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Abstract 17 

Objectives 18 

Listeriosis burden in global low income regions, including Peru, is currently unknown. 19 

Quantitative microbial risk assessment may be used as a tool to estimate disease burden when 20 

observational data are lacking and to estimate the influences of household bacterial levels and 21 

hand washing frequency on estimated infection risk. The purpose of this study was to develop 22 

an exposure and risk assessment model to estimate infection risks for Peruvian women. 23 

Methods 24 

A simulation model was developed utilizing Listeria monocytogenes concentrations on kitchen 25 

and latrine surfaces in Peruvian homes, hand trace data from Peruvian women, and behavioral 26 

data from literature. Scenarios involving varying proportions of uncontaminated, or “clean”, 27 

surfaces and nonporous surfaces were simulated. Infection risks were estimated for 4, 6, and 8 28 

hours of behaviors and interactions with surfaces. 29 

Results 30 

Although infection risks were estimated across scenarios for various time points (e.g. 4, 6, 8 31 

hours), overall mean estimated infection risks for all scenarios were ≥ 0.31. Infection risks 32 

increased as the proportions of clean surfaces decreased. Hand-to-general surface contacts 33 

accounted for the most cumulative change of L. monocytogenes concentration on hands. 34 

Conclusions 35 



In addition to gaining insights on how human behaviors affect exposure and infection risk, this 36 

model addressed uncertainties regarding the influence of household surface contamination 37 

levels. Understanding the influence of surface contamination in preventing pathogen 38 

transmission in households could help to develop intervention strategies to reduce L. 39 

monocytogenes infection and associated health risks.  40 

 41 
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1. Introduction 44 

Listeria monocytogenes causes foodborne illness and continues to be a global health 45 

concern, as infections can result in a number of health outcomes including febrile 46 

gastroenteritis, severe sepsis, encephalitis, meningitis, death, and stillbirths or spontaneous 47 

abortions for pregnant women (1). Worldwide, L. monocytogenes outbreaks have been 48 

associated with ready-to-eat meat products and dairy, with more recent outbreaks linked to 49 

fresh produce (2). L. monocytogenes control is a challenge, due to persistence in a wide variety 50 

of environmental conditions, growth at refrigeration temperatures, and resilient biofilm 51 

formation on various surface types (1,2).  52 

An estimated 23,150 listeriosis cases occurred globally in 2010 (1). Although de 53 

Noordhout et al. (2014) made the first attempt at estimating the global burden of listeriosis, it 54 

was acknowledged that little data exist documenting listeriosis burden for low income 55 

subregions (1). Thus, data for a number of countries, including Peru, were not utilized for this 56 

global estimation (1). A few studies, however, have explored L. monocytogenes in the context 57 

of local Peruvian food and public health. For example, a 2017 study sampled 75 samples of 58 

fresh cheese across 10 markets in Lima and found 18.7% positive for L. monocytogenes (3). 59 

Previous studies in Ica and Trujillo found smaller percentages, 4.05% and 3.34%, respectively, 60 

for unpasteurized cheese products (4,5). Approximately 25% of 240 samples of produce in 61 

Trujillo markets contained L. monocytogenes, while 78% of 60 samples of sausage from markets 62 

in Lima were positive for L. monocytogenes (6,7). Additionally, a 2017 study exploring neonatal 63 

meningitis found approximately 19% associated with the presence of L. monocytogenes more 64 

than any other of the tested pathogens (8).The use of environmental microbiological survey 65 



data in conjunction with mechanistic exposure models could provide insight into the health and 66 

economic burdens of listeriosis in global sub regions that currently lack listeriosis case data.  67 

In households, L. monocytogenes exposures may occur as a result of not only 68 

contaminated food products but also through indirect contacts with contaminated household 69 

surfaces or exposure to contaminated stored water where L. monocytogenes may be present 70 

and could potentially subsequently grow. Additional challenges may exist in low income 71 

households where hygiene may be additionally compromised due to lack of sanitization or 72 

availability/affordability of products for cleaning and disinfecting. Because microbes are 73 

constantly spread from human, animal, food and water sources in everyday life settings, 74 

hygiene practices at home play an important role in the transmission of pathogenic organisms 75 

via the hands and interactions with environmental surfaces (e.g. tap and door handles, kitchen 76 

surfaces) (9,10). Ryan et al. (1996) demonstrated that poor hygiene and contaminated surfaces 77 

contribute to as much as 39% of domestic food poisoning outbreaks (11).  Some studies have 78 

shown that the highest relative level of bacterial contamination in the home is often found on 79 

kitchen surfaces, such as sink drain area and sponge/dishcloth where there is moisture (12,13).  80 

Understanding how household hygiene practices and levels of contamination in homes in 81 

low income global sub regions influence infection risks may inform future interventions aimed 82 

to alleviate listeriosis burden. A current framework, quantitative microbial risk assessment 83 

(QMRA), has been utilized to estimate burdens of disease (14,15) and to quantify the effect of 84 

varying levels of environmental contamination on expected health outcomes (16,17). QMRA 85 

has been used in a variety of contexts where, within fomite-mediated exposures, the use of 86 

recorded behaviors and environmental microbiological measures or parameter estimates 87 



informed by literature have been used in mechanistic models estimating contamination of 88 

surfaces and hands second-by-second (16–20). Some insights gained from these models include 89 

the importance of hand-to-facial orifice contacts in estimating dose (16,17,19,20) and the effect 90 

of interventions such as hand washing frequency on reductions in dose (17,20). 91 

The objective of this study was to quantify the impact of household hygiene on infection 92 

risk for Peruvian women utilizing L. monocytogenes concentrations collected from their 93 

household surfaces.  94 

2. Methods 95 

Approval from the Instituto de Investigacion Nutricional (IIN) Institutional Review Board 96 

(IRB) (IRB number 321-2011/CEI-IIN) for the protection of human subjects was obtained to 97 

perform the observational portion of the study. 98 

2.1. Surface Field Sampling 99 

Eligible participants agreed to two visits consisting of approximately 30 min during 100 

September and December of 2011. Fifteen sites per household were sampled using sterile 101 

polyester swabs stored in 5ml of Letheen broth (3M, St. Paul, MN).  High-touch surfaces in 102 

latrine and kitchen areas were sampled in the Peruvian homes. The sites were swabbed over 103 

10cm2 surface area and represented common use areas such as kitchens, bathrooms or living 104 

areas. The kitchen surfaces included dish rags, food preparation areas, sinks, and dish washing 105 

buckets, while the latrine surfaces included toilet surface and flush handles. Samples were 106 

transported back to the laboratory on ice and were processed within 24 hours.  107 



2.2. Laboratory Methods 108 

Samples were diluted to equivalent volumes of 75 µL, 7.5 µL and 0.75 µL per tube and 109 

cultured using a 3x3 MPN enrichment assay for Listeria. Samples were added to a UVM pre-110 

enrichment broth with selective supplements at 25-30oC for 18-48 h followed by selective 111 

enrichment in Fraser broth with selective supplements at 35oC for 24-48 h. Presumptive 112 

positives were confirmed in Palcam agar with supplements at 37oC for 48 h under micro-113 

aerophilic conditions. Concentrations were reported as most probable number (MPN) per 10 114 

cm2. 115 

2.3. Exposure Model 116 

This study utilized a stochastic discrete event exposure model accounting for different 117 

hand-to-surface and hand-to-orifice contacts and handwashing events. Due to uncertainty in 118 

both the amount of time spent awake and the amount of time in the household, exposure, 119 

dose, and risk were quantified at multiple time points (4 hours, 6 hours, 8 hours). Variable 120 

parameters, incorporated into 1000 model iterations, included surface concentration, behavior 121 

sequences, transfer efficiency, surface area of the total hand, fractional surface area of 122 

contacts, and efficacy of hand washing. At the time of the study, women were the population of 123 

interest due to the health risk of pregnant and also because they were the predominant 124 

household resident during the time of sampling. Additionally, hand traces were only obtained 125 

from adult women. Therefore, women were the population of interest in the exposure 126 

modeling scenario as well. 127 



2.3.1. Surface Concentrations 128 

Given that microbiological concentrations are known for being highly skewed (21–24) and 129 

the beta distribution has been recommended for skewed concentration data (25), a scaled beta 130 

distribution was used to represent surface contamination. While log normal distributions are 131 

common for bacterial concentration, the beta distribution fit had a lower Akaike Information 132 

