notably is the fact that we did not perform 

environmental sampling until after each participant had finished cooking and cleaning.  This may 

have resulted in some of the surfaces being touched or used multiple times after an initial cross-



   

 
 

57 

contamination event, resulting in a cascade effect that could have resulted in higher 

concentrations of MS2 (multiple cross-contamination events resulting in cumulative 

contamination) or as a dilution effect (contaminant removal due to multiple touches).  While this 

could be seen as a limitation, our study design was also more representative of cross-

contamination occurring in a real-world setting of consumer kitchens.  Another potential 

limitation was the use of a bacteriophage rather than a bacterium as our surrogate to monitor 

cross-contamination, with the later perhaps behaving more like the classic foodborne pathogens 

of concern in poultry (Hu and Gurtler, 2017).  This difference in surrogate could also account for 

the different frequencies and concentration of cross-contamination between our study and prior 

studies where bacteria were used (Cogan et al., 2002; Gkana et al., 2016; Kusumaningrum et al., 

2004; Ravishankar et al., 2010; Sarjit and Dykes, 2017).  However, as a bacteriophage, MS2 is a 

more conservative surrogate due to its ability to persist on surfaces, an important consideration 

for this study design because environmental sampling did not occur until after food preparation 

was complete, hence a time lag between the event of cross-contamination and sample collection 

(Dawson et al., 2005; EPA, 2015; Ravva and Sarreal, 2016). 

 

Studies that directly engage consumers provide a more authentic look at how cross-

contamination occurs in the home, but they are expensive, time consuming, not necessarily 

representative of the entirety of consumer populations, and do not always replicate home 

conditions (Sneed et al., 2015; Redmond et al., 2004).  This study was realistic in that 

participants prepared food in a consumer-style kitchen, had access to a variety of kitchen 

supplies, and were allowed freedom to prepare the meal consistent with their normal practices.  

Further, as a deception study, they had no idea that their food safety behaviors were being 
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monitored.  Other studies, while providing good baseline data, may not as accurately represent 

what happens in the home due to use of strict instructions on how to prepare the food and what 

kitchen tools can be used; using researchers instead of consumers in experiments; and not 

allowing for participants to act as they normally would when preparing a meal (Chen et al., 2001; 

Cogan et al., 2002; De Boer and Hahne, 1990; de Wit et al., 1979; Evans and Redmond, 2018; 

Gkana et al., 2016; Kusumaningrum et al., 2004; Montville and Schaffner, 2003; Ravishankar et 

al., 2010; Sarjit and Dykes, 2017).  Another major advantage of our study was its diversity of 

participants and large sample size, which at 371, exceeds most other studies which employed 

anywhere from 24-123 participants (Evans and Redmond, 2018; Ravishankar et al., 2010; 

Redmond et al., 2004; Sneed et al., 2015).  As such, our study fills some significant knowledge 

gaps and provides a more realistic look at the frequency and degree of cross-contamination that 

occurs during consumer food handling.  Overall, cross-contamination occurred in 81% of 

observations and across most surfaces at a prevalence less than 20%, except for spice containers 

which were positive much more frequently at close to 50%.  The average concentration of MS2 

transferred to these surfaces ranged from 5.5 - 6.1 log10 GEC, but the most highly contaminated 

surfaces were the spice containers, cutting board, and trash bin lid.  The role spice containers 

play in cross-contamination in particular has not been well characterized but the high frequency 

and concentration at which they were contaminated suggests they are a surface of concern.  

Transfer efficiency across all surfaces did not exceed 0.07% but in order to determine the 

significance of these findings, specifically to public health risk, risk assessments need to be 

performed incorporating these data.  The results presented in this study provide deeper 

knowledge about how cross-contamination occurs in home kitchens and underscores the need for 

continued food safety messaging that specifically addresses cross-contamination. 
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Table 2.1: Description of Environmental Sample Based on Sample Type and 

Characteristics.   

Sample Type Surface Characteristic Material 

Cleaning Validation Counter Flat Soapstone 

Kitchen Utensils 

Knife Handle Irregular Plastic 

Cutting Board Flat Plastic 

Frying Pan/GF 
Handle 

Irregular Plastic 

Cleaning Areas 

Inner Sink Surface Flat Stainless Steel 

Dishcloth/Sponge Irregular Cloth/Sponge 

Tap Handle Irregular Stainless Steel 

Soap Dispenser Irregular Plastic 

Kitchen Surfaces 

Refrigerator Handle Irregular Plastic  

Spice Containers Irregular Plastic 

Trash Bin Lid Irregular Plastic 

Discretionary 
Surfaces* 

Discretionary 1 Flat/Irregular Various 

Discretionary 2 Flat/Irregular Various 
*Discretionary samples differed by participant depending on which surfaces were identified as at elevated risk for 
cross-contamination during observation. 
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Table 2.2: Significant Differences Between the Concentration of MS2 on Surfaces.   

 Knife 
Handle 

Cutting 
Boards 

Frying Pan/ 
GF Handle 

Inner Sink 
Surface 

Dishcloth/ 
Sponge 

Tap Handle Soap 
Dispenser 

Refrigerator 
Handle 

Spice 
Containers 

Trash Bin 
Lid 

Knife 
Handle 

        0.0063  

Cutting 
Boards 

  0.0099  <0.0001 <0.0001 0.0081 0.0010   

Frying Pan/ 
GF Handle 

 0.0099       <0.0001  

Inner Sink 
Surface 

        0.0119  

Dishcloth/ 
Sponge 

 <0.0001       <0.0001 0.0104 

Tap Handle  <0.0001       <0.0001 0.0230 

Soap 
Dispenser 

 0.0081       <0.0001  

Refrigerator 
Handle 

 0.0010       <0.0001  

Spice 
Containers 

0.0063  <0.0001 0.0119 <0.0001 <0.0001 <0.0001 <0.0001   

Trash Bin 
Lid 

    0.0104 0.0230     

Only statistically significant values are displayed; non-significant values are greyed out. 
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Table 2.3: Prevalence of MS2 Contamination and Level of Contamination for Kitchen 

Utensils Based on Washing Technique 

Location  All Sample Dishwasher Sink p valuea 

Knife 
Handle 

Prevalence 
contaminated % (nB) 

5.52 (181) 8.82 (34) 4.76 (147) 0.3516 

Level of contamination 
∓ SD, log GECb/handle 
(n) 

5.39 ∓ 0.47 
(10) 

5.16 ∓ 0.15 (3) 5.50 ∓ 0.31 
(7) 

 

Cutting 
Board 

Prevalence 
contaminated, % (n) 

13.08 (321) 22.58 (62) 10.81 (259) 0.0137 

Level of contamination 
∓ SD, log GEC/board 
(n) 

6.22 ∓ 1.00 
(42) 

6.98 ∓ 0.98 
(14) 

5.83 ∓ 0.72 
(28) 

 

Frying 
Pan/GF 
Handle 

Prevalence 
contaminated, % (n) 

19.50 (323) 35.09 (57) 16.17 (266) 0.0011 

Level of contamination 
∓ SD, log GEC/handle 
(n) 

5.62 ∓ 1.00 
(63) 

5.80 ∓ 0.82 
(20) 

5.53 ∓ 1.07 
(43) 

 

ASignificance set at p<0.0500 
BAny observation where multiple cutting boards or knives were used or video was unretrievable 
was not included in the analysis.  Only 181 knife handles were included because the sample was 
not tested for all observations due to a low prevalence within the first 211 samples.  Some videos 
were not available for review but all available videos were reviewed and the washing status 
confirmed. A positive result was one within 5 logs of the total inoculum (approximately log 10). 
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Table 2.4: Types of Discretionary Samples.   

 Cupboards, 
Drawers, 
Counters 

Participant 
Items 

Kitchen Tools Cleaning Supplies 
and Cloths 

Oven, GF, and 
Microwave 

Examplesa 

Cupboard Cell Phone Measuring Spoons Dish Soap Bottle GF top 

Counter top Coffee Cup Spatula Apron Stove Knobs 

Drawer Earbuds Mixing Bowl Paper Towel Holder Microwave Door 

Cabinet Knobs Water Bottle Tongs Sink Sprayer Stove Surface 

Table Surface Glasses Recipe Card Outer Sink Edge GF Cord 

Total 176 89 231 59 170 
a Examples of the types of discretionary samples in each binning category are described along with the total number 
of samples in each category
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Figure 2.1: The Number of Positive Surfaces in a Single Meal Preparation Event.  The 
number of surfaces that tested positive for MS2 (not including lettuce) for each participant were 
summed together to obtain the number of positive surfaces per participant.  The number of 
positive surfaces per participant was then plotted against the number of participants. 
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Figure 2.2: The Prevalence (A) and Concentration (B) of MS2 on Surfaces.  The percentage of samples positive for MS2 per 
surface (A) for the knife handle (KH; n=218), cutting board (CB; n=370),  frying pan/GF handle (FP/GF; n=370), inner sink surface 
(IS; n=219), dish cloth/sponge (DC; n=371), tap handle (TH; n=371), soap dispenser (SD; n=371), refrigerator handle (RH; n=371), 
spice container (SC; n=371), and trash bin lid (TB; n=371), are displayed.  In (B) the concentration of MS2 expressed as log10 GEC 
are displayed as a box plot with the box encapsulating 50% of the variation (25-75%) and the whiskers encapsulating 90% of the 
variation (5-95%).  The median is shown as the bar within the boxplot.  Individual samples are shown as grey points and for each 
surface.  Darker points indicate more than one sample having the same value.  The mean value (M), the degree of transfer (DT), and 
number of positive surfaces (n) are denoted below the surface name on the X-axis.  Significance is not shown on the box plot. 
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Figure 2.3: The Prevalence (A) and Concentration (B) of MS2 on Discretionary Surfaces.  The percentage of discretionary 
samples positive for MS2 per surface (A) for cleaning supplies and cloths (n=76), cupboards, drawers, and counters (n=176), kitchen 
tools (n=231), oven/GF/microwave sample (n=170), and participant items (n=89).  The log genome copies are displayed as a box plot 
with the box encapsulating 50% of the variation (25-75%) and the whiskers encapsulating 90% of the variation (5-95%), are shown. In 
(B) the concentration of MS2 expressed as log10 GEC are shown as a box plot. The box encapsulates 50% of the variation (25-75%) 
and the whiskers encapsulate 90% of the variation (5-95%).  The median is shown as the bar within the boxplot.   Individual samples 
are shown as grey points and for each surface.  Darker points indicate more than one sample having the same value.  The mean value 
(M) and number of positive surfaces (n) are denoted below the surface name on the X-axis.  There were no significant differences 
between discretionary samples. 
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CHAPTER 3: Characterizing Cross-Contamination from Raw to Ready-to-Eat Foods in 

Consumer Kitchens 

 

SUMMARY 

Cross-contamination readily occurs in consumer kitchens, especially when handling raw poultry.  

However, the dynamics of cross-contamination from raw poultry to RTE products is not well 

characterized in the home kitchen environment. The purpose of this study was to determine the 

likelihood and degree of cross-contamination from a raw poultry product to an RTE leafy green 

salad or lettuce garnish during consumer meal preparation in a test kitchen. Simultaneously, the 

impact of a USDA-FSIS video on proper thermometer usage on this particular cross-

contamination event was also assessed.  A meal consisting of turkey burgers inoculated with 

108 PFU/g of the bacteriophage MS2, along with a lettuce garnish and vegetable salad, was 

prepared by participants (n=367) in a test kitchen. One-half of the participants were shown a 

video on proper thermometer usage (intervention group) and the other half were not (control 

group). After preparation, lettuces were sampled and MS2 was enumerated using an RT-qPCR-

based assay.  Statistical analysis was completed in R.  A total of 367 lettuce samples were taken 

(222 salad lettuce and 145 garnish lettuce).  Almost 10% (22/222, 9.9%) of the salad lettuce 

samples were positive for MS2 and 22.1% (11/145) of the garnish lettuce samples were positive.  

While the salad was more frequently subjected to cross-contamination, the garnish had a higher 

average concentration of the surrogate (5.9+0.78 vs. 5.5+ 0.45 log10 GEC per sample for garnish 

vs. salad, respectively).  There were no significant differences between intervention and control 

groups with respect to prevalence or concentration of MS2.  The average percent transfer from 

the raw ground turkey to the garnish and salad lettuce were 1.9 x 10-3 and 1.6 x 10-4 per sample, 
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respectively.  This study provides information about the potential for and efficiency of cross-

contamination of microbes directly from raw to RTE foods during food preparation, data that 

will be useful in risk assessment and food safety messaging.  

 

INTRODUCTION 

Between 9% and 50% of all foodborne illnesses occur in private homes (Gould et al., 2013).  

Many of these illnesses are acquired by consuming undercooked meat, including poultry (Gould 

et al., 2013; Scallan et al., 2011; Whyte, 2006).  Consumers often report engaging in behaviors 

that could result in increased risk of food contamination with pathogens or foodborne disease.  

Such behaviors include cross-contamination between raw and ready-to-eat (RTE) foods; 

inadequate cooking, particularly for meat; failure to use a food thermometer; using color to 

check for meat doneness; not washing hands properly or frequently enough; and not paying 

attention to safe handling instructions  (Byrd-Bredbenner et al., 2007; Cody & Hogue, 2003; 

Kosa et al., 2014; Phang et al., 2011; Sneed et al., 2015; Taché & Carpentier, 2014; Whyte, 

2006; Berry, 1994; Whyte, 2006).  Observation of food preparation activities supports the fact 

that consumers engage in many behaviors that can elevate their risk for foodborne disease (Byrd-

Bredbenner et al., 2007; Taché & Carpentier, 2014; Sneed et al., 2015).   

 

The United States Department of Agriculture, Food Safety and Inspection Service (USDA-FSIS) 

handles the regulation of meat, poultry, and egg products and has created informational flyers, 

tools, and videos educating consumers on how to safely handle and cook raw meat (U. S. 

Department of Agriculture, 2015; U.S. Department of Agriculture, 2011).  However, the efficacy 

of these materials in communicating the hazards associated with undercooked meat and in 
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changing consumer food safety behaviors has not been evaluated.  Pathogens are known to move 

through a kitchen but the frequency and degree of possible microbial contamination during a 

meal preparation event have not been well characterized (de Jong et al., 2008; Sarjit and Dykes, 

2017; Gkana et al., 2016; Sneed et al., 2015; Scott, 2003; van Asselt et al., 2008).  The purpose 

of this study was to determine the likelihood and degree of cross-contamination from a raw 

poultry product to an RTE leafy green salad or lettuce garnish during consumer meal preparation 

in a test kitchen. Simultaneously, the impact of a USDA-FSIS video on proper thermometer 

usage on this particular cross-contamination event was also assessed.   

 

METHODS 

Study Design  

A group of 367 consumers were instructed to prepare a meal consisting of turkey patties 

inoculated with a tracer microorganism, as well as a RTE vegetable salad in a test kitchen, 

recipes can be found in Appendix A.  NCSU IRB approval was obtained for the study (number 

10599).  About one-half (n=170) of the participants were shown a USDA-FSIS food safety video 

on proper thermometer usage before meal preparation (intervention group); the other half served 

as a control group (n=197).  The participants were told that they were evaluating a food recipe 

and would be observed using cameras while preparing the meal, as previously described in 

Chapter 2.  Actions taken to prepare the meal were coded by researchers at a later date.  All 

participants signed a consent form to be videoed and were told of the deception upon the 

completion of the meal preparation, after which they were given the opportunity to opt-out of the 

study.  The participants were from the Wake and Johnston County area of North Carolina and 

demographics were comparable to the United States population according to the 2010 census 
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(U.S. Census Bureau, 2012). The kitchens were cleaned and sanitized between each participant 

using a 10% sodium hypochlorite solution.  The sanitizing step was repeated three times to 

ensure complete inactivation of the surrogate prior to initiation of a new observation.  

 

Tracer Microorganism Selection and Preparation 

The bacteriophage MS2 was selected as the tracer organism for this study because it is not 

hazardous to human health and is safe for consumers to handle; it has a long history of use; and 

can be easily detected and enumerated (Dawson et al., 2005; EPA, 2015; Ravva and Sarreal, 

2016).  Further information on the surrogate selected can be found in Chapter 2.  The MS2 was 

grown and enumerated using an overlay method as previously described in detail in Chapter 2 

and the stock (approximately 1010 PFU/mL) was stored at -80°C.  The raw turkey patties were 

inoculated using a Kitchenaid stand mixer (Whirlpool Corporation, Benton Charter Township, 

MI) to incorporate the MS2 into the ground turkey evenly.  Patties were then formed in 110 g 

weights and packaged in plastic-wrapped Styrofoam trays.  Burgers were made twice a week and 

used within four days of preparation. 

 

Environmental Sampling 

Before each participant entered the kitchen, a control swab was taken of a 100 cm2 area of the 

counter using a sponge stick (3M, Maplewood, MN) to validate the cleaning and disinfection 

procedure.  This sample was immediately placed on ice.  After meal preparation, a lettuce sample 

was taken from each observation to determine if cross-contamination from the raw turkey patties 

occurred.  For participants who prepared the raw turkey patties before, or simultaneously with 

the RTE salad, the salad lettuce was sampled.  If the participant prepared the salad before 
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handling raw turkey patties, the garnish lettuce (i.e. the lettuce on top of the burger) was sampled 

instead.  The lettuce samples were placed in labeled plastic bags and put on ice.  After a full day 

of sampling, all samples were sent to the NCSU Food Microbiology lab and processed for MS2 

detection within 24 h.  Twelve kitchen surfaces were also sampled after each meal preparation 

and the results of that aspect of the study are described in Chapter 2.  Those results were used to 

calculate the percent transfer of MS2 from these surfaces to the RTE lettuce, described in detail 

in the “Determination of Surfaces Touched and Positive for Cross-Contamination” section 

below. 

 

MS2 Detection Using RT-qPCR 

MS2 was detected using a RT-qPCR-based assay as previously described (Dawson et al., 2005; 

Jones et al., 2012; Turgeon et al., 2014).  Briefly, 20 mLs of Tris-Glycine with 5% Beef Extract 

(TGBE) (Trizma HCl, Sigma Aldrich, St. Louis, MO; glycine, Fisher Scientific, Geel, Belgium; 

Sodium Hydroxide, Mallinckrodt Baker, Pairs, KY; Beef Extract, Beckton Dickinson, Sparks, 

MD) was added to each sponge stick or 25 g of lettuce and the sample stomached (Seward, 

Worthington, UK) for one min at 230 rpm.  If less lettuce was available, the amount of TGBE 

was adjusted accordingly.  The total volume of liquid was recorded and 20 mLs were used for 

virus concentration using 10% polyethylene glycol 8000 (PEG; poly(ethylene glycol)), Sigma 

Aldrich, St. Louis, MO) precipitation with pH adjusted to between 6 and 8, followed by 

incubation at 4°C with shaking for at least 2 h.  The tubes were then centrifuged for 20 min at 

4°C and 8,500 x g (Eppendorf, Hamburg, Germany) and the supernatant discarded.  The pellet 

was resuspended in 1 mL of PBS and a 1:1 chloroform:butanol extraction was performed. RNA 

was extracted from the resulting liquid using the NulciSENS easyMAG system (BioMerieux, 
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Marcy l’Etoile, France) as per manufacturer’s instructions, with the final pellet resuspended in 

25 µL of distilled water.   

 

The protocol, primers, and probes for amplification of MS2 viral RNA have been previously 

described in detail (Conn et al., 2012; Chapter 2).  Duplicates of undiluted and 10-1 dilution of 

each RNA extract were tested by RT-qPCR, each run.  The Superscript III Platinum RT-qPCR 

kit (Invitrogen, Carlsbad, CA) was used for the reactions with amplifications performed on a 

CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA).  Curves were 

visualized using CFX Maestro (Bio-Rad, Hercules, CA), a computer program.  The baseline 

threshold was set at 100 to eliminate background signals and a true positive result was 

considered to have a Ct below 36, providing an assay resolution of 5 log10 genome equivalent 

copies (GEC).  These values were quantified using a standard curve with adjustment for the 

dilution and RNA extract volume amplified.  Percent transfer was calculated by dividing the 

concentration of MS2 (in GEC) on the lettuce by that of the initial inoculum to the turkey patties, 

multiplying by 100. 

 

Determination of Surfaces Touched and Positive for Cross-Contamination  

A variety of kitchen surfaces were sampled to determine if cross-contamination occurred, as 

described in Chapter 2, and video recordings allowed researchers to determine what objects were 

touched after a participant handled raw poultry or packaging.  When a lettuce sample was found 

to be cross-contaminated with MS2, and a corresponding video was available (n=37), behavioral 

coding was performed on the video to identify which surfaces were touched after raw poultry or 

packaging had been handled.  The next seven surfaces touched were recorded to ascertain the 
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most likely sources of cross-contamination, assuming that microbial transfer would be less 

efficient with each subsequent transfer event and very unlikely after the seventh (Guyard-

Nicodème et al., 2013; Luber et al., 2006; Ravishankar et al., 2010).  If one of the surfaces 

touched after handling raw meat or poultry was positive for MS2, like the cutting board, the 

concentration of MS2 found on the lettuce was divided by the concentration found on that 

surface and expressed as a potential percent transfer value.  If a surface touched after the 

participant handled raw poultry or packaging was positive for cross-contamination, the percent 

transfer for cross-contamination from that surface to the RTE lettuce [concentration of MS2 on 

the RTE lettuce divided by the concentration of MS2 on the surface touched after handling raw 

poultry or packaging and then multiplied by 100] was calculated.  If none of the surfaces were 

positive for MS2 or if the surfaces where MS2 was detected were not touched after handling raw 

poultry or packaging, the calculation was not performed (n=12).  This calculation was done to 

provide an estimation of the transfer efficiency of MS2 from various surfaces to the lettuce.  

Because cross-contamination of an RTE product does not always result from direct contact of 

raw poultry or packaging, this calculation provides a potential measure for how cross-

contamination might have occurred from another surface to the lettuce.    

 

Statistical Analysis 

Statistical analysis of prevalence and concentration of MS2 cross-contamination to lettuce was 

done using R software (R Core Team, 2013).  Normality was assessed before the analyses were 

performed.  To prevent skew of the standard deviation, all negative (non-detect) results were 

excluded from the quantitative analysis of viral RNA concentration.  A t-test was used to 

determine differences between the intervention and control groups.   
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RESULTS AND DISCUSSION 

A total of 367 lettuce samples were taken, 222 of which were salad lettuce and 145 burger 

garnish.  The overall frequency of contamination was 9.0% (33/367).  The frequency of 

contamination for salad and garnish lettuce was 9.9% (22/222) and 22.1% (11/145), respectively 

(Table 3.1).  Previous studies reported a wide range of cross-contamination frequencies for RTE 

products, from 12.5% - 90.2% (Table 3.2).  For purposes of comparison to published literature, 

we focus on the data for the salad lettuce rather than the garnish lettuce because there have been 

few studies done on the latter.  Overall, other studies have reported higher values for the 

frequency of bacterial cross-contamination to the RTE product than reported here.  This could be 

explained by a number of factors.  For instance, several of these studies used the pathogens 

Campylobacter spp. and Salmonella spp. (Guyard-Nicodème et al., 2013; Kusumaningrum et al., 

2004; Luber et al., 2006; Ravishankar et al., 2010; Redmond et al., 2004), which are quite 

different from our surrogate, MS2, a bacteriophage.  Other studies utilized different raw meat 

and poultry products, including chicken breasts, legs, and ground beef, as well as different RTE 

products, including lettuce, vegetable salad, chicken-pasta salad, and cut vegetables (Table 3.2).  