Criterion (AIC) value than the log normal distribution fit (data not shown), indicating a better fit, 133 

for all surface distributions. However, it is acknowledged that the scaled beta distribution 134 

guarantees that the maximum possible value is equal to the maximum observed value, 135 

disallowing for the modeling of concentrations greater than those that were experimentally 136 

measured. This means that infection risks may be underestimated. The relationship between 137 

the skewness and kurtosis of the observed concentrations and 1000 bootstrapped subsamples 138 

of the concentration data were compared to the known range of skewness and kurtosis 139 

relationships for the beta distribution to evaluate the appropriateness of this distribution 140 

assumption, using the fitdistRplus package (26) in R, a statistical software (27).  141 

To determine appropriate beta parameters, concentration data were scaled to the 0-1 142 

range: 143 

          𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐶𝐶𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢−𝐶𝐶𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢,𝑚𝑚𝑚𝑚𝑢𝑢+0.001
𝐶𝐶𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢,𝑚𝑚𝑢𝑢𝑚𝑚−𝐶𝐶𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢,𝑚𝑚𝑚𝑚𝑢𝑢+0.002

    (1) 144 

where 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = scaled concentration (MPN/10 cm2) 145 

𝐶𝐶𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = unscaled concentration (MPN/10 cm2) 146 

𝐶𝐶𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑢𝑢 = minimum of unscaled concentrations (MPN/10 cm2) 147 



𝐶𝐶𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑠𝑠𝑚𝑚 = maximum of unscaled concentrations (MPN/10 cm2) 148 

 This scaling technique, including the use of 0.001 and 0.002, specifically, has been used 149 

to avoid problems related to the R package, fitdistRplus, where values in a data set to which a 150 

beta distribution is being fit cannot exactly equal 0 or 1 (28). Random values from these beta 151 

distributions were generated and rescaled to represent realistic contamination data using the 152 

following equation: 153 

     𝐶𝐶𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�𝐶𝐶𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑠𝑠𝑚𝑚 − 𝐶𝐶𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑢𝑢 + 0.002� + 𝐶𝐶𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑢𝑢 − 0.001      (2) 154 

For concentrations below the limit of detection (LOD), also known as “left-censored” data, the 155 

limit of detection (LOD) was scaled. The fitdistcens function from the R package, fitdistrplus, 156 

was then used to estimate parameters of the fit distribution, taking into account left-censored 157 

values (26). This was done to create a distribution for each surface type: latrine, kitchen 158 

surface, all surfaces. These distributions were then randomly sampled to represent expected L. 159 

monocytogenes concentrations on surfaces during simulated hand-to-surface contacts. In this 160 

model, we are assuming that MPN is representative of the true number of organisms. 161 

 Growth and inactivation of L. monocytogenes were not incorporated into surface 162 

concentrations. It has been demonstrated that L. monocytogenes concentrations in 163 

physiological peptone saline (PPS) on stainless steel at 15⁰C and 75% relative humidity (a 164 

relative humidity representative of Peru (29)) decrease by <1 log10 CFU/cm2 over a day (30). It is 165 

generally accepted that L. monocytogenes persists well in a variety of environments and may 166 

not desiccate for months (31,32). It has also been shown that when attached to surfaces L. 167 

monocytogenes may resist desiccation during drying (30). There were no data available to 168 



describe the survival of L. monocytogenes on other surface types that would be relevant to the 169 

surface materials sampled in this study. Growth of L. monocytogenes on food products and on 170 

industrial or food processing surfaces has been extensively studied (33–37), but data were not 171 

available to incorporate into this model to address expected growth of L. monocytogenes in the 172 

sampled environments. It is therefore acknowledged that results of this study represent a 173 

scenario in which surface concentrations are not fluctuating notably over the exposure time.  174 

2.3.2. Hand Surface Area 175 

The right hands of women were traced on paper. The palm-side surface area of the traced 176 

hand was estimated using an open source photo software, GIMP. This surface area was 177 

multiplied by 2 to account for the front and back surfaces of the hand. Reported ratios of 178 

women’s hand breadth to the width of the second knuckle of the middle finger were used with 179 

the collected hand trace data to estimate hand perimeter surface area, as has been done in 180 

previous studies (38). The width of the second knuckle of the middle finger for the traced hand 181 

was estimated by multiplying the maximum hand breadth of the hand trace measured in GIMP 182 

by ratios relating women’s maximum hand breadth to the width of second knuckle of the 183 

middle finger reported in the literature (39). These measurements have been reported for a 184 

number of different ethnicities and countries (39). To incorporate uncertainty, a range of total 185 

hand surface area for each participant was computed from minimum and maximum ratios 186 

found in the literature. Total hand surface area was estimated by AuYeung et al. (2008)(38): 187 

𝑆𝑆𝑆𝑆𝑝𝑝𝑠𝑠𝑝𝑝𝑚𝑚𝑚𝑚𝑝𝑝𝑠𝑠𝑝𝑝 =  ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏 ∙ 𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟𝑢𝑢:𝑏𝑏 ∙ ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝 188 

                                                   𝑆𝑆𝑆𝑆ℎ𝑠𝑠𝑢𝑢𝑠𝑠 = 2 ∙ 𝑆𝑆𝑆𝑆𝑓𝑓𝑝𝑝𝑓𝑓𝑢𝑢𝑝𝑝 + 𝑆𝑆𝑆𝑆𝑝𝑝𝑠𝑠𝑝𝑝𝑚𝑚𝑚𝑚𝑝𝑝𝑠𝑠𝑝𝑝                                         (3) 189 

where 𝑆𝑆𝑆𝑆𝑝𝑝𝑠𝑠𝑝𝑝𝑚𝑚𝑚𝑚𝑠𝑠𝑝𝑝𝑠𝑠𝑝𝑝 = surface area of the perimeter of the hand (cm2) 190 



ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑏𝑏 = maximum hand breadth (cm) 191 

𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟𝑢𝑢:𝑏𝑏 = ratio of middle finger second knuckle width to maximum hand breadth (fraction) 192 

ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝 = hand perimeter (cm) 193 

𝑆𝑆𝑆𝑆ℎ𝑠𝑠𝑢𝑢𝑠𝑠 = total hand surface area for a single hand (cm2) 194 

𝑆𝑆𝑆𝑆𝑓𝑓𝑝𝑝𝑓𝑓𝑢𝑢𝑝𝑝 = surface area of a single side of the hand (cm2) 195 

𝑆𝑆𝑆𝑆𝑝𝑝𝑠𝑠𝑝𝑝𝑚𝑚𝑚𝑚𝑝𝑝𝑠𝑠𝑝𝑝 = surface area of the perimeter of the hand 196 

A uniform distribution was randomly sampled to represent total hand surface area of a single 197 

hand for simulated persons.  198 

 To more realistically model hand-to-surface or -orifice contacts, the simulation utilized 199 

fractions representing the proportion of hand surface area involved in hand-to-object contacts 200 

(cm2/cm2). The minimum fraction was set at 0.005, representing contact with the tip of one 201 

finger. This was a modified estimate from a reported value of 0.04 representing 4 fingers, found 202 

in AuYeung (2007) (40). The maximum value was set to 0.25, the maximum hand press 203 

configuration found by AuYeung (2007) (40). A uniform distribution (min=0.005, max=0.25) was 204 

randomly sampled to assign a fractional surface area value for hand-to-surface, -nose, and -eye 205 

contacts. It was assumed that the uniform distribution from 0.005 to 0.25 used to describe 206 

fractional surface area for hand-to-surface contacts was appropriate for hand-to-eye and –nose 207 

contacts, as a single finger may be used to touch these orifices or a large swipe across the nose 208 

or eye that may involve a larger portion of the hand that does not involve an immersion. Hand-209 

to-mouth contacts could involve immersion, however, justifying the use of the total hand SA as 210 



opposed to the palm-side only hand SA. There are currently no distributions for measured 211 

fractional surface area for hand-to-eye or –nose contacts, and it has been demonstrated that 212 

fractional surface areas can be specific to the hand configuration used for a contact (41). With a 213 

wide variety of potential hand configurations that could be used in hand-to-eye or nose 214 

contacts, it is likely that there is a wide range of potential fractional surface areas for these 215 

contact types. For hand-to-mouth contacts, a uniform distribution (min=0.005, max=0.30) was 216 

randomly sampled, as 0.30 corresponds to the maximum value of what AuYeung (2007) 217 

describes as a partial finger immersion in which multiple fingers may be used in contact (40). 218 

2.3.3. Transfer Efficiencies 219 

In 2013, average relative humidity in Peru by “department,” or area, ranged from 51% to 220 

92% (29).  The homes sampled in this study were not insulated or sealed, and it was assumed 221 

that outdoor relative humidity represented conditions in the home. Therefore, transfer 222 

efficiencies for high relative humidity conditions (40% to 65%) were utilized for simulated hand-223 

to-surface contacts (42). Transfer efficiencies specific to relative humidity greater than 65% 224 

were unavailable. Among transfer efficiencies available for high relative humidity conditions, 225 

transfer efficiencies for a gram positive bacterium, Staphylococcus aureus, were used because 226 

L. monocytogenes is a gram positive bacterium (42). As in other QMRA studies (43), a uniform 227 

distribution was used to represent uncertainty in transfer efficiencies. Transfer efficiencies 228 

were grouped for porous or nonporous surfaces. The smallest mean transfer efficiency 229 

reported by Lopez et al. (2013) for that particular surface type (porous or nonporous) was set 230 

equal to the uniform distribution minimum (porous: 0.002, nonporous: 0.396), while the largest 231 

mean transfer efficiency was set equal to the maximum (porous: 0.05, nonporous: 0.619) (42). 232 



A point value of 0.4099 was used for transfer efficiencies of hand-to-orifice contacts. This 233 

transfer efficiency is specific to hand-to-mouth contacts for a gram positive organism 234 

(Micrococcus luteus) (44). To the knowledge of the authors, transfer efficiencies specific for 235 

hand-to-eyes or –nose contacts were unavailable. In other risk assessments, transfer 236 

efficiencies specific to hand-to-mouth contacts have been used to approximate those for hand-237 

to-nose and –eyes contacts (43,45).  238 

2.3.4. Behaviors and Surfaces 239 

Behavioral data were used to predict the number of surface and orifice contacts and hand 240 

washing events expected to occur during the exposure time. The number of latrine and kitchen 241 

surface contacts were estimated using a number of feces and food contacts described in a 242 

report on behavior in Peruvian households (46). The total numbers of feces or food contacts in 243 

the PRISMA (2004) study were divided by the total observation time (2,959 hours) to produce a 244 

rate (contacts/hour) (46). It was assumed that a fecal or food contact represented a latrine 245 

surface or kitchen surface contact, respectively. 246 

Because some porous surfaces were present in kitchen and general living areas, surfaces 247 

for these contact types were assumed to be a mixture of porous and nonporous surfaces. It was 248 

assumed, however, that all latrine surfaces were nonporous. Due to variability in indoor 249 

environments and uncertainty as to the true distribution of porous vs. nonporous surfaces in 250 

these spaces, simulations were repeated with varying proportions of nonporous surfaces (0.25, 251 

0.5, 0.75) to observe the effect of this uncertainty on estimated infection risks.  252 

To account for the fact that sampled surfaces may not reflect all of the surfaces in the 253 

home, simulations were repeated with varying proportions of uncontaminated surfaces or 254 



“clean” surfaces (0, 0.25, 0.5, 0.75, 0.90) where it was assumed that a clean surface had a true 255 

zero concentration. This proportion affected all types of modeled surface contacts (latrine, 256 

kitchen, and general) in the model.  257 

PRISMA (2004) reported that a handwashing event followed a fecal contact 29% of the 258 

time, while handwashing occurred before food events 20% of the time (46).  These rates were 259 

reflected in the simulated behavior sequences by giving handwashing events a 0.29 and 0.20 260 

probability of occurring before a kitchen surface contact or after a latrine contact, respectively. 261 

PRISMA (2004) also reported that for handwashing events that followed fecal contacts, soap 262 

was used 14% of the time, while soap was used during hand washing prior to food contacts 6% 263 

of the time (46). The probability of a simulated person using soap during a hand washing event 264 

was reflected by these PRISMA (2004) data (46).  265 

To account for surface contacts that were unrelated to food or fecal activities, a rate of 266 

contacts with general surfaces/minute was used. Because this data was not available in the 267 

PRISMA (2004) report or in other Peru behavioral studies to our knowledge (46), additional 268 

behavior data utilized in other microbial exposure models were incorporated (43,47).  269 

The contact frequencies of hand-to-eye and -nose contacts, originating from behavioral 270 

data (48) were fit to log normal distributions. For hand-to-eye contacts, a log normal 271 

distribution was fit to nonzero contact frequencies, and a value of zero was imputed for the 272 

proportion of the time that zero contacts were observed (48). For hand-to-mouth contacts, a 273 

distribution used by Beamer et al. (2015) was utilized (43). For each surface or orifice contact, 274 

there was an equal probability of the right or left hand being used, as it has been shown in 275 

behavioral studies that the right and left hands did not have significantly different behavior 276 



sequences (47). Please see Table 1 for contact frequencies used for latrine surface, kitchen 277 

surface, general surface, and orifice contacts.  278 

2.3.5. Computing Exposure and Dose 279 

During a surface contact, the following equation was used to calculate a change in L. 280 

monocytogenes concentration on the hand: 281 

                                           𝐶𝐶ℎ𝑠𝑠𝑢𝑢𝑠𝑠,𝑝𝑝 = 𝐶𝐶ℎ𝑠𝑠𝑢𝑢𝑠𝑠,𝑝𝑝−1 − �𝑇𝑇𝑇𝑇 ∙  𝐹𝐹𝑆𝑆𝑆𝑆 ∙  �𝐶𝐶ℎ𝑠𝑠𝑢𝑢𝑠𝑠,𝑝𝑝−1 − 𝐶𝐶𝑓𝑓��                    (4) 282 

where 𝐶𝐶ℎ𝑠𝑠𝑢𝑢𝑠𝑠,𝑝𝑝 = concentration on hands at time 𝑟𝑟 (number of organisms/cm2) 283 

𝑇𝑇𝑇𝑇 = transfer efficiency (fraction) 284 

𝐹𝐹𝑆𝑆𝑆𝑆 = fraction of hand surface area in contact (fraction) 285 

𝐶𝐶𝑓𝑓 = L. monocytogenes concentration on surface (number of organisms/cm2) 286 

During a hand-to-mouth contact, the following equations were used to calculate a 287 

concentration of L. monocytogenes concentration on the hand and the instantaneous dose: 288 