Ground turkey was selected for use in our study since its role in microbial transfer and cross-

contamination was not as well characterized as other products.  Such disparities in study design 

could have contributed to some of the differences in our results compared with those in the 

literature.   

 

While the salad was more frequently subjected to cross-contamination, the garnish had a higher 

average concentration of the surrogate present per sample (5.9+0.78 vs. 5.5+ 0.45 log10 GEC per 

sample for garnish vs. salad, respectively) (Table 3.1).  As mentioned previously, the impact of 
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cross-contamination on garnish lettuce has not really been studied previously so this is the first 

data of its kind.  The intervention group (which viewed the thermometer use video) did not 

significantly differ from the control group with respect to the frequency or degree of cross-

contamination (p>0.0500).   

 

Because there were differences in the concentration of MS2 from observation to observation, the 

data were normalized to reflect percent transfer, also referred to as transfer efficiency.  Transfer 

efficiency numerically describes the percent of the initial inoculum that was cross-contaminated 

from one surface to another.  In other words, it reflects how readily MS2 was transferred from 

the raw product or a surface to another surface or RTE product.  The average percent transfer 

from the raw ground turkey to the garnish and salad lettuce were 1.9 x 10-3 and 1.6 x 10-4, 

respectively (Table 3.1).  Transfer efficiencies for cross-contamination from a raw product to an 

RTE product reported in previous studies were almost all higher (more efficient transfer) than 

what we observed here (Table 3.2).  Perhaps the two studies most relevant to ours reported a 

13% transfer from raw chicken to sliced cucumbers (Kusumaningrum et al., 2004) and another 

reported a 0.977% transfer from raw chicken to romaine lettuce (Ravishankar et al., 2010).  It is 

important to note that most previous studies were performed in very controlled environments 

with smaller sample sizes than in this study.  Several studies primarily used researchers in their 

transfer experiments and had very detailed protocols on how the transfers were to be made to 

each surface and the RTE product (Ravishanker et al., 2010, Luber et al., 2010, Guyard-

Nicodeme et al., 2013, and Kusumaningrum et al., 2004).  Methodological differences such as 

these may explain the higher transfer efficiencies in these previous studies.   
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However, there are other earlier studies that used consumers in an effort to better represent how 

cross-contamination occurs in the home, much like we did in our work (Chen et al., 2001; 

Montville and Schaffner, 2003; Redmond et al., 2004; Sneed et al., 2015).  Three of these studies 

(Chen et al., 2001; Montville and Schaffner, 2003; Sneed et al., 2015) reported transfer 

efficiencies (ranging from 0.0000665% to 0.081%, Table 3.2) from raw product to RTE product 

more similar to our findings, i.e., 0.0019% for the garnish and 0.00016% for the salad (Table 

3.1).  Two studies (Redmond et al., 2004; Sneed et al., 2015) were also performed in test 

kitchens similar to those found in domestic settings and did not tightly control participants, better 

mimicking the differences in consumer behavior when preparing food.  Our study employed 

similar methods, perhaps making them more comparable to these papers even though our own 

results are several magnitudes lower (Table 3.1 and 3.2).  Redmond et al., 2004 did not quantify 

the concentration of bacteria present due to their use of naturally present Campylobacters, but the 

prevalence of contamination could be extracted and was slightly higher than what we observed. 

 

The transfer percentages from surfaces touched after handling raw poultry to the salad and 

garnish lettuce ranged from 2.3% - 97.1% (Table 3.3).  Some of these values were similar to 

those previously reported (Table 3.2).  Kusumaningrum et al., 2004, found 34.8% and 42.5% 

transfer efficiency for Salmonella and Campylobacter from stainless steel surfaces to cucumber 

slices; this is similar to the values for spice containers and mobile devices (Table 3.2 and 3.3).  In 

general, these transfer efficiencies varied across surfaces and participants.  For example, the 

transfer efficiencies from the spice containers to the salad lettuce and garnish lettuce ranged from 

0.4% - 89.8% and 0.6% - 58.3%, respectively (Table 3.3).  Such high degree of variability in 

transfer efficiencies has been observed in previous studies with some reporting 6.7% efficiency 
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from cutting boards to RTE items while others reported 34.8% efficiencies from stainless steel 

surfaces to RTE items (Table 3.3).  Of course, previous studies used bacteria while we used a 

bacteriophage surrogate to track cross-contamination.  Bacteria and viruses adhere to surfaces 

and are affected by dry conditions differently, with non-enveloped viruses tending to be more 

persistent over time (Bale et al., 1993; Gibson et al., 2012; Louis et al., 1994). 

 

Our study involved a total of 367 consumers, which is much larger than any other study to date.  

While Sneed et al., 2015 employed 123 participants, some studies only employed the researchers 

performing the experiments, presumably less than 10 people, and others used up to 52 (Chen et 

al., 2001; Guyard-Nicodème et al., 2013; Kusumaningrum et al., 2004; Luber et al., 2006; 

Montville and Schaffner, 2003; Ravishankar et al., 2010; Redmond et al., 2004).  However, all of 

these studies, including ours, identify cross-contamination from raw meat and poultry to RTE 

products as a significant concern when consumers prepare food in the home.  More research is 

needed to investigate how garnish lettuce becomes contaminated and how to prevent such 

contamination in the future, as well as mathematical modeling to better characterize cross-

contamination in home kitchens and its impact on public health. 
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Table 3.1: Frequency and Concentration of MS2 in Cross-Contaminated Lettuce 

Sample Measurea All 
Participants Control Treatment p 

value 

Salad 
Lettuce 

Prevalence contaminated (total) % (n) 6.00% (367) 5.1% (197) 6.4% (170) > 0.05 

Prevalence contaminated (salad only) % 
(n) 9.9% (222) 9.2% (109) 9.7% (113) > 0.05 

Level of contamination (SD), log 
GEC/18–25g (n) 5.5 ± 0.45 (22) 5.6 ± 0.74 (10) 5.5 ± 0.44 (11) > 0.05 

 Percent transfer 1.6 x 10-4    

Garnish 
Lettuce 

Prevalence contaminated (total) % (n) 3.00% (367) 4.1% (197) 1.8% (170) > 0.05 
Prevalence contaminated (garnish only) % 

(n) 22.1% (145) 22.7% (88) 21.1% (57) > 0.05 

Level of contamination (SD), log 
GEC/12–25g (n) 5.9 ± 0.78 (11) 6.1 ± 0.81 (8) 5.8 ± 0.85 (3) > 0.05 

 Percent transfer 1.9 x 10-3    
aGEC=genome equivalent copies.  
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Table 3.2: Summary of Percent Transfer (Transfer Efficiency) Data for Cross-Contamination to RTE Products from Similar 

Papers in the Literature 

Study Food 
Handlera Organism Used 

Raw Meat/ 
Poultry 
Product 

Method of 
Contamination 

to RTEb,c 

RTE 
Product 

Surfaces 
Sampled Resultsd Transfer Degree (%) Prevalence 

(%)e 

Ravishankar et 
al., 2010 Res 

Salmonella 
enterica serovar 

Newport 

Chicken 
breast 

CB and knife 
(ICX) 

Romaine 
lettuce 

Plastic, 
stainless 

steel 

 Chicken to CB Chicken to 
knife 

CB and knife 
to lettuce 

Chicken 
to lettuce  

Scenario 1 1.25 ± 0.09 0.05 ±  0.005 45.62 ±  
10.11 0.977 

NR 
Scenario 2 0.017 ± 0.011 0.018 ± 

0.007 74.74 ± 6.70 0.229 

      

Luber et al., 
2006 Res 

Naturally 
Present 

Campylobacters 

Chicken 
breasts 

CB and knife 
(ICX) Cucumber 

Cutting 
board and 

knife 

 Chicken to 
cucumber 

CB to 
cucumber Chicken to CB and knife Cucumber 

 0.11783607 10.3 ± 9.6 1.1 ± 0.7  81.8 
      

Sneed et al., 
2015 Consu Lactobacillus 

casei 

Chicken 
breasts/ 

ground beef 
DXC Fruit salad 

Plastic, 
Stainless 

steel 

 Fruit salad    Fruit salad 
10^6 0.081 ± 0.0004    90.2 
10^7 0.0081 ± 0.00004     

      

Guyard-
Nicodème et al. 

2013 
Res 

Naturally 
Present 

Campylobacters 

Chicken 
legs CB (IXC) Cooked 

chicken Plastic 

 Cooked chicken CB   Cooked 
chicken 

 NA NA   28.9 
     13.8 
      

Kusumaningrum 
et al., 2004 Res 

Salmonella spp. 
Chicken Stainless Steel 

surface 
Cucumber 

slices 
Stainless 

steel 

 Steel to cucumber Chicken to 
steel Cucumber   

Salmonella 34.8 1.6 4  NR 
Campylobacter 

spp. 
Campylobacter 42.5 2.4 13  

      

Chen et al., 2001 Consu Enterobacter 
areogenes Chicken CB (IXC) Lettuce Plastic 

 Lettuce CB    
Conv HDW 0.000115 NA   

NR Non-Hands 0.000454 NA   
CB 2.02 16.9   

      

Montville and 
Schaffner, 2003 Consu Enterobacter 

areogenes Chicken ICX and DXC Lettuce  

 CB to lettuce Hands to 
lettuce 

Chicken to 
CB 

Chicken 
to hands  

Surface to 
lettuce 6.17 1.62181 11.2 3.89  

Chicken to 
lettuce 0.871 6.6E-05    

      
      

Redmond et al., 
2004 Consu 

Naturally 
Present 

Campylobacters 

Chicken 
breast IXC and DXC Chicken-

pasta salad 

   
NR 

 Pasta salad 

    12.5 
aRes stands for “researcher” and Cons stands for “consumers”. 
bAbbreviations were used to indicate whether the cross-contamination was direct (DXC) or indirect (IXC). 
cCutting board is abbreviated as CB. 
dConventional handwashing (Conv HDW) and lack of handwashing (Non-Hands) were abbreviated. 
eIf the prevalence of contamination was not reported in the study or able to be calculated by researchers from the results NR (for “Not Reported”) was written. 
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Table 3.3: Transfer Efficiency of MS2 Associated with Cross-Contamination from Kitchen 

Surfaces to Lettuce (n=25) 

Surface1 n Lettuce Type2 Percent 
Transfer3 Average Percent Transfer4, 5 

Cutting Board 2 Salad 
2.8 

4.7 
6.7 

Pan Handle 1 Salad 75.4 NA 
Fridge Handle 1 Salad 47.7 NA 
Soap Dispenser 1 Burger 73.5 NA 

Spice Containers 

5 Salad 

0.4 

26.9 
0.4 
1.2 

42.5 
89.8 

6 Burger 

0.6 

21.7 

2.8 
4.7 

23.1 
40.8 
58.3 

Trashbin 4 Salad 

0.0 

14.3 
10.4 
18.7 
28.0 

Stove Knobs 1 Burger 97.1 NA 
1 Salad 2.3 NA 

Phone 1 Salad 32.6 NA 
Recipe Card 1 Burger 17.4 NA 

Oil Bottle 1 Salad 2.7 NA 
1Surfaces that were positive for MS2 and touched after handling raw poultry or packaging. 
2The type of lettuce, salad or burger garnish that was sampled and positive for MS2 in the observation. 
3The equation used for percent transfer was [(concentration of MS2 on the lettuce)/concentration of MS2 on the 
surface)] x 100.  The surface that was positive for MS2 is shown on each row and individual values represent 
separate observations.   
4The average percent transfer from the surface to the lettuce is shown where appropriate and separated by the type of 
lettuce that was sampled and positive for MS2. 
5NA denotes not applicable.  
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CHAPTER 4: Investigating the Effect of Washing Raw Chicken on Cross-Contamination 

to Kitchen Surfaces and Ready-To-Eat Products in a Consumer Food Preparation Setting  

 

SUMMARY 

Cross-contamination of surfaces and RTE foods while preparing raw poultry is documented, but 

the specific impact of raw poultry washing on cross-contamination is poorly characterized.  The 

purpose of this study was to characterize the frequency and degree to which cross-contamination 

of surfaces and other foods occurs when washing raw poultry during meal preparation in a 

consumer kitchen.  A meal of chicken thighs (inoculated with 108 -1010 CFU/g of a generic E. 

coli DH5-α strain tagged with a green fluorescent protein) and an RTE vegetable salad was 

prepared by participants (n=281) in a test kitchen.  About half of the participants received an 

email before the study, cautioning against chicken washing; the other half did not. After meal 

preparation, various kitchen  surfaces and final prepared vegetable salads were swabbed and the 

swabs processed for enumeration of E. coli DH5-alpha.  Cross-contamination occurred more 

frequently when consumers washed the chicken (p=0.0053), but salad contamination was not 

significantly impacted (25.8% vs. 19.6% for washer vs. nonwashers, respectively (p>0.050). 

Sinks before cleaning had the highest prevalence of cross-contamination, regardless of if the 

participants washed the chicken or not (60.3% for washers and 35.6% for non-washers, 

p=0.0011).  Cleaning of sinks and countertops reduced the contamination significantly 

(p<0.0001), from 60.3% to 14.3% (sinks) and from 22.6% to 2.2% (countertops) for washers; 

and from 35.6% to 5.1% (sinks) and 9.2% to 1.6% (countertops) for non-washers.   Sinks before 

cleaning and environmental swabs taken from the countertop at a distance of 0-6” from the sink 

had the highest concentration of E. coli, but all surfaces had a relatively low frequency of 
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contamination.  These findings suggest that the sink area harbors bacteria when raw poultry is 

washed prior to meal preparation, but there was little evidence of cross-contamination beyond 

the sink area with the exception of failure to adequately wash hands during meal preparation. 

 

INTRODUCTION 

Foodborne illness continues to impose a significant public health burden (Batz et al., 2012; 

Hoffmann et al., 2012).  Salmonella spp. and Campylobacter spp. are leading causes of bacterial 

foodborne disease and account for over 1 million illnesses in the United States annually (Scallan 

et al., 2011).  Infection by both pathogens can result in serious short and long-term health 

consequences, which have substantial economic and public health consequences, and can even 

result in death (Hoffmann et al., 2012).  Salmonella and Campylobacter are commonly 

associated with poultry and are cited among the top ten pathogen-food combinations in the U.S. 

(Batz et al., 2012).      

 

Because raw poultry can serve as a reservoir for these foodborne pathogens, consumer handling 

of raw poultry products after purchase is a concern.  It is estimated that 40-60% of foodborne 

illnesses occur due to consumer handling in the home, which suggests that less than adequate 

consumer food safety behaviors make a significant contribution to the overall burden of food-

associated disease (Dewey-Mattia et al., 2018; Gould et al., 2013; Lando et al., 2016; McCabe-

Sellers and Beattie, 2004; Redmond and Griffith, 2003).  It is well documented that consumers 

often exhibit poor food safety behaviors in home kitchens, such as inappropriately handling raw 

meats, cross-contaminating surfaces, poor handwashing compliance, and failure to sanitize 

surfaces, among others.  Surveys report that up to 83% of consumers wash their poultry and, in  a 
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separate study, 83% saw it as an important food safety step (Kosa et al., 2015; Prior et al., 2011; 

Scott and Herbold, 2010).   

 

Previous studies have documented the spread and aerosolization of microbes when poultry is 

washed in a kitchen (Morawska, 2006; Sirignano, 1999).  For this reason and others, the USDA-

FSIS does not recommend washing poultry due to the possibility of cross-contamination and has 

published guidelines for consumers about the correct handling of raw meat and poultry (U.S. 

Department of Agriculture, 2011).  It is well known that cross-contamination to surfaces and 

ready-to-eat (RTE) foods can result from the handling and preparing of raw poultry in consumer 

homes (Byrd-Bredbenner et al., 2013; Kendall et al., 2004; Kosa et al., 2015; Phang and Bruhn, 

2011; Sneed et al., 2015), but the specific impact of raw poultry washing on cross-contamination 

is not well characterized (Everis and Betts, 2003; Henley et al., 2012; Kosa et al., 2015).  The 

purpose of this study was to characterize the frequency and degree to which cross-contamination 

of surfaces and other foods occurs when washing raw poultry during meal preparation in a 

consumer kitchen.  A secondary objective was to evaluate the efficacy of a text-based food safety 

message on changing chicken washing behavior. 

 

METHODS 

Study Design  

A group of consumers (n=281) was instructed to prepare a meal consisting of bone-in skin-on 

chicken thighs inoculated with a tracer microorganism (E. coli DH5-α) and a RTE vegetable 

salad in a test kitchen, recipes can be found in Appendix A.  NCSU IRB approval was obtained 

for the study (number 10599).  Consistent with USDA-FSIS messaging, about one-half (n=140) 
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of the participants received a message about not washing raw chicken in a confirmation email 

(intervention group); the other half served as a control group (n=139).  Although the purpose of 

the study was to assess cross-contamination during consumer food preparation, the participants 

were told that they were evaluating a new spice blend and would be observed using cameras 

while preparing the meal.  This was done to prevent any influence on their normal food handling 

behaviors, and hence this qualified as a deception study.  After the participants placed the 

prepared chicken in the oven they were removed from the room to answer questions about the 

spice blend, during which time the environmental sampling was performed (Table 4.1).  All 

participants signed a consent form to be videoed, were told of the deception upon the completion 

of the meal preparation, and were provided the option of opting out at any time.  The participants 

in the study were from the Wake and Johnson County areas of North Carolina and demographics 

were comparable to the U.S. population according to the results of the 2010 Census (U.S. Census 

Bureau, 2012).  The kitchens were cleaned and sanitized between each observation using a 10% 

sodium hypochlorite solution with a contact time of 1 minute before wiping with a clean, one-use 

paper towel.  The sanitizing procedure was repeated three times.  This procedure was validate to 

reduce the tracer organism by 7 logs. 

 

Tracer Microorganism and Chicken Thigh Inoculations 

A nonpathogenic E. coli DH5-α with a pBIT plasmid containing a green fluorescent protein (a 

gift from Dr. Carlos Goller, NCSU, Raleigh, NC) was chosen as the bacterial surrogate because 

it is safe for consumers to handle, can adhere to the product, and can be differentiated from 

background microflora during cultural enumeration (Hu et al., 2017).  The bacterial culture was 

prepared as a -80°C frozen stock of trypticase soy broth (TSB; Becton, Dickinson, Sparks, MD) 
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supplemented with 30 g/mL kanamycin (TSB-Kan; Gibco Laboratories,  Gaithersburg, 

Maryland) and 20% glycerol.  To prepare the inoculum for the chicken thighs, the culture was 

streaked for isolation on trypticase soy agar (TSA; Becton, Dickinson, Sparks, MD) 

supplemented with 30 g/mL kanamycin (TSA-Kan), and incubated aerobically at 37°C for 24 h.  

A single colony from the plate was used to inoculate 50 mLs of TSB-Kan that was incubated 

aerobically at 37°C overnight with shaking.   

 

The chicken thighs were inoculated consistent with the methods reported by Ulbrich et al., 2015 

and Cabrera-Diaz et al., 2009, with modifications made to maximize inoculum distribution over 

the exterior surface.  Briefly, the 50 mL culture was centrifuged at 3,000 x g for 15 min at 4°C 

and resuspended in an equal volume of 0.1% buffered peptone water (BPW; Becton, Dickinson).  

This wash was repeated three times.  To inoculate the chicken thighs, a total of 100 mLs of the 

final washed and resuspended inoculum was added to a stomacher bag (Nasco, Fort Atkinson, 

WI) into which had been placed two chicken thighs.  The inoculum was gently massaged into the 

chicken thighs by hand for 2 min.  The thighs were allowed to dry for 20 min in a biosafety hood 

to facilitate bacterial attachment and then packaged in retail-style Styrofoam and plastic 

packaging.  The packaged chicken thighs were kept at 4°C until they were used, always within 

four days of inoculation.  To validate the concentration of the inoculum on the chicken thighs, 

one thigh was stomached (Seward, Worthington, UK) for 1 min at 260 rpm with 50 mLs of 0.1% 

BPW.  Dilutions were prepared in 0.1% BPW, spread plated on TSA-Kan and incubated 

aerobically at 37°C for 24 h.  Colonies were examined under UV and fluorescent ones were 

counted to determine the E. coli concentration on a single thigh.  This procedure was repeated for 

a second chicken thigh and the inoculum concentration was reported as the average of the two 
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counts.  This sort of positive control was done in conjunction with all 279 observations that were 

done over the course of the project. 

 

Environmental Sampling 

Flat surfaces were swabbed using a disposable 100 cm2  template (Environmental Monitoring 

Systems, Charleston, SC) and an Enviro Swab (3M, Maplewood, MN).  The swab was placed at 

the top of the template and rubbed back and forth from top to bottom and repeated horizontally 

and from the top left corner.  Irregular surfaces were swabbed in their entirety.  Before the 

participant entered the kitchen, a control swab was taken of a 100 cm2 area of the countertop near 

the sink to validate the cleaning and disinfection procedure and immediately placed on ice.  To 

assess cross-contamination that occurred due to chicken preparation activities, particularly in 

association with washing, environmental sampling was performed after the chicken thighs were 

placed in the oven.  Environmental sampling was repeated after the participant finished cleaning 

the kitchen in an effort to assess the efficacy of their cleaning and sanitizing practices and any 

cross-contamination that had occurred to other surfaces.  The surfaces sampled varied depending 

on whether or not the participant washed the chicken thighs, but a majority of surfaces were the 

same (Table 4.1).  Specifically, if the participant washed the chicken thighs, environmental 

samples were taken from the side of the sink in which the washing occurred and also from the 0-

6” area of countertop adjacent to the sink, farther distances were initially measured as well but 

ultimately not included due to low prevalence (Appendix B).  If the participant did not wash the 

chicken thighs, the “chicken preparation area” was swabbed along with the side of the sink in 

which the packaging was placed, or the countertop closest to the “chicken preparation area” 

(Table 4.1).  A subsample of lettuce from the prepared RTE salad was also collected.  All 
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samples were immediately placed on ice and transported to the North Carolina State University 

Food Microbiology lab where they were processed within 24 h of collection. 