𝐶𝐶ℎ𝑠𝑠𝑢𝑢𝑠𝑠,𝑝𝑝 = 𝐶𝐶ℎ𝑠𝑠𝑢𝑢𝑠𝑠,𝑝𝑝−1  ∙  (1 − 𝑇𝑇𝑇𝑇 ∙  𝐹𝐹𝑆𝑆𝑆𝑆 )    (5) 289 

                                           𝐷𝐷𝑟𝑟𝐷𝐷𝐷𝐷 = 𝑇𝑇𝑇𝑇 ∙ 𝑆𝑆 ∙ 𝑆𝑆ℎ𝑠𝑠𝑢𝑢𝑠𝑠 ∙ 𝐶𝐶ℎ𝑠𝑠𝑢𝑢𝑠𝑠,𝑝𝑝−1    (6) 290 

where 𝐷𝐷𝑟𝑟𝐷𝐷𝐷𝐷 = instantaneous dose in units of number of organisms  291 

𝑆𝑆ℎ𝑠𝑠𝑢𝑢𝑠𝑠 = total hand surface area for a single hand (cm2) 292 

During hand-to-eye or hand-to-nose contacts, a change in concentration on the hand 293 

occurs, but there is no L. monocytogenes dose. Although it is acknowledged that mucosal 294 

membranes other than the mouth can result in L. monocytogenes infection (49), the dose-295 

response curve utilized in this study was for oral exposure specifically.   296 



2.3.6. Hand Washing Events 297 

During hand washing events, a uniform distribution of log10 reductions (min=0.25, 298 

max=0.5) was randomly sampled to produce an estimated reduction of bacteria on both hands, 299 

as washing with plain soap has been shown to reduce concentration on hands by between 0.25 300 

to 0.5 log10 (50). For hand washing events in which soap was not used, it was assumed that 301 

washing with water alone would reduce concentrations on hands by less than when soap is 302 

used. Log10 reductions specific to washing with untreated water without soap were not 303 

available, to the knowledge of the authors. Therefore, it was assumed log10 reductions for 304 

washing without soap ranged from 0 to 0.25 log10. Uniform distributions were used to 305 

represent hand washing efficacies (Table 1). 306 

It is acknowledged that the water containers in the field were likely contaminated, and the 307 

reductions used in this model assume that the hands cannot become contaminated from 308 

washing with contaminated water.  309 

2.4. Dose-Response 310 

The health outcome of interest in this study was infection risk, where infection is defined as 311 

an organism being ingested and then colonizing the body without symptoms necessarily being 312 

shown.  A beta-Poisson dose-response curve recommended by the QMRAwiki was utilized to 313 

predict infection risk for each simulated cumulative dose over 4, 6, and 8 hours of exposure 314 

(51,52). 315 

𝑃𝑃(𝑟𝑟𝑎𝑎𝑖𝑖𝐷𝐷𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎) = 1 − �1 + 𝑎𝑎𝑟𝑟𝐷𝐷𝐷𝐷
�2

1
∝−1�

𝑁𝑁50
�

−∝

   (7) 316 



where 𝑃𝑃(𝑟𝑟𝑎𝑎𝑖𝑖𝐷𝐷𝑖𝑖𝑟𝑟𝑟𝑟𝑟𝑟𝑎𝑎) = probability of infection 317 

∝ = shape parameter 318 

𝑎𝑎𝑟𝑟𝐷𝐷𝐷𝐷 = cumulative dose for exposure period (number of organisms) 319 

𝑁𝑁50 = dose where 50% of the population would be expected to be infected 320 

This dose-response curve originates from an animal feeding study where mice were 321 

considered “infected” if, after expiration, L. monocytogenes was detected in organs or in the 322 

fetus of pregnant mice (52). Because there are uncertainties in the relation of infected mice to 323 

infected humans and uncertainty regarding differences in response to low and high doses of L. 324 

monocytogenes and in susceptibility among populations (2), it is acknowledged that the health 325 

outcomes predicted for simulated exposures may not accurately reflect the anticipated health 326 

outcomes for this population of Peruvian women. However, to the knowledge of the authors, 327 

another dose-response model more pertinent to this subpopulation and scenario was not 328 

available. Additionally, the choice to treat dose cumulatively over time with respect to infection 329 

risk has been done in other studies (19,20,43), but there is discussion in the QMRA field about 330 

this method versus treating each hand-to-mouth contact as an independent dose (53). 331 

2.5. Sensitivity Analysis 332 

A sensitivity analysis was conducted to evaluate the effects of the number of hand-to-mouth, 333 

-eyes -nose, and -surface contacts, transfer efficiency, surface concentration, number of hand 334 

washes, hand surface area, and fractional surface area of contact on estimated 8-hr doses. To 335 

evaluate the effect of explanatory variables on estimated doses, Spearman correlation 336 

coefficients were calculated and ranked, where a greater magnitude of Spearman correlation 337 



coefficient related to a greater relationship to estimated dose and a smaller rank value. This 338 

method has been used in other QMRA studies to evaluate the sensitivity of the estimated 339 

outcome to assumed parameters (17,20,54). For stochastic parameters for which there were 340 

multiple values per iteration of the model, the arithmetic mean of the randomly selected values 341 

was used to represent the value of that parameter for that model iteration. This method has 342 

been used in other discrete time simulation exposure models (17,20). Scatter plots were also 343 

used to visually inspect relationships between the explanatory variable and estimated dose. 344 

To evaluate the effect of the assumed percent of clean surfaces on the relationships of model 345 

parameters and dose, Spearman correlation coefficients were estimated for two scenarios in 346 

which the percent of kitchen and general surfaces assumed to be nonporous was held constant 347 

(50%) and one scenario assumed 0% clean surfaces while the other assumed 90% clean surfaces. 348 

To evaluate the effect of assumed percent of nonporous surfaces on the relationships of model 349 

parameters and dose, Spearman correlation coefficients were estimated for two other scenarios 350 

in which percent of clean surfaces was held constant (50%) and one scenario assumed 25% of 351 

kitchen and general surfaces were nonporous while the other assumed 75% of kitchen and 352 

general surfaces were nonporous. 353 

3. Results 354 

3.1. L. monocytogenes Detection and Quantification on Household Surfaces 355 

L. monocytogenes was detected on 22.7% (20/88) and 29.0% (40/138) of latrine and 356 

kitchen surfaces, respectively (Table 2). Concentrations for latrine surfaces ranged from 0.21 to 357 

259.7 MPN/10 cm2, while concentrations on kitchen surfaces ranged from 0.20 to 75.0 MPN/10 358 



cm2 (Table 2). Limits of detection ranged from 0.03 to 5.93 MPN/10 cm2 and 0.18 to 2.05 359 

MPN/10 cm2 for latrine and kitchen surfaces, respectively (Table 2). 360 

3.2. Distributions for L. monocytogenes Concentrations on Surfaces 361 

The skewness and kurtosis of observed and bootstrapped concentration data for latrine, 362 

kitchen, and all surface types were within ranges expected for the beta distribution.  363 

Histograms of 1000 randomly sampled concentrations from fit distributions compared to 364 

experimentally measured concentrations demonstrated the beta distribution’s flexibility in 365 

capturing the skewed data (Table 3).  366 

3.3. Distribution for Total Hand Surface Area 367 

For the Peruvian women in this study, estimated total hand surface areas from traced 368 

hands using GIMP photo software ranged from 205.23 to 356.08 cm2 for a single hand. 369 

Considering that single hand surface areas for U.S. adult females ranged from 380 cm2 to 530 370 

cm2 in the Exposure Factors Handbook (2011) (55) and that, relative to U.S. adults, Peruvian 371 

adults tend to have smaller height (56) (an anthropometric measurement traditionally linked to 372 

body surface area (57)), the estimated hand surface areas in this study seem reasonable.  373 

3.4. Estimated Doses 374 

 For 4-hr estimated cumulative doses, the smallest mean dose (121.7 organisms) was for 375 

the scenario in which 90% of simulated surfaces were clean and 25% of the surfaces were 376 

nonporous (Table 4). The largest estimated dose (1479.9 organisms) at 4-hr was for the 377 

scenario in which 0% of simulated surfaces were clean and 50% were nonporous (Table 4). For 378 

6-hr cumulative doses, these same scenarios had the smallest and largest estimated doses of 379 

184.4 organisms and 2227.8 organisms, respectively (Table 4). This was also true for 8-hr 380 



cumulative doses, where the smallest and largest mean doses were 247.3 organisms and 381 

2977.9 organisms, respectively. 382 

3.5. Estimated Infection Risks 383 

Over all scenarios, mean estimated infection risks (fraction) after four hours of exposure 384 

ranged from 0.31 to 0.59 (Table 5). After six and eight hours, these ranges were 0.37 to 0.63 385 

and 0.41 to 0.66, respectively (Table 5). The scenario with the consistently lowest mean 386 

estimated infection risks at all time points was the scenario assuming the largest proportion of 387 

clean surfaces and the smallest proportion of nonporous surfaces (Table 5). 388 

While estimated infection risk ranges overlapped for scenarios, Figure 1 and Figure 2 389 

demonstrate that the maximum infection risk decreased as the proportion of clean surfaces 390 

increased. The proportion of nonporous kitchen and general surfaces did not appear to have as 391 

large of an effect on infection risk (Figure 2). In some cases, increasing the proportion of 392 

nonporous kitchen and general surfaces decreased the mean estimated infection risk, while in 393 

other cases, increasing this proportion decreased mean infection risks (Table 5). 394 

 As simulation time went on, the differences between the estimated infection risks per 395 

scenario became smaller. For example, at 4 hours, the largest difference in mean infection risk 396 

among the various proportion of clean surface and proportion of nonporous surface scenarios 397 

was 0.28. At six hours, this difference was 0.26, and at eight hours it was 0.25 (Table 5). This 398 

may be due to the fact that as cumulative doses become larger, a maximum infection risk is 399 

approached, and the overall influence of proportions of clean or nonporous surfaces has less of 400 

an effect (Figure 2). 401 



3.6. Evaluation of Simulated Behavior Impacts 402 

Of the events that contribute to change in bacterial concentration on the hands, general 403 

surface contacts contributed to the greatest absolute change over the simulation period (Figure 404 

3). However, for events occurring early on in the simulation, there was a larger impact on 405 

overall cumulative change in bacterial concentration on hands, due to fewer events 406 

contributing to bacterial concentration change up to that moment in the simulation. For 407 

example, in one simulation shown in Figure 3, the first handwashing event occurring at 365 408 

seconds accounted for approximately 15% of the cumulative change in concentration on hands. 409 

However, few events up until this point had contributed to any change (Figure 3). As time went 410 

on in the simulation, the contribution of each event approached a somewhat steady 411 

proportion, and the effect of the handwashing on cumulative change of bacterial concentration 412 

on the hands quickly diminished (Figure 3). Two other hand washing events at 16,806 and 413 

21,350 seconds contributed to more bacterial loss to the hands, but, at this point in the 414 

simulation, these changes in concentration due to hand washing were small relative to the total 415 

amount accrued on the hands as a result of contacts with contaminated surfaces (Figure 3). 416 

3.7. Sensitivity Analysis 417 

In all scenarios, the three most influential parameters on estimated dose were the number 418 

of hand-to-mouth contacts, transfer efficiency, and the fractional surface area of contact (Table 419 

6). For all sensitivity analysis scenarios, the number of hand-to-mouth contacts, transfer 420 

efficiency, and fractional surface area had a Spearman correlation coefficient ranging from 421 

0.94-0.99, 0.49-0.73, and from 0.46-0.52 (Table 6). Spearman correlation coefficients for these 422 

parameters were slightly smaller when 90% of surfaces were assumed to be clean as opposed 423 



to 0%. When the percent of surfaces was held constant at 50% and the percent of nonporous 424 

kitchen or general surfaces was changed from 25% to 50%, the Spearman correlation 425 

coefficient for transfer efficiency decreased from 0.72 to 0.49 (Table 6), while the Spearman 426 

correlation coefficients for number of hand-to-mouth contacts and fractional surface area of 427 

contact changed from 0.98 to 0.99 and from 0.46 to 0.48, respectively. 428 

4. Discussion 429 

4.1. Key Findings 430 

In our simulated study, the largest mean infection risk (0.66) was estimated assuming 8 431 

hours of exposure in an environment with a 0.25-0.75 proportion of nonporous surfaces and all 432 

household surfaces being contaminated (Table 5). The smallest mean infection risk (0.31) was 433 

estimated assuming 4 hours of exposure in an environment with a 0.25 proportion of 434 

nonporous surfaces and 90% of household surfaces being clean (Table 5). All simulated 435 

scenarios at all time points resulted in estimated infection risks with a broad range, signifying 436 

that variability and uncertainty in behaviors, transfer efficiencies, total hand surface area, L. 437 

monocytogenes concentration on a contacted surface, and fractional hand surface areas can 438 

result in outcomes with very different implications for risk. For example, in one scenario, the 8-439 

hr minimum risk was 0.16 while the maximum risk was 0.84 (Table 5). This could further signify 440 

that variability should be specified on an individual level and that greater work needs to be 441 

done to decrease uncertainty. In the sensitivity analysis, the number of hand-to-mouth 442 

contacts, transfer efficiency, and fractional surface are of contact were consistently strongly 443 

associated with estimated 8-hr doses, regardless of assumptions about the proportion of clean 444 

surfaces or nonporous kitchen and general surfaces (Table 6). This indicates that behavioral 445 



parameters and parameters related to the mechanisms of microbial transfer during hand-to-446 

surface contacts are important in estimating dose. In addition to natural variability of these 447 

parameters, variability in experimental measures of these variables and their distributions 448 

could be contributing to the wide range of estimated infection risks. Advances in experimental 449 

design and greater control over experimental conditions for studies quantifying parameters 450 

such as transfer efficiency could reduce uncertainty in future models. 451 

 The scenario and model used in this study imply that the proportion of contaminated 452 

surfaces in a household may be more influential on infection risk than the proportion of 453 

nonporous surfaces vs. porous surfaces. It was also demonstrated that as time increases, 454 

infection risks become more similar for varying scenarios, likely due to high doses that 455 

approach the horizontal asymptote of the dose-response curve. Additionally, this study 456 

demonstrates the importance of surface cleaning of household surfaces, as the frequent 457 

contact with surfaces may contribute larger changes in bacterial concentration on the hands 458 

over time than hand washing events when human behavior frequencies are similar to those 459 

modeled in this study (Figure 3). 460 

The sensitivity analysis implies that assumptions regarding the proportion of clean, or 461 

uncontaminated, surfaces and the proportion of nonporous kitchen or general surfaces likely 462 

do not have a large impact on relationships between behavioral parameters (Table 6). 463 

However, it was demonstrated that increasing the proportion of clean surfaces tends to 464 

decrease mean estimated doses and therefore infection risks (Tables 4 and 5). 465 



4.2. Generalizability 466 

While L. monocytogenes is often associated with cut meats and refrigerated foods in 467 

countries such as the United States, the source of L. monocytogenes in this particular Peruvian 468 

community is likely not due to refrigerated foods, as most of the community members 469 

participating in this study did not own refrigerators (data not shown). In areas like the shanty 470 

town community participating in this study, L. monoyctogenes is likely associated with 471 

wastewater, graywater, and presence and persistence in the natural environment. L. 472 

monocytogenes and other pathogens have been detected in natural waters in other parts of the 473 

world where these waters were known to be contaminated (58), and L. monocytogenes can 474 

survive in soil, fecal matter, water, and animal feed for days to months (59). 475 