 

Detection of the Tracer Organism 

The swab samples were processed according to the 3M Enviro Swab instructions with 

modifications to facilitate smaller volumes.  Briefly, the outside of the swab was wiped down 

with 70% ethanol to eliminate external contamination.  A 4.5 mL volume of 0.1% BPW was 

added to the swab which was then vortexed for 15 sec.  Ten-fold serial dilutions were prepared 

using 0.1% BPW and spread plated onto TSA-Kan with incubation at 37°C for 24 h.  Plates were 

visualized under UV light and fluorescent colonies were counted.  For salad samples, 25 g of 

lettuce were placed into a WhirlPack bag and stomached at 230 rpm for one min in 20 mLs of 

0.1% BPW.  Dilutions and plating were then done as described above.  After counting plates, 

data were normalized based on the volume of the elution buffer to reflect the entire E. coli 

concentration per sample.  Transfer efficiency was calculated by dividing the concentration of E. 

coli detected on a surface by the initial inoculum concentration on the chicken thighs and 

multiplying it by 100. 

 

Statistical Analysis 

All statistical analysis was done using R software (R Core Team, 2013).  Data was assessed for 

normality before performing tests.  T-tests were performed to evaluate differences between the 

same sampling sites for washers and non-washers, and before and after cleaning and sanitizing, 

for both prevalence of cross-contamination and concentration of the surrogate when cross-
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contamination was detected.  A one-way ANOVA was used to assess differences in the 

concentration of E. coli DH5-α on surfaces and lettuce. 

 

RESULTS 

Number of Cross-Contaminated Surfaces and Lettuce Per Meal Preparation Event 

A sample was considered positive if fluorescent colonies could be counted.  The assay had a 

detection limit of 22.5 CFU/sample for environmental samples and 100 CFU/sample for the 

lettuce.  Some participants washed chicken even though they received the intervention and some 

participants who did not receive the intervention did not wash the chicken.  Designation of 

participants as washers and non-washers was based on their behavior, not on if they received the 

intervention. About half (50.4%) of all meal preparation events produced samples 

(environmental and/or lettuce) that showed evidence of one or more instances of cross-

contamination (Figure 4.1A).  The maximum number of E. coli-positive swab samples per meal 

preparation event was four, but this occurred infrequently; in most instances 1-2 samples per 

observation were positive for E. coli.  Washing the chicken had a significant effect on the 

number of samples positive for cross-contamination, with washers significantly more likely to 

have cross-contamination compared to non-washers (p=0.0053), and washers significantly more 

likely to have three samples positive for cross-contamination compared to non-washers 

(p=0.0360; Figure 4.1A).  The intervention also had an effect on cross-contamination, with 

consumers exposed to the intervention more likely to have no cross-contamination detected in 

their environmental samples (p=0.0030; Figure 4.1B).  No other significant effects were 

observed. 
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Frequency of Cross-Contamination and the Effect of Cleaning and Sanitizing  

The frequency of cross-contamination varied by surface, with the highest contamination 

frequency found on the inner sink before cooking, at 60.3% and 35.6% for washers and non-

washers, respectively (Figure 4.2A).  The countertop 0-6” from the sink, taken when a 

participant washed the chicken, was positive more frequently than the “chicken preparation 

area”, taken when a participant did not wash the chicken (22.6% versus 9.2%, respectively).  The 

frequency of cross-contamination on other surfaces varied from 1.6% to 14.3% (Figure 4.2A).  

The salad lettuce was contaminated 25.8% of the time for washers and 19.6% of the time for 

non-washers, but this difference was not significant.  The only significant difference between the 

frequency of cross-contamination for washers versus non-washers was on the inner sink before 

cooking (p=0.0011, Figure 4.2).  The food safety intervention had no significant effect on the 

frequency of cross-contamination to any particular surface (data not shown).  By taking samples 

at two time points (i.e., after the participant had prepared the chicken, and then again after the 

participant had cleaned and sanitized the kitchen), it was possible to evaluate the effect of 

disinfection of the kitchen (Figure 4.2B).  Cleaning and sanitizing significantly reduced the 

frequency of surface contamination regardless of the method used (p<0.0001) for the inner sink 

(decreasing from 60.3% to 14% contaminated), the countertop 0-6” from the sink (decreasing 

from 35.6% to 5.1% contaminated), and the “chicken preparation area” (decreasing from 22.6% 

to 2.2% contamination; Figure 4.2B).   

 

Concentration of E. coli on Surfaces 

There were no significant differences in surrogate concentration when comparing treatment vs, 

control groups (p>0.0500, data not shown).  Consequently, the concentration of E. coli on 
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surfaces for both groups were analyzed together; except for the countertop 0-6” from the sink 

and the “chicken preparation area.”  This was because the “chicken preparation area” (taken for 

non-washers only) included a variety of surfaces (i.e., various places on the countertop, pans, 

cutting boards, etc,) while the countertop 0-6” from the sink (taken for washers only) was always 

taken in the same place. When cross-contamination occurred, the concentration of the surrogate 

varied across surfaces, with the highest average concentration, 3.3 log10 CFU/surface, belonging 

to the environmental samples taken from the countertop 0-6” from the sink after cooking, which 

were only taken when the chicken was washed (Figure 4.3A).  Other surfaces, the inner sink, tap 

handle, spice containers, and lettuce, had an average concentration of E. coli ranging from 1.8 to 

3.1 log10 CFU/surface, with the lowest values found on the “chicken preparation area” and 

countertop 0-6” from the sink after cleaning (Figure 4.3A).  The second highest concentration of 

surrogate was found on the sink after the chicken thighs were placed in the oven, at 3.1 log10 

CFU/surface (Figure 4.3A).  The transfer efficiency (percent transferred) of the E. coli to 

individual surfaces and lettuce samples were all below 1% and did not exceed 2.17 x 10-2.  These 

percent transfer values were higher for surfaces sampled before the chicken thighs were placed in 

the oven, an average from 3.52 x 10-4 to 9.12 x 10-4 percent, with the highest average found on 

the inner sink (Table 4.2).  For other samples, these values ranged from 2.74 x 10-6 to 3.49 x 10-4 

percent, with the tap handle as the lowest and the salad lettuce as the highest (Table 4.2). 

 

DISCUSSION 

Due to the increased potential for cross-contamination, chicken washing has been assumed to be 

a problematic food handling behavior for years (Everis and Betts, 2003; Henley et al., 2012; 

Kosa et al., 2015; Morawska, 2006; Sirignano, 1999).  However, the mechanism and likelihood 
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for these sorts of cross-contamination events has not been well characterized.  Much of the 

information on the frequency of poultry washing by consumers comes from surveys, which 

estimate anywhere from 21% to 83% of consumers wash raw poultry before cooking (Kosa et 

al., 2015; Prior et al., 2011; Scott and Herbold, 2010), with a higher prevalence found within 

certain minority groups (Henley et al., 2012).  However, surveys can be biased by over-reporting 

or under-reporting of behaviors and cannot determine a mode of action for the occurrence of 

cross-contamination when raw poultry is washed (Byrd-Bredbenner et al., 2013; Phang and 

Bruhn, 2011; Redmond and Griffith, 2003).  As an observational study accompanied by 

environmental sampling, our study was unique in that we were actually able to characterize the 

frequency and dynamics of cross-contamination associated with this behavior.  We observed that 

cross-contamination occurred frequently when consumers prepared raw chicken thighs and that 

those who did not wash the chicken were significantly more likely to have no quantifiable cross-

contamination (p<0.0053, Figure 4.1A).  This finding reinforces that not washing raw chicken 

prior to preparation can significantly reduce the risk of cross-contamination in home kitchens.   

 

Everis and Betts, 2003 found that washing poultry resulted in the splashing of countertops and 

other kitchen surfaces up to 27 inches from the sink.  Conversely, our study found that after the 

chicken was placed in the oven, the inner sink was the most frequently contaminated area of the 

kitchen, regardless of whether or not the chicken was washed (Figure 4.2A).  Even when chicken 

washing occurred, the countertop 0-6” from the sink was only contaminated 22.6% of the time, a 

much lower frequency than the inner sink, which was contaminated 60.3% of the time (Figure 

4.2A).  Other areas that were within 27” of the sink like the countertop, tap handle, and spice 

container were not contaminated as frequently as the sink itself.  Everis and Betts, 2003 used 
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food coloring to track cross contamination, whereas our study design relied on a microbial 

surrogate and environmental sampling/analysis.  Such differences in study design likely explain 

differences in our findings, but it could be argued that the current study provides more relevant 

and detailed information upon which risk-based food safety management strategies can be based.     

 

While those who washed the chicken were significantly more likely to contaminate the sink, 

even those who did not wash the chicken contaminated the sink 35.6% of the time, which was 

more frequent than the “chicken preparation area” or the countertop 0-6” from the sink.  The 

inner sink after the chicken was placed in the oven also had the second highest average 

concentration of DH5-a, at 3.1 log10 CFU/surface (Figure 4.2B).  This elevated E. coli 

concentration inside the sink suggests that the sink is a potential harborage site for foodborne 

microorganisms that has not previously been identified in the context of chicken washing 

(Guyard-Nicodème et al., 2013; Jensen et al., 2013; Van Asselt et al., 2008).  The high 

concentration of E. coli DH5-alpha detected on the countertop 0-6” from the sink and in the 

“chicken preparation area” (3.3 and 3.1 log10 CFU/surface respectively), combined with the 

frequency of contamination (up to 22.6%), reaffirm that transfer to other surfaces has the 

potential to be a problem when preparing raw chicken in the home.  In addition, after the meal 

preparation was complete and the kitchen was cleaned and sanitized, some surfaces were still 

positive for cross-contamination, but not nearly with as high a frequency as the areas sampled 

after the chicken was placed in the oven (Figure 4.2A).  The fact that the surfaces on which the 

chicken was prepared (i.e., the sink, countertop 0-6” from the sink, and the “chicken preparation 

area”) tended to be cross-contaminated more frequently than other surfaces (i.e., the tap handle 

and spice containers) after cleaning and sanitizing suggests that kitchen surfaces associated with 
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preparation of raw poultry are more likely to be cross-contaminated and become harborage sites 

for microbial contamination.    

 

The lettuce in the RTE salad was also found to be contaminated for both washers and non-

washers (Figure 4.2A and 4.3), which suggests that washing the chicken was not entirely 

responsible for the cross-contamination detected on the RTE food used in this project.  Other 

studies have found that the frequency of RTE product contamination from raw meat or poultry 

tends to vary among studies, anywhere from 12.5% to 90.2% (Guyard-Nicodème et al., 2013; 

Luber et al., 2006; Redmond et al., 2004; Sneed et al., 2015).  While these previous studies did 

not specifically address chicken washing, they do confirm that the frequency of salad 

contamination found in our study (25.8% for washers and 19.6% for non-washers) was 

comparable to previous research.  The average concentration of E. coli detected in contaminated 

salad, 2.7 log10 CFU/sample (Figure 4.3A), was higher than that reported in a similar study by 

Sneed et al. 2015.  In that study, consumers were instructed to prepare a meal consisting of 

burgers inoculated with Lactobacillus casei and a RTE vegetable salad with subsequent 

assessment of cross-contamination.  Sneed et al., 2015 reported that the average concentration of 

L. casei found on salad was 1.81 log10 CFU/sample.  However, having used different products 

and surrogates, these studies are not entirely comparable.  The average transfer efficiency from 

the chicken to the salad, 3.49 x 10-4 (Table 4.2), was comparable to previous studies where a 

more complex study design was employed (Chen et al., 2001; Sneed et al., 2015).  The lack of a 

significant difference in the prevalence and concentration of the surrogate in the salad, when 

comparing washers to non-washers, suggests that washing poultry is not necessarily a risk factor 

for downstream cross-contamination to RTE foods.  Hands and failure to wash them after 



   

103 
 

handling raw meat, or touching a harborage site like the sink, could also be an important source 

of contamination.  Consumer failure to wash hands properly has often been identified as a likely 

cause of cross-contamination (Byrd-Bredbenner et al., 2013; Kendall et al., 2004; Kosa et al., 

2015; Phang and Bruhn, 2011; Sneed et al., 2015).  With a reported 96% of consumers failing to 

wash their hands as recommended, hand-facilitated cross-contamination could play a significant 

role the cross-contamination observed in the present study (Doring et al., 2018). 

 

The cleaning and sanitizing methods used by the participants significantly lowered the frequency 

of contamination on the inner sink, countertop 0-6” from the sink, and the “chicken preparation 

area” (p<0.0001, Figure 4.2B).  Participants used different methods and products to clean and 

sanitize (data not shown), but we did not analyze the microbiological data with resolution 

enough to tease out specific effects that these different methods might have had on cross-

contamination.  Future research could use this dataset in conjunction with the recorded videos to 

determine if particular techniques, products, or a combination thereof were more effective at 

removing or inactivating the surrogate from specific surfaces.   Research on cleaning and 

sanitizing has established that different procedures produce distinctive results and that even the 

simple acts of mechanical whipping or rinsing can be important factors in microbial removal 

(Cogan et al., 1999; De Jong et al., 2008; Gkana et al., 2016; Sarjit and Dykes, 2017).  It is 

possible that a combination of these factors could explain the decrease in the frequency of cross-

contamination after cleaning and sanitizing.   

 

Most of the recommendations to avoid washing raw poultry during food preparation have 

focused on prevention of splashing, which is thought to be the primary vehicle for cross-
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contamination associated with this behavior (Henley et al., 2012; Kosa et al., 2015; U.S. 

Department of Agriculture, 2011). However, our findings suggest that the sink and hand-

facilitated transfer could play a larger role, as supported by the high frequency of sink 

contamination and the presence of cross-contamination on surfaces even when chicken thighs 

were not washed (Figure 4.2A).  Furthermore, only a small percentage of the surrogate was 

transferred from the chicken thighs to the RTE salad (Table 4.2), irrespective of whether or not 

the chicken was washed, suggesting that indirect cross-contamination, possibly originating from 

unwashed hands or contaminated sinks, was the culprit.  This study is illustrative of the 

complexity of cross-contamination, and shows that a multi-pronged approach must be taken to 

control its occurrence during consumer food preparation.  Such an approach might still include 

recommendations to avoid raw chicken rinsing, but clearly that is not entirely driving the cross-

contamination problem.  Consequently, it is also essential that future messaging address other 

issues such as proper handwashing, cleaning and sanitation of the kitchen, and especially the 

sink, after handling raw poultry products.  While the efficiency of surrogate transfer to surfaces 

and the salad was relatively low, understanding the risk to human health would be important, as 

could be approached using the tools of quantitative risk assessment.   
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Table 4.1: Surfaces Sampled in this Study, Subcategorized by the Chicken Washing 

Behavior of Subjects 

Time Washers1 Non-Washers Materials 
Pre-Preparation Countertop Soapstone 

After Cooking 
Inner Sink Stainless Steel 

0-6" from sink Chicken Preparation 
Area 

Stainless 
Steel/Various 

After Cleaning 

0-6" from sink Chicken Preparation 
Area 

Stainless 
Steel/Various 

Inner Sink Stainless Steel 
Tap Handle Stainless Steel 

Spice Container Plastic 
Lettuce Food 

1Subjects were subcategorized as “chicken washers” and “non-washers” based on their behavior 
not whether or not they received the intervention.
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Table 4.2: Transfer Efficiency of E. coli for All Surfaces Sampled 

 

After Cooking1 After Cleaning 

Sink (n=86) 0-6” (n=21) CPA (n=17) Sink (n=16) 0-6” (n=2) CPA (n=3) TH (n=5) SC (n=15) L (n=61) 

Average 9.12 x 10-4 3.52 x 10-4 5.16 x 10-4 2.64 x 10-4 3.13 x 10-6 3.71 x 10-6 2.74 x 10-6 5.90 x 10-6 3.49 x 10-4 

SD 3.22 x 10-3 6.53 x 10-4 9.87 x 10-4 8.30 x 10-4 1.67 x 10-6 5.34 x 10-6 3.65 x 10-6 8.49 x 10-6 1.79 x 10-3 

Median 1.38 x 10-5 6.42 x 10-5 2.76 x 10-5 1.86 x 10-6 3.13 x 10-6 6.94 x 10-7 6.54 x 10-7 3.33 x 10-6 1.34 x 10-5 

Max 2.17 x 10-2 2.32 x 10-3 3.61 x 10-3 3.33 x 10-3 4.31 x 10-6 9.88 x 10-6 8.33 x 10-6 3.24 x 10-5 1.36 x 10-2 

Min 8.56 x 10-8 2.86 x 10-7 6.50 x 10-7 7.88 x 10-9 1.95 x 10-6 5.71 x 10-7 7.88 x 10-9 1.32 x 10-7 8.56 x 10-8 
1The  “chicken preparation area” is abbreviated as CPA. 
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Figure 4.1: Number of Surfaces Cross-Contaminated based on Chicken Wash Status (A); 
and Intervention Status (B).  A meal of chicken thighs inoculated with a fluorescently-labelled 
E. coli  strain and an RTE vegetable salad was prepared by participants (n=281) in a test kitchen. 
About half of the participants (n=140) received an email before the study cautioning against 
chicken washing; the other half did not (n=141) (intervention vs. no intervention).  Subjects were 
categorized as chicken washers (n=184) and non-washers (n=97) based on their actual behavior 
in the kitchen.  The percentage of participants that contaminated 0, 1, 2, 3, and 4 surfaces based 
on wash (A) and intervention (B) status are displayed.  Statistical significance when comparing 
surface contamination between washers and non-washers (A) and intervention and no 
intervention (B) groups are denoted with asterisks (p<0.0500). 
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Figure 4.2: The Prevalence of E. coli by Surface Type Sampled (A) and Time Sampled (B). 
The chicken preparation area (CPA) was only sampled for non-washers and the area close to the 
sink (0-6”) was only sampled for washers.  Sampling was conducted after the chicken was 
prepared and placed in the oven, denoted as “Before Cooking,” and after the participant finished 
the meal preparation and cleaned as they would at home, denoted as “After Cleaning.” The tap 
handle (TH), spice containers (SC), and salad lettuce (L) were only sampled after cleaning. 
Significant differences when comparing surfaces (A) and wash status (BE are marked with an 
asterisk (p<0.0500). 
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Figure 4.3: Distributions of the Concentrations of the E. coli Surrogate by Surface Type.  
The surfaces are labeled on the x-axis with the mean (M) and the number of samples (n) are 
denoted under each surface.  The “chicken preparation area” is abbreviated as CPA on the x-axis.  
The time the sample was taken is also noted below the x-axis (either “After Cooking” or “After 
Cleaning”). The box encapsulates 50% of the variation (25-75%) and the whiskers encapsulate 
90% of the variation (5-95%).  The bar denotes the median value.  The individual values are 
represented by gray points.  There were no significant differences between surfaces for either the 
level or percent transfer of the surrogate. 
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CHAPTER 5: The Role of Hands in Cross-Contamination of Kitchen Surfaces When 

Preparing a Meal in a Consumer-Style Kitchen  

 

SUMMARY 

A significant number of foodborne illnesses are acquired in the home and cross-contamination 

can be an important contributing factor.  The specific behaviors that lead to cross-contamination 

while preparing a meal have not been well characterized.  The purpose of this study was to 

determine how hands and handling behaviors (with a focus on handwashing and touch-based 

events) impact the of risk cross-contamination of kitchen surfaces when preparing a meal.  Data 

from a prior study in which consumers were observed preparing a meal consisting of turkey 

burgers inoculated with bacteriophage MS2 and a salad in test kitchens provided the data for the 

analyses.  Cross-contamination was assessed using environmental sampling data.  Behavioral 

coding was performed for handwashing and touch-based behaviors.  Cross-contamination risk 

was defined as the likelihood and degree (i.e. contaminant concentration) of MS2 transferred to 

surfaces.  Statistical analyses were performed in R, SPSS, and SigmaPlot.  Participants who 

attempted to wash their hands or who completed more handwashing steps significantly decreased 

the risk of cross-contamination (p<0.0001).  Scrubbing hands for 5 seconds on average reduced 

the risk of cross-contamination (p<0.050).  Cross-contamination regression models were created 

using the most significant predictor variables.  The models showed that increased handwashing 

attempts, completion of more handwashing steps, and average scrub times exceeding 5 seconds 

all decreased risk of cross-contamination (p<0.050).  This analysis can be used in future risk 

assessment modeling and for informing consumer education and outreach. 
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INTRODUCTION 

Reports have suggested that anywhere from 9%-50% of the estimated 48 million cases of 

foodborne illnesses in the U.S. annually occur within the home (Dewey-Mattia et al., 2018a; 

Gould et al., 2013; McCabe-Sellers and Beattie, 2004; Redmond and Griffith, 2003; Scallan et 

al., 2011).  A significant proportion of these illnesses are attributed to Salmonella spp. and 

Campylobacter spp., which are often associated with raw poultry (Dewey-Mattia et al., 2018b; 

Mazengia et al., 2014; Scallan et al., 2011).  Handling raw poultry in the home can lead to cross-

contamination, the transfer of pathogenic microbes from a raw product to another surface (and 

then to food) or directly to food; which can lead to foodborne illness (Luber et al., 2006; 

Montville and Schaffner, 2003; Ravishankar et al., 2010; Redmond et al., 2004; Redmond and 

Griffith, 2003; Sneed et al., 2015). 

 

Our understanding of how food is prepared in the home has historically come from 

questionnaire-based and observational studies that report a number of risky behaviors which can 

cause or lead to cross-contamination (Byrd-Bredbenner et al., 2013; DeDonder et al., 2009; 

Evans and Redmond, 2018; Kendall et al., 2004; Mazengia et al., 2015; Phang and Bruhn, 2011; 

Redmond and Griffith, 2003; Sneed et al., 2015).  Some of the identified behaviors include 

failure to wash hands, incorrectly washing hands, touching surfaces after handling raw meat or 

poultry, among others (Byrd-Bredbenner et al., 2013; Kendall et al., 2004; Kosa et al., 2015; 

Phang and Bruhn, 2011; Sneed et al., 2015).  Laboratory-based studies have also been performed 

to characterize how microbes transfer from foods (including raw meat or poultry products) to 

various kitchens surfaces, but their experimental designs frequently differ, and consumers are 

rarely directly engaged (Grove et al., 2015; Guyard-Nicodème et al., 2013; Kusumaningrum et 
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al., 2004; Luber et al., 2006; Montville and Schaffner, 2003; Ravishankar et al., 2010; Redmond 

et al., 2004; Sneed et al., 2015).  Previous work may not realistically characterize the 

concentration and frequency of cross-contamination in a consumer kitchen, taking into account 

the wide range of behaviors consumers are known to exhibit when preparing food in the home 

(Redmond et al., 2004; Sneed et al., 2015). 