Additionally, there is a historic consumption of guinea pigs in Peru (60). Rodents have been 476 

shown to be potential carriers of L. monocytogenes, even antibiotic resistant strains (61). In a 477 

study conducted by Wang et al. (2017) in China, Listeria spp. was detected in 31 of 341 478 

intestinal rodent feces, 11 of which were a detection of L. monocytogenes, specifically (61). Of 479 

these Listeria spp., 94.1% were resistant to oxacillin and 70.6% were resistant to cefuroxime 480 

(61). In addition to potential environmental sources of L. monocytogenes, more information is 481 

needed regarding the role of guinea pig consumption and storage and care of guinea pigs in 482 

these communities in terms of hygiene and potential contamination in the home. These 483 

potential sources of L. monocytogenes highlight the importance of One Health approaches in 484 

future QMRAs to quantify not only infection risks but also to identify environmental and animal 485 

influences on contamination in the home (62). 486 



Using data from the PRISMA behavioral study to inform this simulation, the frequency of 487 

hand washing occurring in simulated behavior sequences was low, where on average a person 488 

washed their hands 2.40 times within 8 hours. Hand washing did not have a large impact on 489 

bacterial concentration change on hands as compared to other activities, such as general 490 

surface contacts (Figure 3). This is consistent with other behavioral studies conducted in Peru 491 

shantytowns, where it was found that infrequent hand washing did little to prevent fecal 492 

contamination (63). One hypothesized reason for this is the financial burden of the water 493 

volume needed to wash hands more frequently (63). Additionally, it has been demonstrated 494 

that hand contamination following hand washing may occur rapidly in contaminated 495 

environments (64). 496 

This study demonstrates the high impact of the number of hand-to-mouth contacts on 497 

estimated doses (Table 6). This is consistent with other second-by-second mechanistic models 498 

where hand-to-mouth contacts were identified as a parameter with one of the strongest 499 

relationships with estimated dose (16,17,19,20). Unlike other models (17,20), however, the 500 

frequency of hand washing did not have a strong relationship with estimated dose in this study 501 

(Table 6). One reason for this may be due to lower hand washing efficacies in this QMRA scenario. 502 

The highest possible reduction due to hand washing with soap in this simulation was 100.5, 503 

whereas in other models hand washing efficacies are as high as 102.19 (20). In this model, transfer 504 

efficiency had a stronger relationship with estimated doses than what has been shown in other 505 

studies (17,20). However, in this environment, transfer efficiencies for high relative humidity 506 

conditions were utilized, where transfer efficiencies are generally larger. For example, for 507 

nonporous surface contacts the distribution of transfer efficiencies used in this study was uniform 508 



(min=0.396, max=0.619) (Table 1), whereas in other studies assuming low relative humidity 509 

conditions, transfer efficiencies for nonporous surface contacts were represented with a uniform 510 

distribution with a min=0.05 and max=0.22 (17,20). In addition to differences in distributions for 511 

parameters, a unique component of this QMRA model was the integration of not only scenario-512 

specific behaviors and concentrations of L. monocytogenes for surfaces, but also the use of 513 

anthropometric hand surface area measurements specific to the population of interest. While 514 

hand surface area was not one of the most influential parameters on estimated doses, the 515 

integration of scenario-specific data reduced uncertainties in this modeling component. 516 

4.3. Limitations 517 

While behavior data specific to the geographical area of the QMRA scenario could be 518 

utilized, there were still assumptions made in implementation of these data. For example, fecal 519 

contact rates were used to estimate latrine surface contact rates. However, health risks from 520 

fecal contacts are generally higher than contacts with latrine surfaces. More certainty could be 521 

placed in the estimated infection risks with surface-specific contact rates as opposed to using 522 

contacts with other items as a proxy for surface contact frequencies. 523 

Growth and inactivation of L. monocytogenes were not accounted for in this risk 524 

assessment. Although it has been shown that gram positive bacteria can remain culturable on 525 

surfaces, particularly plastic, for weeks (65), L. monocytogenes is known for growing under a 526 

wide variety of conditions, including at 0⁰C (66), and to persist in some environments, such as 527 

food processing facilities, for as long as decades (31). Additionally, it has been shown that the 528 

survival of L. monocytogenes improves under high humidity conditions (67), relevant to the 529 

exposure scenario of this study. Additionally, distributions of concentrations using MPN values 530 



did not account for the full range of MPN estimates. Rather, the best estimate MPN 531 

concentrations were used. This means that the true presence of L. monocytogenes could be 532 

greater or less than what was modeled in this study.  533 

Accounting for the growth of L. monocytogenes in indoor environments where regular 534 

cleaning may not be occurring will be important in future L. monocytogenes QMRAs that aim to 535 

capture the full health risk of contamination over time. L. monocytogenes growth in biofilms 536 

within food processing environments, industrial surfaces, or on food surfaces has been 537 

described (33–37). Unfortunately, data or curves describing the growth or death of L. 538 

monocytogenes on varieties of fomites in residential or general indoor environments, such as 539 

on plastic and rag surfaces sampled in this study, were unavailable. More data are needed 540 

characterizing growth and death of pathogens over time in indoor environments. 541 

 Another limitation in this study was lack of data to inform hand washing efficacies 542 

expected for washing without soap. It is acknowledged that hand washing in this simulation 543 

scenario may overestimate the true efficacy of hand washing with contaminated water since it 544 

has been demonstrated with viruses that microbial attachment to the skin can occur when 545 

hands contact contaminated water (68). Understanding the mechanisms by which bacteria 546 

attach and detach from the hand during hand washing events involving contaminated water 547 

sources would further inform estimated health outcomes based on current hygiene behaviors 548 

in communities that lack access to clean water that would make hand washing interventions 549 

more efficacious. 550 

A further limitation in this study was the use of a dose-response curve that may not 551 

accurately represent the expected response for Peruvian women, specifically. It has been 552 



acknowledged that susceptibility to L. monocytogenes varies for different population sub 553 

groups (69) and by age (2). Although there are dose-response models that can adjust for age 554 

susceptibility and other sub population health characteristics, this information was not 555 

available for Peruvian women. Therefore, a generalized dose response model was used to avoid 556 

additional methodological steps that would introduce additional uncertainty to the expected 557 

dose-response for this population.  558 

4.4 Future Directions 559 

The application of QMRA and the utilization of environmental microbiological survey data 560 

to estimate health risks associated with household cleanliness and hygiene behaviors, such as 561 

hand washing, can address current epidemiological data gaps by estimating disease burden. 562 

Future QMRA models can be extended in similar scenarios to relate intervention efficacies and 563 

changes in hygiene behaviors to infection risk reductions. Additionally, simulation modeling can 564 

be used to investigate and quantify the relationships between human behaviors, environmental 565 

surfaces, and health in order to inform future hygiene interventions. Models, such as the one 566 

used in this study, can be applied in future studies to estimate infection risks for other 567 

communities, if scenario-specific and quantified microbiological contamination levels are 568 

available. This model can be further improved by incorporating more specific macro- and micro-569 

activities for the subpopulation of interest and by future work to determine a more appropriate 570 

dose-response model for this population, leading to more accurate risk assessments and more 571 

informed conclusions about the effects of human behavior on estimated health outcomes. 572 



5. Acknowledgements 573 

The authors wish to acknowledge The Clorox Company for providing funding for this 574 

project. In addition we’d like to thank Dr. Jose Vinoles and personnel from Instituto de 575 

Investigación Nutricional, The Canyon Ranch Institute, Boston University, and Kallpa for 576 

providing assistance in project planning and execution and community access. Finally, thank 577 

you to the community members who welcomed us into their homes.   578 

6. References 579 

1.  de Noordhout CM, Devleesschauwer B, Angulo FJ, Verbeke G, Haagsma J, Kirk M, et al. The global 580 
burden of listeriosis: A systematic review and meta-analysis. Lancet Infect Dis [Internet]. 581 
2014;14(11):1073–82. Available from: http://dx.doi.org/10.1016/S1473-3099(14)70870-9 582 

2.  Buchanan RL, Gorris LGM, Hayman MM, Jackson TC, Whiting RC. A review of Listeria 583 
monocytogenes: An update on outbreaks, virulence, dose-response, ecology, and risk 584 
assessments. Food Control [Internet]. 2017;75:1–13. Available from: 585 
http://dx.doi.org/10.1016/j.foodcont.2016.12.016 586 

3.  Villanueva D, Salazar M. Formación de biopelículas por Listeria monocytogenes aisladas de queso 587 
fresco de mercados del Cercado de Lima. Ina la Fac Med. 2017;78(3):322–5.  588 

4.  Espinoza A, De La Torre B, Salinas M, Sánchez V. Determinación de Listeria monocytogenes en 589 
quesos frescos de producción artesanal que se expenden en los mercados del distrito de Ica, 590 
Enero-Marzo 2003. Rev Peru Med Exp Salud Publica. 2004;21(2):71–5.  591 

5.  Díaz M, Chávez M, Sauceda E. Listeria monocytogenes en leche y queso fresco como vehículo 592 
transmisor de listeriosis humana en la Provincia de Trujillo, Perú. Rev Cienc y Tecnol. 593 
2013;9(2):23–38.  594 

6.  Pérez M, Salazar M, Gamarra G. Prevalencia de Listeria monocytogenes en salchichas tipo huacho 595 
provenientes de los mercados de abasto del cercado de Lima. Cienc Invest. 2013;16(2):68–72.  596 

7.  Pérez E, Chávez M. Frecuencia de Listeria monocytogenes en tomate, zanahoria, espinaca, 597 
lechuga y rabanito, expendidos en mercados de Trujillo, Perú. Rev Cienc y Tecnol. 2012;8(22):11–598 
21.  599 

8.  Lewis G, Schweig M, Guillén-Pinto D, Rospigliosi M. Meningitis neonatal en un hospital general de 600 
Lima, Perú, 2008 al 2015. Rev Peru Med Exp Salud Publica. 2017;34:233–8.  601 

9.  Bloomfield SF, Exner M, Signorelli C, Nath KJ, Scott EA. The chain of infection transmission in the 602 
home and everyday life settings, and the role of hygiene in reducing the risk of infection 603 
[Internet]. 2012. Available from: https://www.ifh-604 
homehygiene.org/sites/default/files/publications/IFHinfectiontransmissionreviewFINAL.pdf 605 

10.  Scott E, Bloomfield SF. The survival and transfer of microbial contamination via cloths, hands and 606 



utensils. J Appl Bacteriol. 1990;68(3):271–8.  607 

11.  Ryan MJ, Wall PG, Gilbert RJ, Griffin M, Rowe B. Risk factors for outbreaks of infectious intestinal 608 
disease linked to domestic catering. Commun Dis Rev. 1996;6(13).  609 

12.  Rusin P, Orosz-Coughlin P, Gerba C. Reduction of faecal coliform, coliform and heterotrophic 610 
plate count bacteria in the household kitchen and bathroom by disinfection with hypochlorite 611 
cleaners. J Appl Microbiol. 1998;85(5):819–28.  612 

13.  Chaidez C, Gerba CP. Bacteriological analysis of cellulose sponges and loofahs in domestic 613 
kitchens from a developing country. Dairy, Food Environ Sanit. 2000;20(11):834–7.  614 

14.  Bivins AW, Sumner T, Kumpel E, Howard G, Cumming O, Ross I, et al. Estimating infection risks 615 
and the global burden of diarrheal disease attributable to intermittent water supply using QMRA. 616 
Environ Sci Technol. 2017;51(13):7542–51.  617 

15.  Howard G, Pedley S, Tibatemwa S. Quantitative microbial risk assessment to estimate health risks 618 
attributable to water supply: Can the technique be applied in developing countries with limited 619 
data? J Water Health [Internet]. 2006;4(1):49–65. Available from: 620 
http://ovidsp.ovid.com/ovidweb.cgi?T=JS&PAGE=reference&D=emed7&NEWS=N&AN=20061671621 
30 622 

16.  Julian TR, Vithanage HSK, Chua ML, Kuroda M, Pitol AK, Nguyen PHL, et al. High time-resolution 623 
simulation of E. coli on hands reveals large variation in microbial exposures amongst Vietnamese 624 
farmers using human excreta for agriculture. Sci Total Environ. 2018;635:120–31.  625 

17.  Canales RA, Reynolds KA, Wilson AM, Fankem SLM, Weir MH, Rose JB, et al. Modeling the role of 626 
fomites in a norovirus outbreak. J Occup Environ Hyg [Internet]. 2019 Oct 1;16(1):16–26. 627 
Available from: https://doi.org/10.1080/15459624.2018.1531131 628 

18.  Julian TR, Pickering AJ. A pilot study on integrating videography and environmental microbial 629 
sampling to model fecal bacterial exposures in peri-urban. PLoS One. 2015;10(8):1–15.  630 

19.  Julian TR, Canales RA, Leckie JO, Boehm AB. A model of exposure to rotavirus from nondietary 631 
ingestion iterated by simulated intermittent contacts. Risk Anal. 2009;29(5):617–32.  632 

20.  Wilson AM, Reynolds KA, Verhougstraete MP, Canales RA. Validation of a stochastic discrete 633 
event model predicting virus concentration on nurse hands. Risk Anal [Internet]. 2019; Available 634 
from: http://doi.wiley.com/10.1111/risa.13281 635 

21.  Benke KK, Hamilton AJ. Quantitative microbial risk assessment: Uncertainty and measures of 636 
central tendency for skewed distributions. Stoch Environ Res Risk Assess. 2008;22(4):533–9.  637 

22.  El-Shaarawi AH, Esterby SR, Dutka BJ. Bacterial density in water determined by poisson or 638 
negative binomial distributions. Appl Environ Microbiol. 1981;41(1):107–16.  639 

23.  Haas CN. How to average microbial densities to characterize risk. Water Res. 1996;30(4):1036–8.  640 

24.  Teunis PFM, Medema GJ, Kruidenier L, Havelaar AH. Assessment of the risk of infection by 641 
Cryptosporidium or Giardia in drinking water from a surface water source. Water Res. 642 
1997;31(6):1333–46.  643 

25.  Flynn MR. A stochastic differential equation for exposure yields a beta distribution. Ann Occup 644 
Hyg. 2004;48(5):491–7.  645 



26.  Delignette-Muller ML, Dutang C. fitdistrplus: An R Package for Fitting Distributions. J Stat Softw. 646 
2015;64(4):1–34.  647 

27.  R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R 648 
Foundation for Statistical Computing; 2018.  649 

28.  Error when fitting a beta distribution: the function mle failed to estimate parameters with error 650 
code 100 [Internet]. Stack Overflow. 2017 [cited 2018 Nov 12]. Available from: 651 
https://stackoverflow.com/questions/44507568/error-when-fitting-a-beta-distribution-the-652 
function-mle-failed-to-estimate-the 653 

29.  Peru National Institute of Statistics and Information. Average Annual Relative Humidity, by 654 
Department, 2002 to 2013. 2014.  655 

30.  Vogel BF, Hansen LT, Mordhorst H, Gram L. The survival of Listeria monocytogenes during long 656 
term desiccation is facilitated by sodium chloride and organic material. Int J Food Microbiol 657 
[Internet]. 2010;140(2–3):192–200. Available from: 658 
http://dx.doi.org/10.1016/j.ijfoodmicro.2010.03.035 659 

31.  Ferreira V, Wiedmann M, Teixeira P, Stasiewicz MJ. Listeria monocytogenes persistence in food-660 
associated environments: epidemiology, strain characteristics, and implications for public health. 661 
J Food Prot. 2014;77(1):150–70.  662 