 

There are very few studies that combine observational and microbiological approaches to assess 

the occurrence of cross-contamination, and those that have been performed tend to be limited in 

scope, have a relatively small sample size, are not necessarily reflective of the entirety of the 

U.S. population, and often focus on specific behaviors (Evans and Redmond, 2018; Kendall et 

al., 2004; Mazengia et al., 2015; Redmond et al., 2004; Sneed et al., 2015).  The purpose of this 

study was to determine how hands and handling behaviors, with a focus on handwashing and 

touch-based events, impact the risk of cross-contamination to kitchen surfaces when preparing a 

meal of turkey burgers and a salad.  We defined the risk of cross-contamination as the likelihood 

and degree (concentration of surrogate microbe, i.e., MS2 bacteriophage) transferred from the 

initial contamination source (inoculated ground turkey burgers) to other surfaces as determined 

by environmental sampling and testing.  

 

METHODS 

Video and Microbiological Data 

The microbial data used for these analyses were obtained from a prior study designed to 

determine the prevalence and degree of cross-contamination across a variety of kitchen surfaces 

during the preparation of a meal including a raw poultry product and a ready-to-eat (RTE) 
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vegetable salad in a consumer test kitchen (Chapter 2).  The food safety message (a video based 

on proper thermometer usage) the demographics used for the study, and the general study results 

were described previously (Duong et al., 2020; Chapter 2).  Briefly, participants prepared a meal 

consisting of raw ground turkey patties inoculated with MS2, a harmless bacteriophage, and an 

RTE vegetable salad in test kitchens.  Almost half (n=172) of the participants (n=371) were 

shown an FSIS video on proper thermometer usage as an intervention before cooking, and the 

remaining participants (n=199) did not receive any messaging.  Cameras were used to observe 

participants while they were preparing the meal.  Environmental sampling was performed after 

the meal preparation event and MS2 was enumerated using RT-qPCR.  Thirteen surfaces were 

sampled for each consumer food preparation trial, as well as a sample of the lettuce that was 

handled.  Of the lettuce samples, 222 were salad samples and 46 were lettuce leaves used as a 

burger garnish.  Of the total 4,516 environmental samples, 16.1% were positive for MS2.  The 

number of positive swabs and concentration of MS2 detected on each surface are described in 

Table 5.1 and previous papers (Kirchner et al., 2020; United States Department of Agriculture, 

2018). 

 

Behavioral Coding for Handwashing Behaviors 

Videos were obtained for 278/371 participants and used to perform behavioral coding, the 

systematic assignment of codes to the displayed behaviors of participants (Chorney et al., 2015).  

The 278 videos had the same proportion of treatment versus control participants and similar 

demographic characteristics to the total study.  Behavioral coding allows human behaviors to be 

analyzed quantitatively and recorded in a consistent manner in order to assess overall trends, 

differences between groups, and adherence to food safety guidelines and best practices (Chorney 
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et al., 2015).  Coding was specifically performed on handwashing and touch-based behaviors 

performed by participants during the meal preparation events.  The videos had three to six 

camera views encompassing an overview of the kitchen, the sink, the counter, and the stove 

range.  A definition and scheme were determined for the coding of the handwashing and touch-

based behaviors as detailed below. 

 

Handwashing 

A handwashing attempt was defined as “required” at the start of the meal preparation event and 

after touching raw turkey or packaging.  A “compliant” handwashing attempt was defined using 

the six steps outlined by the U.S. Centers for Disease Control and Prevention (Boyce and Pittet, 

2002), with a single point score given for each of the six steps completed, such that a compliant 

action received a score of 6, and incomplete attempts, scores of 1-5 (Table 5.2).  Each step, 

excluding the addition of soap, was timed and recorded for completeness.  Scrub time was 

defined as any time that the participants rubbed their hands together in the presence of soap; 

scrub time was considered in scoring such that an abbreviated scrub time (defined as less than 20 

seconds) resulted in the lack of compliance with this step (Table 5.2).  This definition resulted in 

scrub time overlapping with rinsing for some participants, but each step was recorded and timed 

independently.  Scrub time was also recoded into an interval measure (0-2.99, 3-4.99, 5-8.99, 

and 9+ seconds) for subsequent AVONA analysis.  Two steps, “Rinse Hands” and “Dry Hands” 

were coded for additional information (rinse type and drying implement).  The rinse type was 

denoted as “active,” in which the participant continued to scrub their hands while rinsing with 

water, or “passive,” when the participant did not scrub the hands while rinsing with water.  The 

drying implement (ex: paper towel, dish towel, used paper towel) used was recorded as well.  
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Touch 

For each “required” handwashing attempt, coded as described above, the type of hand contact, 

i.e. with raw product or packaging, was recorded.  In instances where both raw product and 

packaging were touched, the type of contact was recorded as a raw product touch because the 

turkey was directly inoculated with MS2 and the packaging was not.  To assess what objects 

were the most likely to be cross-contaminated, the next seven objects the participant touched 

after handling the raw turkey patties or packaging were recorded.  If the raw turkey patties or 

packaging were only handled with one hand, then only the surfaces that the corresponding hand 

touched were recorded.  If the participant attempted to wash their hands after handling raw 

product or packaging, then only the objects they touched before handwashing were recorded.  

We decided that only the first seven objects touched after handling raw turkey or packaging 

would be recorded due to previous findings that microbial transfer can decrease (in some studies 

by one log or more) after subsequent touch events (Guyard-Nicodème et al., 2013; 

Kusumaningrum et al., 2004; Luber et al., 2006; Montville and Schaffner, 2003; Ravishankar et 

al., 2010; Redmond et al., 2004; Sneed et al., 2015). 

 

Statistical Methods and Variables 

The maximum number of “required” handwashing attempts for each participant was used to 

calculate (i) the percentage of the time handwashing was attempted by the participant (percent 

attempted or “partially compliant” handwashing); and (ii) the percentage of time the participant 

adhered to the CDC handwashing guidelines (compliant handwashing).  These variables were 

used in the comparison of handwashing compliant with CDC recommendations (“compliant” 

handwashing) versus “partially-compliant” (attempted) handwashing.  Step specific timing 
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variables were also obtained by calculating the average time taken to complete each step in the 

CDC handwashing guidelines (Tables 5.2 and 5.3) per participant.  These variables helped 

determine the time-dependent effects each handwashing step had on cross-contamination, with a 

particular focus on scrubbing.  Categorical handwashing variables, rinse type and drying 

implement, were also recorded where applicable.  Most participants rinsed either actively or 

passively but participants that used both methods of rinsing were given the designation “both” 

for the rinse type variable.  As stated above, a handwashing efficacy score was determined for 

each required handwashing attempt using the criteria described in Table 5.2.  An average, 

median, and range handwashing score were calculated for each participant in order to 

characterize how well they washed their hands overall and how much their handwashing varied.  

These metrics assisted in establishing if completing more handwashing steps would lower the 

likelihood or degree of cross-contamination. 

 

A percentage of raw product touches was calculated for each participant to determine how 

frequently the raw product was handled and if handling  raw product was more likely to result in 

cross-contamination than handling packaging.  The number of surfaces that were positive for 

MS2 of the first seven objects touched by each participant was also determined by comparing the 

first seven objects handled with the microbiological analysis reported previously.  This was used 

to determine how much cross-contamination was likely due to hands.  The number of surfaces 

positive for MS2 that were touched directly after a participant handled raw turkey patties or 

packaging (i.e., first touch of the seven touches) was also noted for each participant (“first 

touch”).  For each specific surface, both (i) the number of times the surface was touched by a 

participant within the first seven touches; and (ii) the percentage of time a surface was touched 
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within the first 3/7 touches (“first 3/7”), was coded (Table 5.4).  Both of these variables were 

used to calculate how often and when a surface was touched relative to the impact on cross-

contamination. 

 

Cross-contamination was assessed using previously reported data (Chapter 2), and served as the 

dependent variables.  The number of cross-contaminated surfaces per participant was defined as 

the number of surfaces that had detectable MS2; this was used to determine how many surfaces 

were likely to be cross-contaminated and the overall likelihood of cross-contamination occurring 

(Table 5.3).  The data on the concentration of MS2, in log10 genome equivalent copies (GEC) 

detected on an individual surface was used for surface type-specific cross-contamination 

analyses (Table 5.4).  For each participant, the sum of the MS2 concentration on all positive 

surfaces was used to characterize the total concentration of MS2 present due to cross-

contamination (Table 5.3).  This variable was used to represent degree of cross-contamination. 

 

Statistical Tests 

All variables were assessed for normality and non-normal variables were transformed and 

standardized as necessary.  For single variable analyses, single regressions and binary logistic 

regressions were employed.  Correlations between variables were determined using the Pearson 

and Spearman correlation metrics, for normal and non-normal variables, respectively.  

Correlation coefficients were compared to one another to determine the strongest predictors 

using a t-test.  A one-way ANOVA was used to assess how the amount of scrub time would 

affect the risk of cross-contamination.  Backwards stepwise regression was also employed for 

multiple analyses of both handwashing and touch events in order to identify the most significant 
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predictors.  Significance was set at p<0.05 for all tests.  Statistics were performed in SPSS or R 

(IBM SPSS Statistics for Windows, 2015; R Core Team, 2013).  Multiple regression models 

were visualized using SigmaPlot version 14 (Systat, 2017).  

 

RESULTS 

Characterization of Handwashing and Touch Variables 

It was clear from the behavioral coding that many participants did not even attempt to wash their 

hands after touching the raw turkey patties or packaging.  On average, participants washed their 

hands less than 30% of the time it was required and fully complied with CDC guidelines less 

than 3% of the time (Table 5.3).  This failure to properly wash hands was also reflected in the 

participants’ average and median handwashing efficacy scores, with participants completing less 

than two steps on average.  A majority of handwashing time was spent scrubbing with soap and 

drying, with less time spent wetting hands and rinsing (Table 5.3).  Not all participants routinely 

used soap or dried their hands with a one-use paper towel, which contributed to the lower 

handwashing efficacy scores (Table 5.3).  Of the 8 to 10 surfaces sampled for every participant, 

up to 8 were positive for cross-contamination but on average only 1.8 surfaces were positive.  At 

most, 7 surfaces showed evidence of cross-contamination in the first 7 touches, with an average 

of 1.3 surfaces.  An average of 0.55 surfaces showed evidence of cross contamination for the 

“first touch” (Table 5.3).  Note that the study was not designed to identify causality or 

temporality in cross-contamination so these results should interpreted with care.  The total MS2 

concentration detected in the kitchen overall ranged from non-detectible to 9.1 log10 GEC with 

an average around 4.7 log10 GEC (Table 5.3).   
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Some participant variables had different totals due to coding criteria.  For example, rinse type 

was only recorded if the participant rinsed their hands.  If a participant did not rinse hands 

nothing was recorded, resulting in a lower n (e.g. n=225 in Table 5.3).  The reverse was true for 

touch variables where the coding from the video provided touch information but not 

handwashing information, e.g. n=278 for first touch results (Table 5.3).  There were also 

differing totals for surface touch-based predictors due to sampling scheme.  Environmental 

sampling was performed more often on some objects than others, resulting in a disparity of totals 

across the surfaces sampled (Table 5.4).  More information on these differences can be found in 

Chapter 2.  The inner sink, dishcloth/sponge, refrigerator handle, and cleaning supplies were 

touched least often but they did not have the lowest average MS2 concentrations (Table 5.4).  

Spice containers were touched the most often, frequently touched first, and had the highest 

average MS2 concentration (Table 5.4). 

 

Handwashing Analyses 

Participants having a higher score for percentage of “partially compliant” handwashing events 

cross-contaminated fewer surfaces (p<0.0001) and transferred a lower concentration of MS2 to 

those surfaces (p<0.0001, Figure 5.1).  The percent of “compliant handwashing” attempts did not 

significantly impact either the number of cross-contaminated surfaces or the total concentration 

of MS2 (p>0.050, data not shown).  Participants with higher average and median handwashing 

efficacy scores tended to have significantly less surfaces cross-contaminated and a lower total 

concentration of MS2 (p<0.0001, Figure 5.1).  The average range of handwashing efficacy 

scores did not however significantly impact the concentration of MS2 present on surfaces 

(p=0.110), although it was significantly inversely associated with the number of surfaces cross-
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contaminated, such that a lower score handwashing range score meant more surfaces were 

contaminated (p=0.043, data not shown). 

 

When assessing variables related to the handwashing steps, there was a high degree of 

collinearity present between the variables (Table 5.5).  This collinearity meant that the effect of 

each variable on its own was difficult to determine.  It was determined via t-test that percent of 

“partially compliant” handwashing, average handwashing efficacy score, and average scrub time 

were the most reliable predictors of cross-contamination in the kitchen (data not shown).   

 

The effect of average scrub time on cross-contamination was significant for both the number of 

surfaces cross-contaminated (p<0.0001) and the total concentration of MS2 on the surfaces 

(p=0.001, Figure 5.2).  Tukey’s HSD revealed that scrubbing for 5-8.99 seconds on average 

resulted in a significant decrease in the total cumulative concentration of MS2 in the kitchen 

compared to scrubbing for 0-4.99 seconds (p=0.002 and p=0.040, Figure 5.2B) and scrubbing for 

5-8.999 seconds would significantly reduce the number of cross-contaminated surfaces 

compared to scrubbing for 0-2.99 seconds (p=0.039). 

 

A visualization of the multiple regression model using the three most significant handwashing 

variables to predict the likelihood and degree of cross-contamination is shown in Figures 5.3, 

5.4, and 5.5.  There was an overall inverse relationship between the three significant 

handwashing variables and risk of cross-contamination.  As the average percent of “partially 

compliant” handwashing attempts, handwashing efficacy score, and scrub time increased, the 

likelihood of cross-contamination (Figure 5.3), number of cross-contaminated surfaces (Figure 
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5.4), and total concentration of MS2 transferred decreased (Figures 5.5).  The number of cross-

contaminated surfaces decreased from 2 to 1 when scrubbing hands for 5 seconds for participants 

washing their hands over 20% of the time (Figure 5.4C).  Similarly, an inversely proportional 

relationship was observed in the regression model for the total MS2 concentration as impacted 

by the three significant handwashing variables (Figure 5.5).  When scrubbing for ≥ 9 seconds on 

average and washing hands with at least “partial compliance” 100% of the time, the average 

likelihood dropped to as low as 0.05 (one cross-contamination event for every 20 touches), a 

reduction of 95% (Figure 5.3). 

 

Touch-Based Analyses 

Regression analysis showed that objects touched by participants directly after touching raw 

product or packaging were more likely to be cross-contaminated (p<0.0001, Table 5.6).  A 

significantly higher total MS2 concentration was found when surfaces were handled within the 

first 7 touches as well (p<0.0001, Table 5.6).  Similarly, participants with a higher percentage of 

raw product touches also had a significantly increased risk of cross-contamination (p=0.006, 

Table 5.6).  The more a surface was touched (number of touches) and the more frequently it was 

touched within the “first 3/7” resulted in a significantly increased concentration of MS2 

transferred (p<0.0001) and that surface was more likely to be positive for cross-contamination in 

general (p<0.0001, Table 5.6). 

 

Best Predictors for Cross-Contamination Varied by Surface 

The same predictors were significant for both the concentration and the likelihood of cross-

contamination for both the number of times a surface was touched or the percentage of touches 
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in the “first 3/7 touches” (Table 5.7).  For instance, the percentage of touches in the “first 3/7 

touches” was a significant predictor for both the concentration (p=0.018) and likelihood 

(p=0.035) of cross-contamination for the knife handle (Table 5.7).  Five surfaces did not have 

any significant touch-based predictors for either the likelihood or degree of cross-contamination 

(Table 5.7).  No variables from the pan handle/GF handle surface were significant in a 

regression, but the percentage of touches in the “first 3/7 touches” was significantly correlated 

with the concentration of MS2 (p=0.047) using the Pearson correlation (data not shown).  All 

predictors had a positive correlation, such that the higher the predictor variable, the higher the 

concentration of MS2 or likelihood of cross-contamination. 

 

DISCUSSION 

The purpose of this study was to determine how hands and handling behaviors, with a focus on 

handwashing and touch-based events, impacted the likelihood and degree of cross-contamination 

of kitchen surfaces when preparing a meal of turkey burgers and a salad.  Based on the 

comprehensive observational study with environmental sampling (Chapter 2; United States 

Department of Agriculture, 2018), these behaviors were directly correlated with microbiological 

data on cross-contamination.  This study was able to connect quantitative microbiological results 

with observed human behaviors and provide greater insight into how cross-contamination occurs 

in a home kitchen and what behaviors have a significant influence.  Studies that utilize a similar 

approach have had much smaller (30 - 123 participants) sample sizes (Chen et al., 2001; 

Montville and Schaffner, 2003; Redmond et al., 2004; Sneed et al., 2015), our study also 

engaged 278 participants with attention to demographic balancing, making it more 

comprehensive and representative of the US consumer.  This study found that attempting to wash 
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hands and scrubbing for an average of 5-8.99 seconds resulted in a significant decrease in the 

risk of cross-contamination.  Conversely, frequent handling of raw product and specific surfaces 

significantly increased the likelihood and degree of cross-contamination but surface-to-surface 

variation occurred.   

 

Attempting to Wash Hands Reduces the Risk of Cross-Contamination 

While hands have been identified as a means of indirect cross-contamination for many years 

(Luber et al., 2006; Montville and Schaffner, 2003; Ravishankar et al., 2010; Redmond et al., 

2004; Sneed et al., 2015), we used a comprehensive and unique dataset, along with additional 

coding and extensive statistical analysis, to investigate more fully the role of hands in cross-

contamination.  Handwashing in particular has been studied with a microbiological component 

both independently and in the context of observational studies (Jensen et al., 2017; Sneed et al., 

2015).  Our analysis shows that in instances that we defined as “required” handwashing (i.e., at 

the start of the meal preparation event and after touching raw turkey or packaging), participants 

attempted to wash their hands less than 30% of the time and correctly washed their hands less 

than 3% of the time (Doring et al., 2018; United States Department of Agriculture, 2018).  This 

agrees with low handwashing compliance reported in other studies (Phang and Bruhn, 2011; 

Redmond and Griffith, 2003; Sneed et al., 2015).  Our study has also revealed that participants 

who simply attempted to wash their hands and were “partially compliant” significantly reduced 

the risk of cross-contaminating kitchen surfaces (Figure 5.1), while strict adherence to 

handwashing regimens (“compliant handwashing”), did not reduce the risk of cross-

contamination since the percent of “compliant handwashing” attempts did not significantly 

impact either the number of cross-contaminated surfaces or the total concentration of MS2 
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(p>0.050, data not shown).  Previous studies have focused on either fully “compliant” 

handwashing or on one particular aspect of handwashing, like water temperature, the type of 

soap, or scrub time, and have not investigated how “partially compliant” handwashing may 

reduce the risk of cross-contamination (Boyce and Pittet, 2002; Jensen et al., 2017; Sneed et al., 

2015).  Since most guidance on handwashing focuses on perfectly adhering to recommended 

guidelines (Boyce and Pittet, 2002; Jensen and Schaffner, 2015), and our study found that 

“partial compliance” imparts significant protection against cross-contamination of kitchen 

surfaces, this suggests that focusing consumer education on when to wash hands is just as 

important as communicating how to wash hands.  Since technique and attempting to wash hands 

can each significantly reduce the amount of cross-contamination that occurs in a home kitchen, 

improvements in both are predicted to reduce the risk of contracting a foodborne illness in the 

home. 

 

As we have shown, even when consumers do attempt to wash their hands, they rarely comply 

with the CDC handwashing guidelines (Table 5.2 and 5.3).  The specific steps in handwashing 

have been subject to much scrutiny, and specific recommendations may vary (Jensen and 

Schaffner, 2015), but general agreement has been reached that soap and water must be present, 

scrubbing must occur, and hands must be dried using a clean one-use implement (De Jong et al., 

2008; Hilton and Austin, 2000; Jensen et al., 2017; Nauta et al., 2008; Phang and Bruhn, 2011; 

Redmond et al., 2004).  We found that the more steps that participants performed, the lower their 

risk of cross-contamination (Figure 5.1).  Both the number of surfaces contaminated and the 

concentration of MS2 transferred decreased as participants’ handwashing efficacy scores 

increased (Figure 5.1).  These findings are comparable to reports in the literature that also show 
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that the more handwashing steps or best practices are followed, the lower the degree of cross-

contamination or microbe levels on hands (De Jong et al., 2008; Jensen et al., 2017). 

 

Longer Scrub Times May Not be Necessary to Reduce the Risk of Cross-Contamination 

We also investigated the optimal scrub time for handwashing using a one-way ANOVA, and a 

significant reduction in the risk of cross-contamination was seen when scrubbing for as little as 5 

seconds on average (Figure 5.2).  A range of scrub times have been reported or investigated in 

other studies, ranging from 5 seconds to ≥30 seconds (Boyce and Pittet, 2002; De Jong et al., 

2008; Jensen et al., 2017; Lowbury and Lilly, 1973; Sneed et al., 2015); and 5 second wash times 

are on the lower end of the spectrum.  Since our analysis was based on an average scrub time, 

which includes instances in which participants did not scrub at all, when participants did scrub, 

they scrubbed for about 12 seconds on average (data not shown).  Similarly, a recent study found 

that 10 seconds was a sufficient scrub time to significantly reduce bacteria on hands (Jensen et 

al., 2017).  While it may be premature to recommend a scrub time as short as 5 seconds, there is 

increasing evidence that even scrub times shorter than previously recommended may 

significantly reduce the risk of cross-contamination. 

 

When the three most significant variables were put into a multiple regression model, similar 

results were observed for the likelihood of cross-contamination, number of samples cross-

contaminated, and total MS2 concentration on surfaces (Figures 5.3, 5.4, and 5.5).  In all 

instances, more “partially compliant” handwashing attempts, more handwashing steps completed 

(higher average handwashing efficacy score), and longer average scrub times all led to a lower 

likelihood and lower degree of cross-contamination.  These results agree with those obtained in 
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the single variables analyses (Figures 5.1 and 5.2) and suggest that a combination of these 

behaviors could result in a lowered risk of cross-contamination when preparing food in the 

home.  The collinearity present between these variables means however, claims about the 

individual variable effects must be made with care. 

 

Handling Raw Product and Touching Surfaces Frequently Increased the Risk of Cross-

Contamination 

It is clear that some cross-contamination is hand facilitated, particularly when handling raw 

product or packaging is followed by tactile events with other surfaces or objects, in consumer 

kitchens and grocery stores (Chen et al., 2018; Donelan et al., 2016; Harrison et al., 2001; 

Redmond et al., 2004; Sneed et al., 2015).  Our study found that the number of times a surface 

was touched, and the touching of a surface soon after handling raw product or packaging (“first 

touched” or “first 3/7 touches”), increased both the likelihood of cross-contamination and the 

concentration of MS2 transferred in general (Table 5.6).  But when more granular analysis was 

performed on specific surfaces, the best predictors for the likelihood and degree of cross-

contamination varied from surface to surface (Table 5.7).  For instance, the number of touches 

was the best predictor for cross-contamination of cutting boards, while the percent of touches in 

the “first 3/7 touches” was the best predictor for the knife handle (Table 5.7).  This variation by 

surface is consistent with other studies (Chen et al., 2001; Grove et al., 2015; Guyard-Nicodème 

et al., 2013; Kusumaningrum et al., 2004; Luber et al., 2006; Montville and Schaffner, 2003; 

Ravishankar et al., 2010; Redmond et al., 2004).  For example, Ravishankar et al., 2010 found 

differing degrees of transfer and concentration of Salmonella enterica on cutting boards and 
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knife handles, so it is reasonable that different predictors impact the risk of cross-contamination 

for different surfaces, even when different microbial surrogates are used to track transfer. 

 

The more frequently the raw product was touched the more the concentration of MS2 transferred 

to kitchen surfaces increased (Table 5.6), which was not the case for packaging touches, so 

handling the raw product appears to result in a greater degree of cross-contamination than 

handling packaging.  A few studies have been performed that investigate the prevalence of 

contamination of poultry packaging with foodborne pathogens like Salmonella and 

Campylobacter (Chen et al., 2018; Donelan et al., 2016; Harrison et al., 2001; Kosa et al., 2015), 

but none have assessed if cross-contamination may occur in a home kitchen as a result of 

handling packaging.  One study (Harrison et al., 2001) detected Campylobacter on 3% of 

external chicken packaging and 34% of whole packaging, including the inside of packaging 

material, which suggests that handling poultry packaging could cause cross-contamination even 

though the risk from handling the raw product is higher. 

 

Our study has several limitations.  Viruses (e.g. bacteriophage MS2) do not necessarily behave in 

the same manner as bacteria.  Since the safety of the participants in any study such as ours is a 

primary concern, it is likely that some sort of pathogen surrogate would be selected, and further 

information supporting the choice of MS2 is detailed elsewhere (Kirchner et al., 2020).  

Limitations of the study design were such that environmental sampling was performed at the end 

of the meal preparation, so samples could not be taken directly after a participant touched an 

object.  This meant that some surfaces may have been handled multiple times before 

environmental swabbing and the concentration of MS2 initially transferred could be diminished 
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or increased by subsequent handling.  Similarly, assessing temporality in association with cross-

contamination was not a goal of the original study (Chapter 2), so statistical analyses presented 

in this study that imply temporality here should be interpreted cautiously.  As mentioned, many 

variables (especially handwashing variables), were significantly correlated with one another 

(Table 5.5); introducing potential collinearity.  While efforts were made to reduce collinearity by 

establishing which variables were the most significant predictors of cross-contamination and 

only utilizing those variables in multiple analyses, separating out the effect of specific variables 

in those analyses may not be feasible.  The information provided while analyzing these collinear 

variables together may however be extremely useful for predicting cross-contamination in future 

studies. 

 

This study identified several behaviors related to handwashing and touch-based factors that 

predict the risk of cross-contamination in a home kitchen when preparing a meal.  While 

completing more handwashing steps significantly reduced cross-contamination, attempting to 

wash hands more frequently, even if only “partially compliant” with standardized guidelines also 

significantly lowered this risk.  These findings indicate that educational efforts to inform 

consumers about when to wash their hands are vital to decreasing cross-contamination in the 

home.  Reduced handwashing scrub times (even as low as 5 seconds on average), also 

significantly lowered the risk of cross-contamination.  There is a need for research to identify 

appropriate reduced scrub times in real-life settings since it is known that consumers do not 

scrub for the recommended 20 seconds (Anderson et al., 2004; Doring et al., 2018; Sneed et al., 

2015).  Both the number of touches and the percent in the “first 3/7 touches” significantly 

influenced cross-contamination risk but varied by surface.  Future work will be needed to 
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determine the best cross-contamination predictors for other kitchen surfaces and how handling 

packaging alone influences cross-contamination.  The significant predictors detailed here are all 

easily measured, can be applied in future studies, and are simple enough to be utilized for the 

design of consumer food safety messaging.  While further mathematical modeling needs to be 

performed and the handwashing and touch predictors assessed together, this body of work has 

value in understanding the dynamics of cross-contamination in consumer food handling and in 

designing science-based interventions to help protect consumers from transmitting foodborne 

pathogens in their homes. 
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Table 5.1: Synopsis of Microbiological Sampling Results Used in this Study 

Sample Type Surface Swabs Positive 
Swabs 

Negative 
Swabs 

MS2 Concentration (Log Genome Equivalent Copies) 
Minimum Average Maximum 

Control Counter 371 0 371 0 0 0 

Utensils 
Knife handle 218 14 204 5.0 5.5 7.2 

Cutting Board 370 47 323 5.0 6.1 8.2 
Frying pan/GF Handle 370 68 302 5.0 5.4 7.5 

Cleaning Areas 

Inner sink surface 219 14 205 5.0 5.6 6.6 
Dish cloth/sponge 371 68 303 5.0 5.5 7.4 

Tap handle 371 44 327 5.0 5.5 6.9 
Soap dispenser 371 83 288 5.0 5.7 7.0 

Kitchen Surfaces 
Refrigerator handle 371 30 341 5.1 5.5 6.4 
Spice Containers 371 182 189 5.0 6.2 9.1 

Trash bin lid 371 48 323 5.0 5.9 7.8 

Discretionary 

Cupboards, Drawers, Counters 176 24 152 5.0 5.7 7.2 
Participant Items 89 7 82 5.0 5.6 6.6 

Kitchen Tools 231 41 190 5.0 5.7 7.0 
Cleaning Supplies and Cloths 76 14 62 5.0 5.6 7.0 

Oven Associated 170 42 128 5.0 5.9 8.6         
Total 4,516 726 3,790    
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Table 5.2: Summary of CDC Handwashing Efficacy Criteria and Scoring Algorithm Used in this Study 

Steps Completion Criteria Additional Information* Score for Completed Step* 
Attempted Make any attempt at handwashing NA 1 
Wet Hands Add water to one or both hands NA 1 
Add Soap Add soap to the hands NA 1 

Scrub Hands Scrub with soap for at least 20 seconds NA 1 
Rinse Hands Remove soap from hands with running water Rinse Type 1 

Dry Hands Dry with a one use paper towel Drying Implement 1 
Dry with any implement NA 

Score for Missed Attempt   0 
Total Score Possible   6 

1NA refers to "Not Applicable," including information, and also handwashing step [i.e. for positive coding the drying implement had to be a paper towel and for 
negative coding credit was not given for attempting wash hands but was given if the participant dried their hands at all (the drying implement was a separate 
category)]. 
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Table 5.3: Variable Definitions, Characteristics, and Measures 

Variable Data 
Type1 n Unit2 Min Mean Max 

Type  Name Measuring 

Predictors 

Attempt 
Based 

Maximum Attempts Number of required handwashing attempts 
Con 276 

NA 2.0 6.9 18.0 
Percent Attempted Percent that handwashing was attempted Percentage 0 28.8 100 
Percent Compliant Percent compliant handwashing attempts 0 1.1 100 

Handwashing 
Efficacy 

Score Based 

Average HDW Efficacy Score Average handwashing efficacy score 
Con 276 NA 

0 1.2 5.0 
Median HDW Efficacy Score Median handwashing efficacy score 0 0.53 5.0 
Range HDW Efficacy Score Range handwashing efficacy score 0 3.9 6.0 

Individual 
Handwashing 

Steps 

Average Wet Time Average time taken to wet hands 
Con 

276 

Seconds 0 0.5 7.0 
Percent Soap Percentage of time soap was used Percentage 0 16.0 100 

Average Scrub Time Average time taken to scrub hands with soap 

Seconds 

0 2.5 15.0 
Interval Average Scrub Time Average time taken to scrub hands with soap intervals Int In Text 

Average rinse time Average time taken to rinse hands Con 0 1.6 9.0 
Average dry time Average time taken to dry hands 0 1.6 17.0 

Rinse type Whether the rinse the active, passive, or both Cat 225 NA NA NA NA 
Drying implement Whether the participant used a paper towel, dish towel, or old paper towel to dry hands 232 NA NA NA 

Percent Paper Towel The percentage of the time a paper towel was used Con Percentage 0 81.2 100 

Participant 
Touches 

Percent Raw Touches The percentage of times raw turkey is touched Con 277 Percentage 0 48.2 100 
First Seven Touches (1 variable per touch) The first seven objects touched after handling raw turkey or packaging Cat NA 

NA 

NA NA NA 
Number of Positive Surfaces in First Seven Number of objects cross-contaminated that were touched within the first seven touches Con 278 0 1.3 7.0 

Number of Positive Surfaces Touched First Number of objects cross-contaminated that were touched directly after handling raw turkey or 
packaging Con 278 0 0.55 3.0 

Object 
Specific 
Touch 

Number of Touches The number of times an object is touched Con Varies* NA 0 Varies* Varies* 

Percent of Touches in First 3 Touches Percent of times an object was touched within the first 3/7 touches Con Varies* Percentage 0 Varies* 100 

Dependent 

Number of Cross-Contaminated Surfaces Total number of cross-contaminated surfaces Con 276 NA 0 1.6 8.0 
Likelihood of Cross-Contamination Whether or not cross-contamination occurs Bi 0 0.7 1 

Concentration of MS2 Concentration of MS2 on a single surface Con Varies* Log GEC 0 Varies* Varies* 
Total Concentration of MS2 Concentration of MS2 on each surface added together Con 276 0 4.7 9.12 

*These vary from object to object.  See Table 4 for more details. 
1The type of data is noted as “Con” for continuous, “Int” for interval, “Cat” for categorical, and “Bi” for binary. 
2NA denotes “not applicable” and corresponds to a unitless measure under the “Unit” column.  In the “Min”, “Mean”, and “Max” column it denotes a categorical variable and means that these measures 
do not apply. 
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Table 5.4: Touch-Based and Dependent Variable Characteristics for Specific Surfaces 

Variable Type Variable1 Object2 n3 Min4 Mean4 Max4 

Predictors 

Number of 
Touches 

Knife Handle 184 0 0.55 7.0 
Cutting Board 277 0 0.67 5.0 

Frying pan/GF Handle 277 0 1.2 8.0 
Inner sink surface 185 0 0.022 1.0 
Dish cloth/sponge 278 0 0.30 6.0 

Tap handle 278 0 2.2 13.0 
Soap dispenser 278 0 0.86 4.0 

Refrigerator handle 278 0 0.25 3.0 
Spice Containers 278 0 4.4 16.0 

Trash bin lid 278 0 1.1 3.0 
Cupboards, Drawers, Counters 125 0 0.99 6.0 

Participant Items 67 0 0.40 3.0 
Kitchen Tools 173 0 0.92 7.0 

Cleaning Supplies and Cloths 53 0 0.38 4.0 
Oven Associated 135 0 0.67 5.0 

Global 3,144 0 1.1 16.0 

Percent of 
Touches in First 

3/7 Touches 

Knife Handle 184 0 17.3 100 
Cutting Board 277 0 17.4 100 

Frying pan/GF Handle 277 0 34.8 100 
Inner sink surface 185 0 1.1 100 
Dish cloth/sponge 278 0 5.6 100 

Tap handle 278 0 62.0 100 
Soap dispenser 278 0 43.9 100 

Refrigerator handle 278 0 12.0 100 
Spice Containers 278 0 40.2 100 

Trash bin lid 278 0 70.1 100 
Cupboards, Drawers, Counters 125 0 29.0 100 

Participant Items 67 0 15.9 100 
Kitchen Tools 173 0 30.9 100 

Cleaning Supplies and Cloths 53 0 12.7 100 
Oven Associated 135 0 24.6 100 

Global 3,144 0 30.8 100 

Dependent Concentration of 
MS2 

Knife Handle 184 0 0.37 7.2 
Cutting Board 277 0 0.80 8.2 

Frying pan/GF Handle 277 0 0.93 7.5 
Inner sink surface 185 0 0.42 6.6 
Dish cloth/sponge 278 0 0.97 7.5 

Tap handle 278 0 0.60 6.9 
Soap dispenser 278 0 1.3 6.9 

Refrigerator handle 278 0 0.39 6.4 
Spice Containers 278 0 3.0 9.1 

Trash bin lid 278 0 0.77 7.8 
Cupboards, Drawers, Counters 125 0 0.67 7.0 

Participant Items 67 0 0.48 6.0 
Kitchen Tools 173 0 1.1 7.3 

Cleaning Supplies and Cloths 53 0 0.63 6.3 
Oven Associated 135 0 1.4 7.0 

Global 3,144 0 0.98 9.1 
1These variables are further defined in Table 3. 
2The term “global” refers to the combination of all surfaces for each variable. 
3The totals differ between objects because some were sampled more frequently than others. 
4The measures for each variable are different. “Number of Touches” is a unitless measure, “Percent of Touches in the First 3/7 
Touches” is a percentage measure, and “Concentration of MS2” is reported as log10GEC. 
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Table 5.5: Pearson Correlations for Handwashing Variables and MS2 Concentration 

  MS2 
Concentration1 

Percent 
Attempts 

Average Wet 
Time Percent Soap Average Scrub 

Time 
Average Rinse 

Time 
Average Dry 

Time 
Percent Paper 

Towel 

Average 
Handwashing 

Score 

MS2 
Concentration 

Coefficient1 

p value2 
         

Percent 
Attempts 

Coefficient 
p value 

-0.211 
<0.0001 

        

Average Wet 
Time 

Coefficient 
p value 

 0.579 
<0.0001 

       

Percent Soap Coefficient 
p value 

-0.137 
0.023 

0.662 
<0.0001 

0.474 
<0.0001 

      

Average Scrub 
Time 

Coefficient 
p value 

-0.224 
<0.0001 

0.719 
<0.0001 

0.380 
<0.0001 

0.481 
<0.0001 

     

Average Rinse 
Time 

Coefficient 
p value 

-0.192 
<0.0001 

0.672 
<0.0001 

0.355 
<0.0001 

0.443 
<0.0001 

0.804 
<0.0001 

    

Average Dry 
Time 

Coefficient 
p value 

-0.243 
<0.0001 

0.695 
<0.0001 

0.279 
<0.0001 

0.504 
<0.0001 

0.574 
<0.0001 

0.566 
<0.0001     

Percent Paper 
Towel 

Coefficient 
p value 

 -0.143 
0.03 

   0.068 
0.3 

    

Average 
Handwashing 

Score 

Coefficient 
p value 

-0.218 
<0.0001 

0.910 
<0.0001 

0.505 
<0.0001 

0.727 
<0.0001 

0.763 
<0.0001 

0.708 
<0.0001 

0.717 
<0.0001 

   

1The term “Coefficient” denotes the Pearson correlation coefficient.  
2Signifcance was set at p<0.050 and all non-significant results were represented as a grey box. Black boxes were used to block duplicates of comparisons. 
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Table 5.6: Linear and Logistic Regressions for Participant and Global Touch-Based Variables  

Regression 
Type Dataset1 Dependent 

Variable Independent Variable R2 p df2 B3 SE4 Constant F 

Linear Participants 

MS2 
Concentration 

Number of 1st Touches 0.29 <0.0001 275 1.51 0.142 4.677 113.0 

Number of Surfaces in the 1st 7 
Touches 0.347 <0.0001 275 1.65 0.137 4.682 147.0 

Number of 
Surfaces Percent Raw Touches 0.027 0.006 275 0.009 0.003 1.135 7.64 

Linear 

Global Surface 

MS2 
Concentration 

Number of 1st Touches 0.074 <0.0001 277 0.273 0.017 0 253.0 
Number of Surfaces in the 1st 7 

Touches 0.016 <0.0001 277 0.127 0.018 0.001 51.9 
         

   *Nal R2 p df2 B3 SE4 OR (95% CI)5 

Logistic 
Likelihood of 

Cross-
Contamination 

Number of Touches 0.077 <0.0001 277 0.497 0.042 1.64 (1.04 – 2.01) 

Percent Touches 1st 3 0.024 <0.0001 277 0.306 0.049 1.36 (1.20 – 1.52) 
1This refers to whether cross-contamination is being assessed on per participant or per global (overall) surfaces.  
2Degress of freedom. 
3Regression coefficients. 
4Standard Error. 
5Odds ratio with 95% confidence interval. 
* Nagelkerke R2, a pseudo R2 that functions in a similar manner. 
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Table 5.7: Significant Regressions for Cross-Contamination on Specific Surfaces 

Surface Single Regression (MS2 concentration)* Logistic Regression (Likelihood of Cross-Contamination)* 

% 1st 3 Touches1 Number of Touches % 1st 3 Touches1 Number of Touches Combo2 

Knife Handle 0.018  0.035   
Cutting Board  0.013  0.012 0.038 

Pan/GF Handle      
Inner Sink      

Soap Dispenser 0.007  0.007  0.025 
Tap Handle      

Fridge Handle      
Dishcloth/Sponge      
Spice Container  <0.0001 <0.0001 <0.0001 <0.0001 

Trashbin Lid      
Cupboard, Drawers, Counter 0.017 0.001 0.034 0.003 0.006 

Participant Items 0.002 0.031 0.008  0.030 
Sink, Cloth, Cleaning      

Kitchen Tools 0.043 0.002 0.034 0.002 0.006 
Oven Samples  0.020    

1The percent of touches in the first 3/7 touches. 
2Denotes when a multiple logistic regression was performed using both the percent of touches in the first 3/7 touches and the number of times touched.  The 
significance reported is for the overall model. 
*Significance for both regressions was set at p<0.050. 
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Figure 5.1: Effect of Attempted Handwashing (A, B) and Average Handwashing Efficacy 
Score (C, D) on Cross-Contamination.  Both the number of surfaces contaminated (A, C) and 
the concentration of MS2 (B, D) were assessed in terms of the percent of attempted handwashing 
(A, B) and the participant’s average handwashing efficacy score (C, D).  Single linear regression 
was performed for all four analyses and the equations of the lines obtained are denoted at the top 
right of each graph.  The R2, which shows the variation captured by the model is noted beneath 
the line’s equation.  Some measures were standardized to obtain a more normal distribution; An 
asterisk marks these measures (*). 
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Figure 5.2: Effect of Average Scrub Time on Cross-Contamination. The number of surfaces 
cross-contaminated (A) and the concentration of MS2 as effected by participants average scrub 
time (B).  Average scrub time was split into intervals of 0-2.99 seconds (n=172), 3-4.99 seconds 
(n=58), 5-8.99 seconds (n=32), and over 9 seconds (n=12).  In (A) the number of surfaces cross-
contaminated is displayed as a box plot encapsulating 50% of the variation (25-75%) and the 
whiskers encapsulate 90% of the variation (5-95%).  The bar shows the median value.  In (B) the 
concentration of MS2 is represented as log10 GEC and is displayed as a box plot encapsulating 
50% of the variation (25-75%) and the whiskers encapsulate 90% of the variation (5-95%).  The 
median is shown as a bar. 
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Figure 5.3: Model for the Effect of Percent Handwashing Attempts, Average Handwashing 
Efficacy Score, and Average Scrub Time on the Likelihood of Cross-Contamination. The 
results of logistic regression analysis to predict the likelihood of cross-contamination. Percentage 
of “partially compliant” handwashing attempts (written as “Percent attempted”) and average 
handwashing efficacy score (written as “Average score”) are the x- and y-axes, respectively.  
The average scrub time is represented using four values (1, 3, 5, and 9 seconds) that were 
observed. The diagonal lines represent the likelihood of cross-contamination where 1= cross-
contamination and 0=no cross-contamination. 
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Figure 5.4: Model for the Effect of Percent Handwashing Attempts, Average Handwashing 
Efficacy Score, and Average Scrub Time on the Number of Samples Cross-Contaminated. 
The results of logistic regression analysis to predict the number of sampled cross-contaminated. 
Percentage of “partially compliant” handwashing attempts (written as “Percent attempted) and 
average handwashing efficacy score (written as “Average score”) are the x- and y-axes, 
respectively.  The average scrub time is represented using four values (1, 3, 5, and 9 seconds) 
that were observed in the analysis. The diagonal lines represent the number of samples cross-
contaminated per participant. 
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Figure 5.5: Model for the Effect of Percent Handwashing Attempts, Average Handwashing 
Efficacy Score, and Average Scrub Time on the Degree of Cross-Contamination. Percentage 
of “partially compliant” handwashing attempts (written as “Percent attempted) and average 
handwashing efficacy score (written as “Average score”) are the x- and y-axes, respectively.  
The average scrub time is represented using four values (1, 3, 5, and 9 seconds) that were 
observed in the analysis.  The diagonal lines represent the total log genome equivalent copies of 
MS2 per participant. 
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CHAPTER 6: The Joint Role of Handwashing and Touch-Based Behaviors on the Cross-

Contamination of  Kitchen Surfaces When Preparing a Meal  

 

SUMMARY 

Cross-contamination during food preparation is influenced by many factors, including 

handwashing and tactile events. The collective effect of multiple factors on the cross-

contamination of kitchen surfaces, and which factors are more influential, has not been 

previously determined.  The purpose of this study is to investigate how factors associated with 

both handwashing and touch events together contribute to cross-contamination of surfaces in a 

consumer kitchen during meal preparation.  Data were mined from a previous study in which 

consumers were observed preparing a meal of burgers (inoculated with MS2 bacteriophage) and 

salad in test kitchens (n=276).  Cross-contamination was monitored by environmental swabbing 

of kitchen locations after each observation.  Significant predictors of cross-contamination to 

surfaces were (i) the number of times a surface was touched; and (ii) how often the raw product 

was touched (p<0.0500). Frequently, these predictors occurred in combination with specific 

handwashing behaviors (e.g., handwashing attempts, scrub time), with variation across surfaces 

(p<0.050). Generally, the same variables that predicted the likelihood of cross-contamination 

also predicted the degree of cross-contamination (concentration of contaminant). Backwards 

stepwise regression analysis of all surfaces showed that the combination of (i) the number of 

times an object was touched; (ii) the frequency of raw product touches; and (iii) compliance with 

best handwashing practices, produced the most significant combination of predictors for cross-

contamination of kitchen surfaces (p<0.0001).  This work provides information that identifies the 
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combination of behaviors that result in cross-contamination in consumer kitchens.  These can be 

addressed in targeted intervention efforts to reduce cross-contamination in a home kitchen. 

 

INTRODUCTION 

Of the 48 million instances of foodborne illness in the United States annually, it is estimated that 

up to 50% are acquired in a consumer home (Dewey-Mattia et al., 2018; Gould et al., 2013; 

McCabe-Sellers and Beattie, 2004; Redmond and Griffith, 2003; Scallan et al., 2011).  These 

foodborne illnesses are partially due to consumers’ lack of food safety knowledge or problematic 

food safety behaviors.  These behaviors include inadequate handwashing; a lack of cleaning and 

sanitizing; touching surfaces after handling raw meat or poultry; among others (Byrd-Bredbenner 

et al., 2013; Evans and Redmond, 2018; Kendall et al., 2004; Mazengia et al., 2014; Phang and 

Bruhn, 2011; Redmond et al., 2004; Redmond and Griffith, 2003; Sneed et al., 2015).  Many of 

these behaviors can lead to cross-contamination, where microbes from a contaminated 

(frequently raw) product are transferred to another surface or another (frequently RTE) food 

product (Luber et al., 2006; Montville and Schaffner, 2003; Ravishankar et al., 2010a; Sneed et 

al., 2015).  

 

Cross-contamination can be influenced by many factors when preparing food in the home.  Not 

only does handling raw product or packaging influence the likelihood and degree of cross-

contamination, but the handling of objects or surfaces afterwards as well as adherence to 

handwashing recommendations, are also important influencers (Evans and Redmond, 2018; 

Redmond et al., 2004; Sneed et al., 2015).  Jensen et al. 2017, found that proper handwashing 

can significantly reduce the concentration of a Salmonella surrogate on human hands, potentially 
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reducing cross-contamination.  Several other studies have demonstrated that handling raw 

product results in quantifiable cross-contamination (Chen et al., 2001; Guyard-Nicodème et al., 

2013; Kusumaningrum et al., 2004; Luber et al., 2006; Montville and Schaffner, 2003; 

Ravishankar et al., 2010a). 

 

The purpose of this study was to investigate how factors associated with both handwashing and 

touch-based behaviors together during meal preparation contribute to the cross-contamination of 

surfaces in a consumer kitchen.  Most food safety advice points to handwashing and other 

hygiene-related behaviors like washing cutting boards and cutlery as principal steps to prevent 

cross-contamination (Jensen et al., 2017; Ravishankar et al., 2010; Sneed et al., 2015).  However, 

to our knowledge, virtually no work has been done to characterize how handwashing and touch 

events together influence cross-contamination.  Our unique dataset provided the opportunity to 

do just that. 

 

METHODS 

Behavioral and Microbiological Data 

The behavioral and microbiological data used for these analyses were obtained from a study 

conducted to evaluate the effect of USDA-FSIS food safety messaging on cross-contamination 

and food preparation behaviors, as described previously (Chapter 2; Duong et al., 2020; United 

States Department of Agriculture, 2018).  Participants were asked to prepare a meal consisting of 

raw ground turkey patties inoculated with MS2, a bacteriophage, and a ready to eat (RTE) 

vegetable salad in test kitchens.  About half of the participants were shown a video about proper 

food thermometer usage before they began cooking and they served as the intervention group.  
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After the participants finished cooking, environmental sampling was performed to assess cross-

contamination and MS2 load on the environmental samples was quantified using RT-qPCR as 

previously described (Chapter 2).  A total of 13 surfaces were swabbed and one lettuce sample 

was taken for each participant as previously described (Chapters 2 and 3).  Of the 13 surfaces, 11 

were taken all the time and two were taken some of the time, depending on which surfaces were 

likely to be cross-contaminated (Chapter 2; United States Department of Agriculture, 2018).  

Participants were observed while cooking using cameras and NCSU Internal Review Board 

approval was attained for the study (number 10599).  The videos were used to assess food safety 

behaviors related to handwashing and to identity which surfaces each participant touched after 

handling raw poultry or packaging, as described previously (Chapter 5).  Briefly, handwashing 

compliance was assessed based on the CDC guidelines (Boyce and Pittet, 2002) and touch-based 

behaviors were assessed by recording the first seven objects participants touched sequentially 

after handling raw poultry or packaging.   

 

Variables 

Independent Variables 

A variety of measures were used to assess the participants’ handwashing and touch behaviors as 

previously described (Chapter 5).  For handwashing, attempt-based, efficacy-based, and timing-

based variables were assessed.  For the touch variables, frequency-based, sequence-based, and 

contact-based variables were assessed.  Previous work highlighted candidate handwashing 

variables by performing a t-test on the single regression coefficients (Chapter 5).  Only those 

previously identified significant handwashing variables were included in the work reported here 

(Table 6.1).  On average, participants attempted to wash their hands 28.8% of the time, spent 2.5 
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seconds scrubbing, and had an average handwashing efficacy score of 1.2 (Table 6.1).  The data 

for the touch variables differed by surface sampled (Table 6.1), as described in Chapters 2 and 5.  

Participants touched the raw poultry product 48.2% of the time on average (range 1-100%).  On 

average, in instances in which cross-contamination was documented, 1.3 of the surfaces touched 

within the first seven touches after handling raw poultry or packaging were contaminated with 

MS2 (Table 6.1).  Some touch-based variables were specific to particular surfaces and those are 

described in Table 6.2.  Some surfaces, like the inner sink and refrigerator handle, were not 

touched very frequently while others, like the spice containers, were touched up to 16 times in a 

single observation.  Similarly, some surfaces were touched more often in the “first 3/7 touches” 

than others, i.e. the inner sink was touched >6% of the time on average while the soap dispenser 

was touched within the “first 3/7 touches” 43.3% of the time on average (Table 6.2).   

 

Dependent Variable 

Two variables were used as dependent variables for cross-contamination; the likelihood of cross-

contamination and the concentration of MS2 per surface (Tables 6.1 and 6.2). The maximum 

concentration of MS2 detected ranged from non-detectable (limit of detection was 5 log10 GEC 

per surface) to 9.1 log10 genome equivalent copies (GEC) per surface.  The concentration of MS2 

detected on specific surfaces varied by object, ranging from an average of 0.67 log10 GEC for  

cupboards, drawers, and counters (low) to a high of 3.0 log10 GEC for spice containers (Table 

6.2). 
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Statistical Methods 

Variables were assessed, transformed or standardized, and correlations were performed as 

previously described (Chapter 5).  This paper focused strictly on data analysis of previously 

described data in Chapter 5.  The effect of handwashing and touch variables on both the 

likelihood and degree of cross-contamination were assessed using a variety of regression 

approaches.  Binary logistic regressions were used to analyze which variables were the best 

predictors for the likelihood of cross-contamination occurring on specific surfaces (where “0” 

indicated  that a surfaces was not cross-contaminated and “1” indicated a surface was cross-

contaminated).  All handwashing and touch variables were put into the binary logistic regression 

and after significant variables were identified, the odds ratio (OR) and associated 95% 

confidence interval (CI) were examined to determine the effect of significant variables on the 

likelihood of cross-contamination.  Backwards stepwise regressions were performed to 

determine the best predictors of the concentration of MS2 transferred by cross-contamination.  

All of the variables are put in initially and as the regression was performed, the least significant 

variables are removed from the analysis.  This process continued until no variables could be 

removed without significantly impacting the fit of the model, leaving only the most important 

and significant variables at the end of the process.  Both of these regressions were performed 14 

times, one for each surface or group of surfaces analyzed (described in Chapter 5).  Significance 

was established at p<0.050 for all tests and statistics were performed in SPSS or R (IBM SPSS 

Statistics for Windows, 2015; R Core Team, 2013). 
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RESULTS 

Logistic Regression for Different Surfaces 

Logistic regressions were performed using the handwashing and touch variables to determine 

which factors significantly influenced the likelihood of cross-contamination.  Different variables 

proved to be significant predictors for different surfaces, as described in Tables 6.3 and 6.5.  For 

the touch variables, frequency-based (the number of raw touches) and contact type-based 

(percent of raw touches) variables were significant predictors for four surfaces, i.e., the cutting 

board, spice containers, trashbin lid, and oven-associated surfaces (Table 6.3).  Both the number 

of touches (p=0.046) and the percent of raw touches (p=0.009) were significant predictors for the 

spice containers; but the Odds Ratios (ORs) observed, 1.08 and 1.02 for the number of touches 

and percent of raw touches, respectively, were close to 1 with relatively tight Confidence 

Intervals (CIs) (1.01-1.17 and 1.00-1.03 for the number of touches and percent of raw touches, 

respectively, Table 6.3).  The fact that these ORs and CIs were so close to 1 indicates that while 

those predictors were significant, cross-contamination was likely to happen regardless of how 

frequently or the percentage of times the raw product was touched.  Similar ORs and CIs were 

seen for all instances where the percent of raw touches was identified as a significant predictor 

and several where number of touches was identified as a significant predictor.  For example, the 

number of touches was found to be significant for the cutting board [p=0.023; OR 1.58 (1.10 – 

2.39)] and while the OR was still relatively close to 1, it still indicates that cross-contamination 

was 1.58 times more likely to happen when the cutting board was touched frequently (Table 6.3).   

The regressions with significant touch-based predictors explained 12.8-21.9% of the variation in 

the model, depending on the surface (Tables 6.3 and 6.5). 
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Handwashing variables were found to be significant predictors for the likelihood of cross-

contamination for both the soap dispenser and participant items categories.  Specifically, timing-

based (average scrub time), attempt-based (average handwashing efficacy score), and efficacy-

based (median handwashing efficacy score) variables were found to be significant predictors for 

the soap dispenser, with p values of 0.017, 0.003, and 0.028, respectively (Table 6.4).  The 

average handwashing efficacy score had a protective effect [OR  0.207 (0.072 – 0.595)] but both 

the average scrub time and the median handwashing efficacy score had ORs greater than 1.0 [OR 

1.92 (1.12- 3.29) and 1.75 (1.06-2.88), respectively], indicating that higher handwashing scores 

were associated with a greater likelihood of cross-contamination of the soap dispenser.  There 

was only one significant predictor for the participant items, that being average handwashing 

efficacy score (Table 6.4).  In this case, average handwashing efficacy score had a protective 

effect against cross-contamination with an OR of 0.001 (0.0-0.698; Table 6.4). 

 

For surfaces grouped together (i.e., cupboards, drawers, and counters), both the number of times 

an object was touched (p=0.042) and the average scrub time (p=0.045) were significant 

predictors of cross-contamination (Table 6.4).  The ORs for both were above 1.0 [1.73 (1.02 -

2.936) and 1.57 (1.01 – 2.46), respectively].  The logistic regression for kitchen tools was 

significant overall (p=0.029), but no particular variable was significant (Table 6.4).   On the 

other hand, the logistic regressions for six surfaces, including the knife handle and the tap 

handle, were not significant (p>0.050, Table 6.5).  Therefore, we were unable to identify if 

handwashing or touch factors were more significant in predicting the likelihood of cross-

contaminating for these six surfaces.  
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Backwards Stepwise Regression for Different Surfaces 

In order to establish which factors were more significant in determining the degree of cross-

contamination, represented as the concentration of MS2 on a surface, backwards stepwise 

regressions were performed.  The final models produced by these regressions contained the 

combination of variables that most significantly impacted the concentration of MS2 on that 

surface.  Touch predictors were determined to be a significant part of the models for six surfaces 

(Table 6.6).  The percent of touches in the “first 3/7 touches” was the only significant predictor 

for the knife handle (p=0.012), PH/GF (p=0.043), and inner sink (p=0.018), while the number of 

times a surface was touched was the only significant predictor for the surfaces grouped together 

as cupboards, drawers, and counters (p=0.001) and kitchen tools (p=0.002).  Both the number of 

times a surface was touched (p=0.010) and the percent of raw touches (p=0.004) were significant 

predictors for the oven-associated samples, the only surface with two significant touch predictors 

(Table 6.6).  

 

Handwashing variables were the only significant predictors for three surfaces, i.e., the tap 

handle, soap dispenser, and fridge handle (Table 6.6).  The tap handle and fridge handle had only 

one significant predictor for the degree of cross-contamination, with the average handwashing 

score significant for the tap handle (p=0.006) and the median handwashing score significant for 

the fridge handle (p=0.024).  Both of these predictors had a protective effect on the degree of 

cross-contamination (Table 6.6).  Three handwashing variables were significant predictors for 

the soap dispenser, i.e., the average and median handwashing efficacy scores and the average 

scrub time, and all had a protective effect on the degree of cross-contamination, similar to the tap 

and fridge handle category (Table 6.6). 



   

162 
 

Backwards elimination regression showed that a combination of handwashing and touch-based 

predictors were more important in influencing the degree of cross-contamination than they were 

for influencing the likelihood of cross-contamination, with significant predictors for 

handwashing and touch found for four surfaces versus one, respectively (Table 6.4 and 6.6).  The 

percent of raw touches was a significant predictor for three out of the four surfaces (p<0.003), 

including the cutting board, spice containers, and trashbin lid.  The number of times a surface 

was touched was a significant predictor (p<0.044) for two surfaces, i.e., the cutting board and the 

spice containers, while the number of touches in the “first 3/7 touches” was significant for only 

the participant items category (p=0.003; Table 6.6).  Handwashing variables were only identified 

as significant predictors when in a model with a touch variable, even if that touch variable was 

not significant in the model itself (Table 6.6).  No significant predictors could be identified for 

the dishcloth/sponge category, although it should be noted that this category had no significant 

predictors identified when investigating the likelihood of cross-contamination either (Table 6.5). 

 

DISCUSSION 

This study was performed to determine how handwashing and touch-based behaviors together 

influenced cross-contamination of kitchen surfaces while preparing a meal in a consumer-style 

kitchen.  By using previously collected data and rigorous statistical analysis, the most significant 

predictors of both the likelihood and degree of cross-contamination were able to be identified for 

a variety of kitchen surfaces (Chapters 6.2 and 6.5).  Overall, touch-based behaviors, those being 

the number of times an object was touched (frequency-based); the percentage of touches in the 

“first 3/7 touches” (sequence-based); and the percent of raw product touches (contact type-

based), were more significant predictors of both the likelihood and degree of cross-
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contamination (Tables 6.3, 6.4, and 6.6) than were handwashing predictors.  However, 

significant handwashing predictors were still identified for some surfaces and which of these 

were significant varied from surface to surface (Tables 6.4 and 6.6). 

 

There were six surfaces for which the logistic regressions were not found to be significant (Table 

6.5), but backwards elimination regression for the degree of cross-contamination revealed 

significant predictors and combinations of predictors for all but one surface (the 

dishcloth/sponge; Table 6.6).  The percent of touches in the “first 3/7 touches” was a significant 

predictor for three of these surfaces, i.e., the knife handle, pan handle/George Foreman handle, 

and inner sink.  Handwashing predictors were significant for the other two surfaces, i.e., the tap 

handle and fridge handle.  The lack of significant variables for the dishcloth/sponge could be 

partially explained by the difference in the surfaces sampled.  All the other surfaces sampled 

were hard surfaces like the cutting board, knife handle, and tap handle, while the dishcloth and 

sponge were more porous and absorbent (Chapter 6.5).  Because of these structural differences, 

MS2 may have been more tightly attached to the dishcloth/sponge and more difficult to transfer 

to other surfaces or more difficult to capture during environmental sampling (Gibson et al., 2012; 

Hilton and Austin, 2000).   

 

Touch-Based Variables Were Frequently Significant Predictors of Cross-Contamination 

The number of times a surface was touched and the percent of raw product touches were the 

variables that were found to be significant most often (Tables 6.3, 6.4, and 6.6) and frequently 

showed up together in the logistic regressions for the likelihood of cross-contamination (Tables 

6.3 and 6.4).  While the percent of touches in the “first 3/7 touches” was not a significant 
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predictor for the likelihood of contamination for any surface, it was a significant predictor, alone 

and in combination with others, for the concentration of MS2 transferred to several surfaces 

(Table 6.6).  Hands have long been identified as vehicles for cross-contamination (Byrd-

Bredbenner et al., 2013; Chen et al., 2018; Cogan et al., 1999; Donelan et al., 2016; Harrison et 

al., 2001; Redmond et al., 2004; Redmond and Griffith, 2003; Sneed et al., 2015), so frequently 

touching surfaces is likely to lead to a higher likelihood of cross-contamination and a higher 

degree of contamination.   

 

Handling raw product has also been previously linked to a greater likelihood of cross-

contamination (Luber et al., 2006; Montville and Schaffner, 2003; Ravishankar et al., 2010; 

Redmond et al., 2004; Redmond and Griffith, 2003; Sneed et al., 2015), which was observed in 

this study (Tables 6.3 and 6.4).  Because of this heightened risk of cross-contamination, a higher 

percentage of raw product touches and the number of times a surface was touched were jointly 

found to be significant predictors for the likelihood of cross-contaminating a surface (Table 6.3).  

Frequently touching the raw product means a greater likelihood that MS2 will transfer to a 

participant’s hands and subsequently handling a surface repeatedly after touching raw product 

increases the likelihood a surface will become cross-contaminated.  Therefore, this combination 

of significant predictors makes sense.  It is also important to note that surface-to-surface 

variation, where significant predictors for cross-contamination varied by surface, was also 

observed in this study.  For instance, the cutting board and soap dispenser had different 

significant predictors, i.e., touch-based and handwashing for the cutting board, but only 

handwashing for the soap dispenser (Tables 6.3 and 6.4).  Surface-to-surface variation in cross-

contamination frequency has been reported in the literature (Chen et al., 2001; Guyard- 
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Nicodeme et al.,2013; Luber et al., 2006; Ravishankar et al., 2010; Sneed et al., 2015) and 

supports our varied results across all the sampled surfaces.  For example, Sneed et al., 2015 

found that the tap handle was cross-contaminated with Lactobacillus casei 89% of the time, 

while the salt shaker was contaminated 70% of the time.  

 

Handwashing Variables Were Significant Predictors for Cross-Contamination of Surfaces 

Handwashing has been identified as a cross-contamination mitigation strategy for years, but 

conflicting information exists in the literature on which aspect of handwashing provides this 

mitigation (Anderson et al., 2004; Boyce and Pittet, 2002; Jensen et al., 2017; Phang and Bruhn, 

2011; Redmond and Griffith, 2003).  The use of hot water and prolonged scrub time are two 

examples of handwashing criteria from which recent studies, and this dissertation, have 

concluded that the traditional advice, that being use of hot water and scrubbing for ≥20 seconds, 

may not be as important as previously thought (Jensen et al., 2017; Chapter 6.5).  The current 

study evaluated several specific behaviors and attempted to identify which aspects of 

handwashing were more important in reducing cross-contamination risk in a domestic kitchen.  

Handwashing variables, while significant less frequently than touch-based ones, were 

nonetheless significant predictors for both the likelihood and degree of cross-contamination for 

several surfaces (Tables 6.4 and 6.6).  However, when assessing the significant combinations of 

variables for predicting the degree of cross-contamination, handwashing behaviors always 

appeared in conjunction with touch-based behaviors, even though they were not always 

significant alone (Table 6.6).  Average scrub time was found to be a significant predictor 

(p=0.001) in combination with three touch-based variables for the concentration of MS2 

transferred to spice containers.  Conversely, the percent of attempted handwashing was part of a 
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significant combination of variables, including percent of touches in the “first 3/7 touches,” for 

the concentration of MS2 transferred to the inner sink (p=0.023), although it was not a 

significant predictor by itself (p=0.268, Table 6.6).  Trends like these suggest that while 

handwashing behaviors may not be the most influential predictors, they still play an important 

role in determining the degree of cross-contamination to surfaces.   

 

The odds ratios for all of the touch-based predictors were greater than 1, meaning that cross-

contamination more likely to occur (Tables 6.3 and 6.4).  However, several predictors had ORs 

that were close to 1 with tight CIs, especially the percent of raw touches (Table 6.3), suggesting 

that they did not directly influence cross-contamination.  This observation is particularly strange 

for the surfaces for which touch with raw product has previously been identified as a significant 

predictor of the likelihood of cross-contamination, i.e. cutting boards, spice containers, trashbin 

lids, and oven associated surfaces.  This could however be a function of the measurement scale 

used, which was expressed as a percentage.  The difference between 45% and 46% may not be 

particularly impactful on the analysis, while a difference of 10% or more might be.  Changing 

the variable from a continuous to an interval variable could allow larger trends to be highlighted.  

Confounding is another possibility.  For instance, we did not record where the turkey patty 

packaging was placed and how long it remained in a specific place.  It is possible that the surface 

on which the raw poultry was placed could be a more significant measure of cross-contamination 

than is the percentage of the time the raw product was touched.  It is also possible that using the 

number of raw touches, rather than a percentage, could be a more appropriate measure.  Further 

analysis would be needed to tease out these sorts of effects.   
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In general, the odds ratios for handwashing predictors were <1.0 (Table 6.4), meaning that they 

had a protective effect on cross-contamination.  However, this was not always the case.  Two 

significant handwashing variables, i.e., average scrub time and median handwashing score 

predicted an increase in the likelihood of cross-contamination.  In the case of the soap dispenser 

category [OR 1.92 (1.12 – 3.29) for average scrub time and OR 1.75 (1.06 – 2.88) for median 

handwashing score], and for the cupboards, drawers, and counters [OR1.57 (1.01 – 2.43) for 

average scrub time], the CIs for these variables were less tight.  For the soap dispenser, this may 

not be so surprising because the participant must first touch the soap dispenser prior to washing 

hands.  This means that the average scrub time variable encompasses not only the time spent 

scrubbing, but also represents a hand touching the soap dispenser; because in order to scrub 

hands with soap the participant must touch the soap dispenser.  However, this cannot be said for 

the relationship of average scrub time with the cupboards, drawers, and counters.         

 

Handwashing and Touch Variables Together as Predictors of Cross-Contamination  

For half of the surfaces sampled, a combination of handwashing and touch-based variables were 

significant predictors of cross-contamination (Table 6.6).  These combinations indicate that 

looking solely at handwashing or touch-based behaviors will not identify the best predictors for 

cross-contamination for all surfaces.  Consumers perform a wide range of behaviors in the 

kitchen, both positive, like proper handwashing, and negative, like improper handling of raw 

poultry (Byrd-Bredbenner et al., 2013; Redmond and Griffith, 2003; Scott and Herbold, 2010; 

Sneed et al., 2015).  Because these behaviors can be performed by the same person and during a 

single meal preparation event, their combined impacts may cancel one another out.  On the other 

hand, assessing them together can help to identify significant combinations that otherwise would 
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not have been identified.  For example, the cutting board had significant predictors for both 

touch and handwashing behaviors; something that would have been missed if the variables were 

analyzed alone (Table 6.6).  However, it is important to note that touch-based variables were 

more commonly identified as predictors than were handwashing variables.  Specifically, touch-

based predictors significantly impacted the likelihood of cross-contamination for five surfaces 

(Tables 6.3 and 6.4) and significantly impacted the concentration of MS2 transferred for three 

surfaces (Table 6.6).  

 

The dataset utilized in these analyses was obtained from a large study performed in consumer-

style test kitchens and filmed for later use (Chapter 5; United States Department of Agriculture, 

2018).  While the space used by the volunteers resembled a domestic kitchen, consumers were 

still placed in an unfamiliar space and knew they were being observed while preparing the meal.  

Hence, it is possible that consumer behavior was impacted by the environment in which they 

were observed. This inconsistency with at-home behavior could have manifested itself in 

behaviors such as taking more or less time to prepare the meal; trying to “look better” or “cook 

better” for the cameras; among others (Anderson et al., 2004; Byrd-Bredbenner et al., 2013; 

Duong et al., 2020; Redmond and Griffith, 2003).  In a Chapter 6.5, it was noted that many 

variables used here, especially handwashing variables, were interrelated and collinear in nature, 

meaning that the effect of a single variable could be hard to separate from the effect of others.  

Also, the sample size for some categories of environmental surfaces samples was rather small, 

which could result in an over- or underestimation of the effect of the predictors on cross-

contamination.  Further analysis of this dataset could be done to better understand these collinear 

and interrelated relationships.  
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This study investigated the ability of both handwashing and touch-based behavioral variables to 

serve as predictors for the likelihood and degree of cross-contamination on a variety of surfaces.  

Overall, touch-based variables were identified as significant more frequently than handwashing 

variables; but handwashing predictors were significant for some surfaces alone or as part of a 

significant combination of predictive variables.  In general, those variables that were predictors 

for the likelihood of cross-contaminating a surface were also significant predictors for the degree 

of cross-contamination, with a few exceptions.  When no variables were found to be predictive 

of likelihood of cross-contamination, performing backwards stepwise regression for the degree 

of cross-contamination did reveal significant predictors.  The best predictors varied by surface. 

This is a rich dataset and additional statistical analysis may be warranted.  The results reported 

here can be used in future risk assessments, design of food safety interventions, and in 

refinement of consumer food safety messaging.   
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Table 6.1: Variable Names, Characteristics, and Descriptions (Adapted from Chapter 5,  Table 3) 

Variable Type Name na Unitb Min Avrg Max 

Independent 

Handwashing 

Attempt Percent Attempted 276 Percent 0 28.8 100 

Efficacy  
Average Handwashing Efficacy Score 276 NA 0 1.2 5 
Range Handwashing Efficacy Score 276 NA 0 3.9 6 

Median Handwashing Efficacy 276 NA 0 0.53 5 
Timing Average Scrub Time 276 Seconds 0 2.5 15 

Touch 
Frequency Number of Touches Varies NA 0 Varies Varies 
Sequence Percent of Touches in the First 3 Touches Varies Percent 0 Varies 100 

Contact-Type Percent Raw Touches 277 Percent 0 48.2 100 

Dependent Likelihood of Cross-Contamination 276 NA 0 0.7 1 
MS2 Concentration Varies Log GEC 0 Varies Varies 

aThese totals vary from surface-to-surface.  See Table 2 for more details. 
bGenome Equivalent Units is abbreviated as GEC. 
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Table 6.2: Touch-Based, Handwashing, and Dependent Variable Characteristics by 

Surface (Adapted from Chapter 5, Table 4) 

Surface Variablea nb Minc Meanc Maxc 

Knife Handle 

Number of Touches 184 0 0.55 7 
Percentage of Touches in the First 3/7 Touches 184 0 17.3 100 

Percent Raw Touches 183 0 48.4 100 
Percent Attempted Handwashing 183 0 29.6 100 

Average Scrub Time 183 0 2.65 15 
Average Handwashing Efficacy Score 183 0 2.53 15 
Median Handwashing Efficacy Score 182 0 1.22 4.2 
Likelihood of Cross-Contamination 183 0 0.07 1 

Concentration of MS2 183 0 0.37 7.2 

Cutting Board 

Number of Touches 277 0 0.67 5 
Percentage of Touches in the First 3/7 Touches 277 0 17.4 100 

Percent Raw Touches 277 0 48.1 100 
Percent Attempted Handwashing 275 0 28.8 100 

Average Scrub Time 275 0 2.53 15 
Average Handwashing Efficacy Score 275 0 1.18 5 
Median Handwashing Efficacy Score 274 0 0.527 5 
Likelihood of Cross-Contamination 277 0 0.13 1 

Concentration of MS2 277 0 0.8 8.2 

PHGF 

Number of Touches 277 0 1.2 8 
Percentage of Touches in the First 3/7 Touches 277 0 34.8 100 

Percent Raw Touches 277 0 48.1 100 
Percent Attempted Handwashing 276 0 28.8 100 

Average Scrub Time 276 0 2.53 15 
Average Handwashing Efficacy Score 276 0 1.18 5 
Median Handwashing Efficacy Score 275 0 0.527 5 
Likelihood of Cross-Contamination 277 0 0.162 1 

Concentration of MS2 277 0 0.93 7.5 

Inner Sink 

Number of Touches 185 0 0.022 1 
Percentage of Touches in the First 3/7 Touches 185 0 1.1 100 

Percent Raw Touches 184 0 48.4 100 
Percent Attempted Handwashing 184 0 29.6 100 

Average Scrub Time 184 0 2.66 15 
Average Handwashing Efficacy Score 184 0 1.23 4.2 
Median Handwashing Efficacy Score 183 0 0.549 5 
Likelihood of Cross-Contamination 185 0 0.07 1 

Concentration of MS2 185 0 0.42 6.6 

Dishcloth/Sponge 

Number of Touches 278 0 0.3 6 
Percentage of Touches in the First 3/7 Touches 278 0 5.6 100 

Percent Raw Touches 278 0 48.2 100 
Percent Attempted Handwashing 276 0 28.8 100 

Average Scrub Time 276 0 2.53 15 
Average Handwashing Efficacy Score 276 0 1.18 5 
Median Handwashing Efficacy Score 275 0 0.525 5 
Likelihood of Cross-Contamination 278 0 0.176 1 

Concentration of MS2 278 0 0.97 7.5 

Tap Handle 

Number of Touches 278 0 2.2 13 
Percentage of Touches in the First 3/7 Touches 278 0 62 100 

Percent Raw Touches 277 0 48.2 100 
Percent Attempted Handwashing 276 0 28.8 100 

Average Scrub Time 276 0 2.53 15 
Average Handwashing Efficacy Score 276 0 1.18 5 



   

177 
 

Table 6.2: Touch-Based, Handwashing, and Dependent Variable Characteristics by 

Surface (Adapted from Chapter 5, Table 4; Continued) 

Tap Handle 
Median Handwashing Efficacy Score 275 0 0.525 5 
Likelihood of Cross-Contamination 277 0 0.108 1 

Concentration of MS2 277 0 0.6 6.9 

Soap Dispenser 

Number of Touches 278 0 0.86 4 
Percentage of Touches in the First 3/7 Touches 278 0 43.9 100 

Percent Raw Touches 277 0 48.2 100 
Percent Attempted Handwashing 276 0 28.8 100 

Average Scrub Time 276 0 2.53 15 
Average Handwashing Efficacy Score 276 0 1.18 5 
Median Handwashing Efficacy Score 275 0 0.525 5 
Likelihood of Cross-Contamination 277 0 0.23 1 

Concentration of MS2 277 0 1.3 6.9 

Refrigerator 
Handle 

Number of Touches 278 0 0.25 3 
Percentage of Touches in the First 3/7 Touches 278 0 12 100 

Percent Raw Touches 277 0 48.2 100 
Percent Attempted Handwashing 276 0 28.8 100 

Average Scrub Time 276 0 2.53 15 
Average Handwashing Efficacy Score 276 0 1.18 5 
Median Handwashing Efficacy Score 275 0 0.525 5 
Likelihood of Cross-Contamination 278 0 0.0719 1 

Concentration of MS2 278 0 0.39 6.4 

Spice Containers 

Number of Touches 278 0 4.4 16 
Percentage of Touches in the First 3/7 Touches 278 0 40.2 100 

Percent Raw Touches 278 0 48.2 100 
Percent Attempted Handwashing 276 0 28.8 100 

Average Scrub Time 276 0 2.53 15 
Average Handwashing Efficacy Score 276 0 1.18 5 
Median Handwashing Efficacy Score 275 0 0.525 5 
Likelihood of Cross-Contamination 278 0 0.478 1 

Concentration of MS2 278 0 3 9.1 

Trashbin Lid 

Number of Touches 278 0 1.1 3 
Percentage of Touches in the First 3/7 Touches 278 0 70.1 100 

Percent Raw Touches 278 0 48.2 100 
Percent Attempted Handwashing 276 0 28.8 100 

Average Scrub Time 276 0 1.18 5 
Average Handwashing Efficacy Score 276 0 0.525 5 
Median Handwashing Efficacy Score 275 0 0.552 5 
Likelihood of Cross-Contamination 278 0 0.129 1 

Concentration of MS2 278 0 0.77 7.8 

Cupboards, 
Drawers, and 

Counters 

Number of Touches 125 0 0.99 6 
Percentage of Touches in the First 3/7 Touches 125 0 29 100 

Percent Raw Touches 124 0 46.9 100 
Percent Attempted Handwashing 123 0 27.3 100 

Average Scrub Time 123 0 2.47 11 
Average Handwashing Efficacy Score 123 0 1.15 4.2 
Median Handwashing Efficacy Score 122 0 0.51 5 
Likelihood of Cross-Contamination 125 0 0.12 1 

Concentration of MS2 125 0 0.67 7 

Participant Items 
Number of Touches 67 0 0.4 3 

Percentage of Touches in the First 3/7 Touches 67 0 15.9 100 
Percent Raw Touches 66 0 48.2 100 

Percent Attempted Handwashing 66 0 27.4 100 
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Table 6.2: Touch-Based, Handwashing, and Dependent Variable Characteristics by 

Surface (Adapted from Chapter 5, Table 4; Continued) 

Participant Items 

Average Scrub Time 66 0 2.39 9 
Average Handwashing Efficacy Score 66 0 1.09 4 
Median Handwashing Efficacy Score 66 0 0.424 5 
Likelihood of Cross-Contamination 67 0 0.0895 1 

Concentration of MS2 67 0 0.48 6 

Kitchen Tools 

Number of Touches 173 0 0.92 7 
Percentage of Touches in the First 3/7 Touches 173 0 30.9 100 

Percent Raw Touches 173 0 46.7 100 
Percent Attempted Handwashing 173 0 27.1 100 

Average Scrub Time 172 0 2.45 15 
Average Handwashing Efficacy Score 172 0 1.12 5 
Median Handwashing Efficacy Score 172 0 0.485 5 
Likelihood of Cross-Contamination 173 0 0.191 1 

Concentration of MS2 173 0 1.1 7.3 

Cleaning Supplies 
and Cloths 

Number of Touches 53 0 0.38 4 
Percentage of Touches in the First 3/7 Touches 53 0 12.7 100 

Percent Raw Touches 53 0 51.6 100 
Percent Attempted Handwashing 53 0 35.3 100 

Average Scrub Time 53 0 2.81 11 
Average Handwashing Efficacy Score 53 0 1.35 4 
Median Handwashing Efficacy Score 53 0 0.679 5 
Likelihood of Cross-Contamination 53 0 0.113 1 

Concentration of MS2 53 0 0.63 6.3 

Oven Associated 

Number of Touches 135 0 0.67 5 
Percentage of Touches in the First 3/7 Touches 135 0 24.6 100 

Percent Raw Touches 135 0 47.9 100 
Percent Attempted Handwashing 135 0 30.44 100 

Average Scrub Time 135 0 2.52 13 
Average Handwashing Efficacy Score 135 0 1.23 5 
Median Handwashing Efficacy Score 134 0 0.54 5 
Likelihood of Cross-Contamination 135 0 0.244 1 

Concentration of MS2 135 0 1.4 7 
aThese variables are further defined in Table 1. 
bSurfaces have differing totals because some objects were sampled more frequently than others. 
cThe measures for each variable differ and can be found in Table 1. 
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Table 6.3: Logistic Regression Results for Representative Surfaces Having Touch-Based Variables that are Predictive of 

Cross-Contamination 

 Cutting Board Spice Containers Trashbin Lid Oven Associated 
Model Sig 0.002 <0.0001 0.006 0.014 
Nag R2a 0.147 0.219 0.128 0.182 

Chi2 22.708 49.269 19.707 17.534 
df 7 7 7 7 
                 

Variableb Bc SEd Odds Ratioe p B SE Odds Ratio p B SE Odds Ratio p B SE Odds Ratio p 

Constant -2.39 0.642 0.091 <0.001 0.079 0.040 1.44 0.001 -2.00 0.92 0.136 0.03 -0.956 0.996 0.384 0.337 

Num 
Touch 0.460 0.203 1.58 (1.10  -2.39) 0.023 0.079 0.040 1.08 (1.01-

1.17) 0.046 0.173 0.299 1.19 (0.661-
2.14 0.563 0.465 0.252 1.591 (0.972-

2.606) 0.065 

First 3/7 -0.263 0.245 0.768 (0.475-
1.243) 0.283 0.008 0.004 1.01 (1.00-

1.02) 0.065 0.002 0.005 1.00 (0.992-
1.01) 0.683 -0.017 0.258 0.984 (0.593-

1.63) 0.949 

Perc Raw 0.024 0.008 1.02 (1.01-1.04) 0.002 0.015 0.006 1.02 (1.00-
1.03) 0.009 0.017 0.008 1.02 (1.00-

1.03) 0.026 0.027 0.009 1.028 (1.01-
1.046) 0.003 

Perc Att -0.034 0.029 0.967 (0.913-
1.02) 0.25 0.014 0.016 1.02 (0.983-

1.05) 0.364 -0.047 0.026 0.954 (0.907-
1.00) 0.07 -0.055 0.031 0.946 (0.89-

1.006) 0.078 

Avrg 
Scrub 0.144 0.333 1.16 (0.601-2.22) 0.665 -0.389 0.242 0.678 (0.422-

1.09) 0.108 -0.391 0.400 0.676 (0.309-
1.48) 0.328 -0.056 0.330 0.945 (0.495-

1.805) 0.865 

Avrg 
HDW 0.065 0.810 1.07 (0.218-5.22) 0.936 -0.180 0.356 0.835 (0.416-

1.68) 0.612 0.492 0.535 1.64 (0.574-
4.67) 0.357 0.995 0.779 2.706 (0.588-

12.454) 0.201 

Med 
HDW -0.070 0.305 0.933 (0.513-

1.97) 0.819 -0.471 0.267 0.624 (0.370-
1.05) 0.077 -0.062 0.447 0.940 (0.391-

2.26) 0.89 0.145 0.383 1.156 (0.546-
2.449) 0.704 

                 

Sig 
Variable Number of Touches, Percent Raw Touches Number of Touches, Percent of Raw Touches Percent of Raw Touches Percent Raw Touches 

aNagelkerke R2. 
bAbbreviations were used to describe number of surfaces touched (Num Touch), percentage of touches in the first 3/7 touches (First 3/7),  percentage of raw touches (Perc Raw), percentage of attempted handwashing (Perc Att), 
average scrub time (Avrg Scrub), average handwashing score (Avrg HDW), and median handwashing score (Med HDW). 
cThe logistic regression constant. 
dStandard error. 
eThe odds ratio is represented as the value and the 95% confidence interval in parenthesis. 
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Table 6.4: Logistic Regression Results for Representative Surfaces Having Handwashing Variables that are Predictive of 

Cross-Contamination, or a Combination of Predictive Handwashing and Touch Variables 

 Soap Dispenser CDC Participant Items Kitchen Tools 
Model Sig 0.001 0.017 0.019 0.029 
Nag R2a 0.124 0.249 0.491 0.139 

Chi2 23.396 17.088 16.741 15.585 
df 7 7 7 7 
                 

Variableb Bc SEd Odds Ratioe p B SE Odds Ratio p B SE Odds Ratio p B SE Odds Ratio p 

Constant -1.21 0.719 0.298 0.093 -2.28 0.89 0.102 0.01 -5.07 2.69 0.006 0.059 -2.22 0.995 0.109 0.026 

Num 
Touch -0.081 0.204 0.923 (0.619-

1.38) 0.692 0.548 0.27 1.73 (1.02-
2.936) 0.042 0.034 0.616 1.035 (0.31 - 

3.461) 0.955 0.369 0.201 1.45 (0.975-
2.15) 0.066 

First 3/7 0.008 0.004 1.01 (1.00-
1.02) 0.077 0.348 0.311 1.416  (0.769-

2.607) 0.264 1.43 0.733 4.168 (0.992 - 
17.519) 0.051 0.245 0.221 1.28 (0.829-

1.97) 0.267 

Perc Raw 0.004 0.006 1.00 (0.991-
1.02) 0.525 0.013 0.013 1.013 (0.988-

1.04) 0.311 0.064 0.034 1.066 (0.997 - 
1.14) 0.062 0.015 0.009 1.02 (0.997-

1.03) 0.1 

Perc Att -0.024 0.021 0.977 (0.937-
1.02) 0.262 0.011 0.05 1.011 (0.916-

1.116) 0.821 0.196 0.115 1.216 (0.971 - 
1.523) 0.088 -0.005 0.034 0.995 (0.931-

1.07) 0.893 

Avrg 
Scrub 0.653 0.274 1.92 (1.12-

3.29) 0.017 0.448 0.224 1.566 (1.01-
2.426) 0.045 0.415 1.34 1.515 (0.11 - 

20.737) 0.756 -0.056 0.393 0.945 (0.438-
2.04) 0.886 

Avrg 
HDW -1.57 0.537 0.207 (0.072-

0.595) 0.003 -2.25 1.33 0.106 (0.008-
1.447) 0.092 -7.51 3.65 0.001 (0 - 0.698) 0.04 -0.187 0.77 0.829 (0.183-

3.75) 0.808 

Med 
HDW 0.559 0.254 1.75 (1.06-

2.88) 0.028 0.349 0.577 1.418 (0.458-
4.389) 0.545 1.01 1.53 2.751 (0.138 - 

54.782) 0.507 -0.233 0.467 0.792 (0.317-
1.98) 0.618 

                 

Sig 
Varibales 

Average Scrub Time, Average Handwashing 
Score, Median Handwashing Score 

Number of times and object is touched, average 
scrub time Average Handwashing Efficacy Score None 

aNagelkerke R2. 
bAbbreviations were used to describe number of surfaces touched (Num Touch), percentage of touches in the first 3/7 touches (First 3/7),  percentage of raw touches (Perc Raw), percentage of attempted handwashing (Perc Att), 
average scrub time (Avrg Scrub), average handwashing score (Avrg HDW), and median handwashing score (Med HDW). 
cThe logistic regression constant. 
dStandard error. 
eThe odds ratio is represented as the value and the 95% confidence interval in parenthesis. 
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Table 6.5:  Summary of Logistic Regression Results for Surfaces That Were Not Significant 

  Knife Handle PHGF Inner Sink Dishcloth/ Sponge Tap Handle Fridge Handle 
Model 

Sig 0.33 0.58 0.588 0.408 0.119 0.294 
Nag R2a 0.209 0.035 0.06 0.043 0.083 0.064 

Chia 15.283 5.663 4.658 7.203 11.487 7.303 
df 7 7 6 7 7 6 
                         

Variableb

  Bc SEd 
Odds 
Ratioe p B SE 

Odds 
Ratio p B SE Odds Ratio p B SE 

Odds 
Ratio p B SE 

Odds 
Ratio p B SE Odds Ratio p 

Constant -6.74 1.66 0.001 <0.0001 -2.35 0.752 0.095 0.002 -2.34 1.03 0.096 0.023 -0.084 0.754 0.338 0.151 -2.74 0.929 0.065 0.003 -3.42 1.14 0.033 0.003 

Num 
Touch 0.502 0.302 

1.653 
(0.915-
2.985) 

0.096 -0.052 0.218 
0.949 
(0.619
-1.46) 

0.812     -0.159 0.203 
0.835 

(0.573-
1.271) 

0.435 0.094 0.199 
0.638 

(0.743-
1.624) 

0.638 -0.188 0.356 
0.829 

(0.412-
1.664) 

0.597 

First 3/7 0.497 0.283 
1.644 

(0.944-
2.863) 

0.079 0.006 0.004 
1.01 

(0.998
-1.02) 

0.136 0.035 0.018 1.035 (1-
1.072) 0.051 0.221 0.156 

1.247 
(0.919-
1.69) 

0.157 -0.002 0.006 
0.726 

(0.987-
1.009) 

0.726 0.036 0.342 
1.037 

(0.531-
2.025) 

0.916 

Perc Raw 0.028 0.014 
1.029 

(1.001-
1.058) 

0.045 0.003 0.007 
1.00 

(0.990
-1.02) 

0.621 0.006 0.011 
1.006 

(0.984-
1.028) 

0.607 0.005 0 
1.01 

(0.992-
1.02) 

0.425 0.008 0.008 
0.335 

(0.992-
1.024) 

0.335 0.016 0.009 
1.016 

(0.997-
1.035) 

0.092 

Perc Att 0.011 0.038 
1.011 

(0.938-
1.089) 

0.776 0.010 0.022 
1.01 

(0.968
-1.05) 

0.646 -0.039 0.041 
0.961 

(0.887-
1.042) 

0.335 -0.027 0.024 
0.973 

(0.928-
1.02) 

0.256 0.005 0.028 
0.864 

(0.951-
1.062) 

0.864 -0.003 0.035 
0.997 

(0.931-
1.068) 

0.936 

Avrg 
Scrub 0.073 0.519 

1.076 
(0.389-
2.974) 

0.888 0.275 0.277 
1.33 

(0.765
-2.27) 

0.321 0.008 0.522 
1.008 

(0.363-
2.802) 

0.988 0.080 0.276 
1.08 

(0.631-
1.86) 

0.772 -0.686 0.337 
0.504 
(0.26-
0.975) 

0.042 0.342 0.509 
1.407 

(0.519-
3.817) 

0.502 

Avrg 
HDW 1.41 1.18 

4.111 
(.41-

41.263) 
0.230 -0.585 0.580 

0.557 
(0.179
-1.74) 

0.313 0.489 1.195 
1.631 

)0.157-
16.969) 

0.682 -0.400 0.600 
0.67 

(0.207-
2.17) 

0.505 1.43 0.771 
4.172 

(0.921-
18.9) 

0.064 0.256 0.888 
1.292 

(0.227-
7.362) 

0.773 

Med 
HDW -1.14 0.57 

0.319 
(0.104-
.975) 

0.045 -0.049 0.311 
0.952 
(0.518
-1.75) 

0.875 0.068 0.505 1.07 (0.397-
2.882) 0.893 0.259 0.304 

1.296 
(0.715-
2.35) 

0.393 -0.303 0.404 
0.739 

(0.335-
1.631) 

0.454     

aNagelkerke R2. 
bAbbreviations were used to describe number of surfaces touched (Num Touch), percentage of touches in the first 3/7 touches (First 3/7),  percentage of raw touches (Perc Raw), percentage of 
attempted handwashing (Perc Att), average scrub time (Avrg Scrub), average handwashing score (Avrg HDW), and median handwashing score (Med HDW). 
cThe logistic regression constant. 
dStandard error. 
eThe odds ratio is represented as the value and the 95% confidence interval in parenthesis. Blacked out values were not included for collinearity purposes. 
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Table 6.6: Final Results of Backwards Stepwise Regressions to Identify the Most 

Significant Predictors for the Degree of Cross-Contamination to Surfaces 

Surface Variables B SE p df Overall sig 

Knife 
Handle 

Constant -0.258 (-0.567-0.052) 0.157 0.102 
181 0.012 First 3/7 0.186 (0.041-0.33) 0.073 0.012 

Perc Raw 0.005 (0-0.011) 0.003 0.063 

Cutting 
Board 

Constant -0.144 (-0.418-0.13) 0.139 0.303 

273 <0.0001 Num Touch 0.121 (0.004-0.234) 0.06 0.043 
Perc Raw 0.008 (0.003-0.012) 0.002 0.001 
Perc Att -0.008 (-0.013 - -0.002) 0.003 0.004 

PHGF Constant -0.096 (-0.25 - 0.058) 0.078 0.219 273 0.043 First 3/7 0.003 (0 - 0.006) 0.001 0.043 

Inner Sink 
Constant 0.118 (-0.131 - 0.368) 0.126 0.35 

182 0.023 First 3/7 0.176 (0.031 - 0.322) 0.074 0.018 
Perc Att -0.004 (-0.011 - 0.003) 0.003 0.268 

DCS Constant 0.128 (-0.067 - 0.322) 0.099 0.197 274 0.094 Perc Att -0.005 (-0.01 - 0.001) 0.003 0.094 

Tap Handle 
Constant -0.009 (-0.126 - 0.107) 0.059 0.873 

274 0.019 Avrg HDW 0.266 (0.078 - 0.453) 0.095 0.006 
Avrg Scub -0.177 (-0.364 - 0.01) 0.095 0.064 

Soap 
Dispenser 

Constant -0.106 (-0.275 - 0.063) 0.086 0.217 

274 <0.0001 
First 3/7 0.002 (0 - 0.005) 0.001 0.093 

Avrg Scrub 0.242 (0.056 - 0.428) 0.094 0.011 
Avrg HDW -0.445 (-0.695 - -0.195) 0.127 0.001 
Med HDW 0.234 (0.04 - 0.428) 0.098 0.018 

Fridge 
Handle 

Constant -0.225 (-0.489 - 0.039) 0.134 0.094 
274 0.031 Perc Raw 0.005 (0 - 0.01) 0.002 0.058 

Med HDW 0.14 (0.018 - 0.263) 0.062 0.024 

Spice 
Container 

Constant 0.755 (-0.122 - 1.632) 0.445 0.091 

274 <0.0001 
Num Touch 0.167 (0.067 - 0.266) 0.051 0.001 

First 3/7 0.01 (-0.001 - 0.022) 0.006 0.07 
Perc Raw 0.022 (0.008 - 0.036) 0.007 0.002 
Avrg Scub -0.643 (-1.026 - -0.259) 0.195 0.001 

Trashbin 
Lid 

Constant 0.031 (-0.244 - 0.305) 0.139 0.825 
274 <0.0001 Perc Att -0.011 (-0.016 - -0.005) 0.003 <0.0001 

Perc Raw 0.006 (0 - 0.01) 0.002 0.019 

CDC Constant 0.005 (-0.168 - 0.179) 0.088 0.951 121 0.001 Num Touch 0.305 (0.132 - 0.478) 0.087 0.001 

Participant 
Items 

Constant 0.116 (-0.266 - 0.499) 0.191 0.545 

65 0.004 First 3/7 0.371 (0.134 - 0.608) 0.119 0.003 
Perc Att 0.035 (-0.001 - 0.072) 0.018 0.06 

Avrg HDW -0.995 (-1.978--0.013) 0.492 0.047 
Kitchen 
Tools 

Constant 0.003 (0.075 - -0.144) 0.15 0.969 171 0.002 Num Touch 0.232 (0.075 - 0.085) 0.379 0.002 

Oven 
Associated 

Constant -0.441 (-0.786 - -0.097) 0.174 0.012 
133 0.001 Num Touch 0.219 (0.054 - 0.383) 0.083 0.01 

Perc Raw 0.009 (0.003 - 0.015) 0.003 0.004 
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APPENDIX A: Recipes Used in Year One and Year Two 

 

Turkey Burgers 

Ingredients: 

For the Patties: 

• 2 turkey burger patties 

• Salt 

• Pepper 

• Garlic powder 

• Onion powder 

For Serving: 

• Hamburger buns 

• Sliced tomato 

• Sliced onion 

 

Directions: 

1. Season the burger patties with salt, pepper, garlic powder, and onion powder on both 

sides. 

2. Cook burgers at medium-high heat to your desired level of doneness. 

3. Assemble cooked burgers with sliced tomato and sliced onion. 
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Chef’s Salad 

Salad Ingredients: 

• 2 stalks of romaine lettuce 

• Salt and pepper 

• 1 cup dressing (recipe below) 

• ¾ cup shredded Swiss cheese 

• ¾ cup ham 

• 1 hot house tomato 

Dressing Ingredients: 

• ½ cup olive oil 

• ¼ cup balsamic vinegar 

• 1 teaspoon honey 

• 1 teaspoon Dijon mustard 

• 1 shallot, minced 

• 1 clove garlic, minced 

• Salt and ground pepper to taste 

 

Directions: 

1. Cut lettuce into bite-sized pieces 

2. Cut ham into matchstick-sized pieces 

3. Dice tomato 

4. Mix all ingredients together 

5. Serve with dressing on the side 
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Chicken Thighs 

Ingredients: 

• 2 chicken thighs 

• Olive oil 

• Spice blend 

 

Directions: 

1. Preheat oven to 475°F and set timer (but do not start it) for 25 minutes. 

2. Drizzle chicken thighs with olive oil. 

3. Apply spice blend. 

4. Inform us when you are ready to place the chicken in the oven. 

5. When the timer goes off, check the doneness of the chicken as you do at home.  If the 

chicken is done, please remove from the oven and place it on a plate.  If the chicken is 

not done yet, please return it to the oven and take it out when you think it is done. 

 

Summer Mixed Green Salad  

Ingredients: 

• Fresh mixed greens 

• Carrots 

• Celery  

Dressing Ingredients: 

• Olive oil 

• Spice blend 



   

187 
 

Directions: 

1. Chop carrots and celery into bite sized pieces.  Combine in bowl with fresh mixed greens 

and set aside. 

2. For the dressing measure ½ cup olive oil and ½ tablespoon of the spice blend into the 

salad dressing mixer, shake well, and set aside
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APPENDIX B: Sampling of Splash Area on Countertop When Washing Poultry 

 

The following text was taken from an update sent to RTI and USDA-FSIS on microbiological 

sampling for the chicken washing study (year two) describing preliminary results and proposing 

a new sampling scheme. 

 

When determining what samples would be best for the chicken washing Year Two study, there 

were several questions to be answered.  The first was whether washing chicken before preparing 

caused higher contamination of kitchen surfaces, and consequently how far bacteria spread to 

counter areas surrounding the sink.  To determine this, we sampled the counter at various 

distances away from the sink when a chicken washing event took place.  When chicken was not 

washed, we sampled the counter area where the chicken was prepared.  In order to determine if 

participants effectively cleaned the kitchen, removing or inactivating any bacteria from the 

chicken that caused cross contamination, swabs were also taken after the participant cleaned the 

kitchen.  Spice containers were also sampled due to their high prevalence and level of 

contamination during the Year One study. Escherichia coli DH5-alpha (a non-pathogenic strain) 

was used as a surrogate due to the similarities it shares with pathogens like E. coli O157:H7 and 

Salmonella.  Chicken was inoculated with DH5-alpha at levels ranging 8 to 9 logs. 

 

We quickly found out, after just 16 observation events, that bacteria splashed from the sink 

during a chicken washing event did not travel far, and if the counter was contaminated, it was 

contaminated at a relatively low level, rarely reaching 5 logs and as low as less than 1 log CFU 

(Table 1).  The surrogate never went further than 18” away from the sink and was concentrated 
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between 0-12”, with most contamination occurring within the 0-6” range. It was also found that 

the ready-to-eat vegetable salad was contaminated during both washing and non-washing 

observation events (Table 1 and 2).  Due to these results, we decided to change the sampling 

scheme in order to determine why lettuce was contaminated during both washing and non-

washing events.  The aim is to trace the cross-contamination to a possible source, and still 

capture the area of the counter where the most cross-contamination due to washing was seen. 

We chose to include the inner sink surface after washing and cleaning, because participants had 

been observed placing vegetables/lettuce in the sink during some observations.  This could be a 

possible route of cross contamination. We also decided to sample the tap handle, which could 

also serve as a possible source for cross contamination. Samples that were kept from the original 

sampling scheme included the area where the chicken was prepared or the counter 0-6” away 

from the sink (for non-washing and washing events respectively), comparable cleaning samples 

from those areas, and the spice container and lettuce samples. 

 

A positive result was one within 5 logs of the total inoculum (approximately log 10). We would 

not expect contamination levels of pathogens in USDA-regulated food products to exceed 5 logs, 

in step with data-supported assumptions found in 9 CFR Parts 301, 317, 318, 320, and 381. 

 

At the time this update was written, there had been 41 washers and 55 non-washers.  Within the 

wash group, 8 were from the treatment group and 33 were from the control group. With the non-

wash group, 42 were from the treatment group and 13 were from the control group.  This trend 

would suggest that the intervention is effective, however, further analysis will be explored in the 

full report. 
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So far, only 14 observations with the new sampling scheme have been completed.  The inner 

sink surface after a chicken washing event, but before cleaning, has the highest level of 

contamination overall, 4.89 log CFU.  After cleaning, the one positive sample was contaminated 

at 3.88 log CFU.  This could potentially explain why the lettuce has been contaminated when 

chicken is washed even if the counters are negative for the surrogate.  However, further analysis 

involving video coding needs to be conducted to determine if these participants also prepared 

salad items in the sink potentially exposing those items to a contaminated area.   Among the non-

washing samples, the salad samples have the highest level of contamination, 3.81 log CFU.  It is 

interesting to note that the surrogate has been detected in the inner sink area following the 

cleaning step in a non-washing step, even though the surrogate has not been present before 

cleaning occurred.  Again, this could be the source of cross-contamination of the lettuce, but 

further video coding needs to be conducted to determine if participants have prepared salad items 

in the sink.  

 

Thus far, whether the participants were treatment or control does not seem to have an effect on 

the prevalence of a surface being positive or negative.  Two exceptions were seen in the non-

wash group where the pre-clean chicken prep area and the post clean inner sink area were more 

likely to be contaminated in the control group versus the treatment group.  However, as more 

sampling occurs this significant effect may very well disappear. 

 

Generally, people who washed their chicken did not cause more surface cross-contamination 

than people who did not wash their chicken.  The one exception was the inner sink, which was 

more likely to be contaminated before cleaning when someone washed their chicken versus 
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someone who did not wash their chicken (p=0.0022), which is to be expected.  It is also 

important to remember that significance values may change as sampling continues. The tap 

handle thus far has not been positive often, so differences between washers and non-washers are 

not yet apparent.  The one positive tap handle that we have seen thus far was from a washing 

participant in the treatment group.  Sampling the tap handle will help to provide more 

information regarding possible routes of cross contamination for lettuce samples, even if it 

proves not to be a likely route.  

 

The new sampling scheme has helped to provide insight for potential causes of lettuce cross-

contamination, independent of chicken washing.  Continuing with the new sampling scheme will 

help to determine if consumers who wash their chicken are “messier” than those who do not.  

Interestingly, we have shown that the action of chicken washing itself does not result in 

excessive spread of bacteria to counters, and lettuce contamination occurs with or without a 

chicken washing event.  
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Table B.1  Prevalence of Surrogate Contamination and Level of Contamination for 

Locations in the Kitchen and Salad Lettuce when Poultry was Washed 

Location  Overall Control  Treatment 
p 

valuea 

Post Wash Inner 
Sink** 

Prevalence contaminated % (n) 83.33 (6) 100 (3) 66.67 (3) 0.3378 

Level of contamination ± SD, 
log CFU/surface (n) 

4.89 ± 5.23 
(5) 

5.10 ± 5.34 
(3) 

3.71 ± 3.86 
(2) 

 

Post Wash 0–6 inches 
from Sink 

Prevalence contaminated % (n) 26.83 (41) 24.24 (33) 37.5 (8) 0.4532 

Level of contamination ± SD, 
log CFU/surface (n) 

4.04 ± 4.26 
(11) 

4.11 ± 4.18 
(8) 

3.80 ± 3.77 
(3) 

 

Post Wash 6–12 inches 
from Sink*b 

Prevalence contaminated % (n) 14.29 (28) 12 (25) 33.33 (3) 0.3273 

Level of contamination ± SD, 
log CFU/surface (n)  

2.57 ± 2.43 
(4) 

2.46 ± 2.42 
(3) 

2.80 (1) 
 

Post Wash 12–18 
inches from Sink* 

Prevalence contaminated % (n) 8.33 (24) 4.76 (21) 33.33 (3) 0.1011 

Level of contamination ± SD, 
log CFU/surface (n) 

1.30 ± 0.55 
(2) 

1.35 (1) 1.24 (1) 
 

Post Wash 18–24 
inches from Sink* 

Prevalence contaminated % (n) BDL (16) BDL (14) BDL (2) NA 

Level of contamination ± SD, 
log CFU/surface (n) 

BDL (0) BDL (0) BDL (0) 
 

Post Wash 24–32 
inches from Sink* 

Prevalence contaminated % (n) BDL (12) BDL (11) BDL (1) NA 

Level of contamination ± SD, 
log CFU/surface (n) 

BDL (0) BDL (0) BDL (0) 
 

Tap Handle** Prevalence contaminated, % (n) 16.67 (6) BDL (3) 33.33 (3) TBD 

Level of contamination ± SD, 
log CFU/surface (n) 

1.35 (1) BDL (0) 1.35 (1) 
 

Post Clean Inner 
Sink** 

Prevalence contaminated, % (n) 16.67 (6) 33.33 (3) BDL (3) TBD 

Level of contamination ± SD, 
log CFU/surface (n) 

3.88 (1) 3.88 (1) BDL (0) 
 

Post Clean 0–6 inches 
from Sink 

Prevalence contaminated, % (n) 4.88 (41) 6.06 (33) BDL (8) TBD 

Level of contamination ± SD, 
log CFU/surface (n) 

1.77 ± 1.09 
(2) 

1.77 ± 1.09 
(2) 

BDL (0) 
 

(continued) 

Table 1.  
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Table B.1 Prevalence of Surrogate Contamination and Level of Contamination for 

Locations in the Kitchen and Salad Lettuce when Poultry was Washed (continued) 

Location  Overall Control Treatment  
p 

valuea 

Post Clean 6–12 inches 
from Sink* 

Prevalence contaminated, % (n) BDL (28) BDL (25) BDL (3) NA 

Level of contamination ± SD, 
log CFU/surface (n) 

BDL (0) BDL (0) BDL (0) 
 

Post Clean 12–18 
inches from Sink*  

Prevalence contaminated, % (n) 3.85 (26) 4.35 (23) BDL (3) NA 

Level of contamination ± SD, 
log CFU/surface (n) 

1.65 (1) 1.65 (1) BDL (0) 
 

Spice container  Prevalence contaminated % (n) 12.50 (40) 9.38 (32) 25.00 (8) 0.2381 

Level of contamination (SD), 
log CFU/surface (n) 

2.28 ± 2.27 
(5) 

2.12 ± 2.06 
(3) 

2.41 ± 2.83 
(2) 

 

Salad lettuce  Prevalence contaminated % (n) 21.95 (41) 24.24 (33) 12.50 (8) 0.4771 

Level of contamination (SD), 
log CFU/salad (n) 

2.61 ± 2.41 
(9) 

2.65 ± 2.39 
(8) 

2.00 (1) 
 

(n) = number of samples used in the analysis; SD = standard deviation; BDL = below detectable limit 
a p value significance was calculated using a chi-squared test for prevalence 

The n’s very by sample due to varying kitchen size and set up.  Not all kitchens had large enough counters to take all 
samples. 

*Initial set of samples to determine where to sample, not taken for all participants 

**New sampling scheme 

Source: 2018 meal preparation experiment – microbiological samples. 
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Table B.2.  Prevalence of Surrogate Contamination and Level of Contamination for 

Locations in the Kitchen and Salad Lettuce when Poultry was not Washed 

Location  Overall Control Treatment 
p 

valuea 

Pre-Clean Inner 
Sink** 

Prevalence contaminated % (n) BDL (8) BDL (1) BDL (7) NA 

Level of contamination ± SD, log 
CFU/surface (n) 

BDL (0) BDL (0) BDL (0) 
 

Pre-Clean Chicken 
Prep Area  

Prevalence contaminated % (n) 14.55 (55) 46.15 (13) 4.76 (42) 0.0002 

Level of contamination ± SD, log 
CFU/surface (n) 

2.78 ± 3.15 
(8) 

2.98 ± 3.20 
(6) 

2.14 ± 2.22 
(2) 

 

Tap Handle**  Prevalence contaminated % (n) BDL (8) BDL (1) BDL (7) NA 

Level of contamination ± SD, log 
CFU/handle (n) 

BDL (0) BDL (0) BDL (0) 
 

Post Clean Inner 
Sink**  

Prevalence contaminated % (n) 25 (8) 100 (1) 4.76 (7) 0.0112 

Level of contamination ± SD, log 
CFU/surface (n) 

2.33 ± 2.38 
(2) 

1.63 (1) 2.58 (1) 
 

Post Clean Chicken 
Prep Area  

Prevalence contaminated % (n) BDL (55) BDL (13) BDL (42) NA 

Level of contamination ± SD, log 
CFU/surface (n) 

BDL (0) BDL (0) BDL (0) 
 

Spice Container  Prevalence contaminated % (n) 14.55 (55) 23.08 (13) 11.90 (42) 0.3221 

Level of contamination ± SD, log 
CFU/surface (n) 

2.53 ± 2.58 
(8) 

2.03 ± 1.82 
(3) 

2.68 ± 2.63 
(5) 

 

Salad Lettuce  Prevalence contaminated % (n) 14.55 (55) 15.38 (13) 14.29 (42) 0.9231 

Level of contamination ± SD, log 
CFU/25g salad (n)  

3.79 ± 3.62 
(8) 

3.77 ± 3.89 
(2) 

3.81 ± 4.18 
(6) 

 

(n) = number of samples used in the analysis; SD = standard deviation; BDL = below detectable limit. 
a p value significance was calculated using a chi-squared test for prevalence 

**Part of new sampling scheme
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APPENDIX C: Percent Transfer Information 

 

Table C.1 Percent Transfer for Kitchen Surfaces Sampled When Preparing Turkey 

Burgers 

Measure1 
Knife 

Handle 
Cutting 
Board 

FP/GF 
Handle Inner Sink 

Dish 
cloth/sponge Tap handle  

Soap 
dispenser 

Refrigerator 
handle 

Spice 
Containers 

Trash bin 
lid Lettuce 

Avrg 7.54 x 10-3 5.70 x 10-2 1.02 x 10-2 3.10 x 10-3 4.13 x 10-3 3.18 x 10-3 4.67 x 10-3 2.14 x 10-3 7.08 x 10-2 1.63 x 10-2 1.41 x 10-2 
Med 8.56 x 10-4 2.22 x 10-3 1.28 x 10-3 1.41 x 10-3 1.09 x 10-3 1.19 x 10-3 1.76 x 10-3 1.16 x 10-3 5.99 x 10-3 3.28 x 10-3 1.46 x 10-3 
IQ25 5.42 x 10-4 8.97 x 10-4 6.44 x 10-4 6.52 x 10-4 6.08 x 10-4 7.14 x 10-4 8.35 x 10-4 7.41 x 10-4 1.23 x 10-3 8.26 x 10-4 7.95 x 10-4 
IQ75 2.34 x 10-3 2.89 x 10-2 3.85 x 10-3 3.07 x 10-3 2.41 x 10-3 2.49 x 10-3 5.13 x 10-3 2.83 x 10-3 2.70 x 10-2 9.36 x 10-3 7.98 x 10-3 
Min 4.66 x 10-4 4.62 x 10-4 4.73 x 10-4 4.78 x 10-4 4.69 x 10-4 4.86 x 10-4 4.59 x 10-4 5.23 x 10-4 4.55 x 10-4 4.92 x 10-4 4.79 x 10-4 
Max 7.82 x 10-2 7.16 x 10-1 1.33 x 10-1 1.81 x 10-2 1.28 x 10-1 3.52 x 10-2 4.66 x 10-2 1.25 x 10-2 6.05 2.71 x 10-1 2.79 x 10-1 

Low Out 0 0 0 0 0 0 0 0 0 0 0 
Up Out 2 10 15 1 7 5 7 2 20 8 3 

1The abbreviations stand for Average (Avrg), Median (Med), First Interquartile (IQ25), Third Interquartile (IQ75), Minimum (Min), Maximum (Max), Lower Outliers (Low Out), 
and Upper Outliers (Up Out). 
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Table C.2 Percent Transfer for Kitchen Surfaces When Preparing Chicken Thighs 

Measure1 After Cooking2 After Cleaning2 

Sink 0-6" CPA Sink 0-6" CPA TH SC L 
Avrg 9.12 x 10-4 3.52 x 10-4 5.16 x 10-4 2.64 x 10-4 3.13 x 10-6 3.71 x 10-6 2.74 x 10-6 5.90 x 10-6 3.49 x 10-4 
Med 1.38 x 10-5 6.42 x 10-5 2.76 x 10-5 1.86 x 10-6 3.13 x 10-6 6.94 x 10-7 6.54 x 10-7 3.33 x 10-6 1.34 x 10-5 
IQ25 2.93 x 10-6 3.77 x 10-6 4.39 x 10-6 5.04 x 10-7 2.54 x 10-6 6.33 x 10-7 1.36 x 10-7 9.36 x 10-7 3.46 x 10-6 
IQ75 1.83 x 10-4 2.60 x 10-4 3.96 x 10-4 1.54 x 10-5 3.72 x 10-6 5.29 x 10-6 4.58 x 10-6 6.04 x 10-6 3.42 x 10-5 
Min 8.56 x 10-8 2.86 x 10-7 6.50 x 10-7 7.88 x 10-9 1.95 x 10-6 5.71 x 10-7 7.88 x 10-9 1.32 x 10-7 8.56 x 10-8 
Max 2.17 x 10-2 2.32 x 10-3 3.61 x 10-3 3.33 x 10-3 4.31 x 10-6 9.88 x 10-6 8.33 x 10-6 3.24 x 10-5 1.36 x 10-2 

Low Out 0 0 0 0 0 0 0 0 0 
Up Out 0 0 0 1 0 0 0 0 5 

1 The abbreviations stand for Average (Avrg), Median (Med), First Interquartile (IQ25), Third Interquartile (IQ75), Minimum (Min), Maximum (Max), Lower Outliers (Low Out), 
and Upper Outliers (Up Out). 
2The abbreviations stand for Inner Sink Surface (Sink), the Countertop 0-6” Adjacent to the Sink (0-6”), Chicken Preparation Area (CPA), Tap Handle (TH), Spice Container (SC), 
and Lettuce (L). 

 