32.  Carpentier B, Cerf O. Review - Persistence of Listeria monocytogenes in food industry equipment 663 
and premises. Vol. 145, International Journal of Food Microbiology. 2011. p. 1–8.  664 

33.  Vicario T. Listeria Monocytogenes Incidence, Growth Behavior and Control. Nova Science Pub Inc; 665 
UK edition; 2015.  666 

34.  Callon C, Retureau E, Didienne R, Montel MC. Microbial biodiversity in cheese consortia and 667 
comparative Listeria growth on surfaces of uncooked pressed cheeses. Int J Food Microbiol 668 
[Internet]. 2014;174:98–109. Available from: 669 
http://dx.doi.org/10.1016/j.ijfoodmicro.2014.01.003 670 

35.  Sheng L, Edwards K, Tsai HC, Hanrahan I, Zhu MJ. Fate of Listeria monocytogenes on fresh apples 671 
under different storage temperatures. Front Microbiol. 2017;8(JUL):1–8.  672 

36.  Belessi CEA, Gounadaki AS, Schvartzman S, Jordan K, Skandamis PN. Evaluation of growth/no 673 
growth interface of Listeria monocytogenes growing on stainless steel surfaces, detached from 674 
biofilms or in suspension, in response to pH and NaCl. Int J Food Microbiol [Internet]. 675 
2011;145(SUPPL. 1):S53–60. Available from: http://dx.doi.org/10.1016/j.ijfoodmicro.2010.10.031 676 

37.  Pradhan AK, Li M, Li Y, Kelso LC, Costello TA, Johnson MG. A modified weibull model for growth 677 
and survival of listeria innocua and salmonella typhimurium in chicken breasts during 678 
refrigerated and frozen storage. Poult Sci [Internet]. 2012;91(6):1482–8. Available from: 679 
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L364799968%680 
0Ahttp://ps.fass.org/content/91/6/1482.full.pdf+html%0Ahttp://dx.doi.org/ 10.3382/ps.2011-681 
01851 682 

38.  AuYeung W, Canales RA, Leckie JO. The fraction of total hand surface area involved in young 683 
children’s outdoor hand-to-object contacts. Environ Res. 2008;108(3):294–9.  684 

39.  Imrhan SN, Sarder MD, Mandahawi N. Hand anthropometry in Bangladeshis living in America and 685 



comparisons with other populations. Ergonomics. 2009;52(8):987–98.  686 

40.  AuYeung W. Analysis and simulation of young children’s hand and mouthing contact behaviors. 687 
Stanford University; 2007.  688 

41.  Canales RA, Leckie JO. Using contact-specific surface area estimates in exposure models. J Child 689 
Heal. 2005;2(3–4):345–62.  690 

42.  Lopez GU, Gerba CP, Tamimi AH, Kitajima M, Maxwell SL, Rose JB. Transfer efficiency of bacteria 691 
and viruses from porous and nonporous fomites to fingers under different relative humidity. Appl 692 
Environ Microbiol. 2013;79(18):5728–34.  693 

43.  Beamer PI, Plotkin KR, Gerba CP, Sifuentes LY, Koenig DW, Reynolds KA. Modeling of human 694 
viruses on hands and risk of infection in an office workplace using micro-activity data. J Occup 695 
Environ Hyg. 2015;12(4):266–75.  696 

44.  Rusin P, Maxwell S, Gerba C. Comparative surface-to-hand and fingertip-to-mouth transfer 697 
efficiency of gram-positive bacteria, gram-negative bacteria, and phage. J Appl Microbiol. 698 
2002;93(4):585–92.  699 

45.  Wilson AM, Reynolds KA, Sexton JD, Canales RA. Modeling surface disinfection needs to meet 700 
microbial risk reduction targets. Appl Environ Microbiol. 2018;84(18):1–9.  701 

46.  PRISMA. Behavioral study of handwashing with soap in peri-urban and rural areas of Peru 702 
[Internet]. 2004. Available from: https://www.ircwash.org/resources/behavioral-study-703 
handwashing-soap-peri-urban-and-rural-areas-peru 704 

47.  Beamer PI, Luik CE, Canales RA, Leckie JO. Quantified outdoor micro-activity data for children 705 
aged 7 – 12-years old. J Expo Sci Environ Epidemiol [Internet]. 2012;22(1):82–92. Available from: 706 
http://dx.doi.org/10.1038/jes.2011.34 707 

48.  Nicas M, Best D. A study quantifying the hand-to-face contact rate and its potential application to 708 
predicting respiratory tract infection. J Occup Environ Hyg. 2008;5(6):347–52.  709 

49.  University of California San Francisco Environment Health and Safety/Biosafety. Listeria 710 
monocytogenes exposure/injury response protocol [Internet]. 2016. Available from: 711 
https://ehs.ucsf.edu/exposure-protocols 712 

50.  Pickering AJ, Boehm AB, Mwanjali M, Davis J. Efficacy of waterless hand hygiene compared with 713 
handwashing with soap: A field study in Dar es Salaam, Tanzania. Am J Trop Med Hyg. 714 
2010;82(2):270–8.  715 

51.  CAMRA. Quantitative Microbial Risk Assessment (QMRA) Wiki [Internet]. 2019 [cited 2019 Jan 716 
27]. Available from: 717 
http://qmrawiki.canr.msu.edu/index.php/Quantitative_Microbial_Risk_Assessment_(QMRA)_Wi718 
ki 719 

52.  Golnazarian CA, Donnelly CW, Pintauro SJ, Howard DB. Comparison of Infectious Dose of Listeria 720 
monocytogenes F5817 as Determined for Normal Versus Compromised C57B1/6J Mice. J Food 721 
Prot [Internet]. 1989;52(10):696–701. Available from: 722 
http://jfoodprotection.org/doi/abs/10.4315/0362-028X-52.10.696 723 

53.  Brouwer AF, Weir MH, Eisenberg MC, Meza R, Eisenberg JNS. Dose-response relationships for 724 



environmentally mediated infectious disease transmission models. PLoS Comput Biol. 725 
2017;13(4):1–28.  726 

54.  Hamilton KA, Hamilton MT, Johnson W, Jjemba P, Bukhari Z, LeChevallier M, et al. Risk-Based 727 
Critical Concentrations of Legionella pneumophila for Indoor Residential Water Uses. Environ Sci 728 
Technol [Internet]. 2019 Apr 16;53(8):4528–41. Available from: 729 
http://pubs.acs.org/doi/10.1021/acs.est.8b03000 730 

55.  U.S. Environmental Protection Agency. Exposure Factors Handbook 2011 Edition (EPA/600/R-731 
09/052F) [Internet]. Washington, DC; 2011. Available from: 732 
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=236252 733 

56.  Bentham J, Di Cesare M, Stevens GA, Zhou B, Bixby H, Cowan M, et al. A century of trends in 734 
adult human height. Elife [Internet]. 2016;5(e13410). Available from: 735 
https://elifesciences.org/articles/13410 736 

57.  Burton RF. Estimating body surface area from mass and height: Theory and the formula of du 737 
Bois and du Bois. Ann Hum Biol. 2008;35(2):170–84.  738 

58.  Britz TJ, Sigge GO, Huisamen N, Kikine T, Ackermann A, Lotter M, et al. Fluctuations of indicator 739 
and index microbes as indication of pollution over three years in the Plankenburg and Eerste 740 
Rivers, Western Cape, South Africa. Water South Africa. 2013;39(4).  741 

59.  Fenlon DR. Listeria monocytogenes in the Natural Environment. In: Ryser ET, Marth EH, editors. 742 
Listeria, Listeriosis, and Food Safety. 2nd ed. New York, NY: Marcel Dekker, Inc.; 1999. p. 21–38.  743 

60.  defrance SD. The Sixth Toe: The Modern Culinary Role of the Guinea Pig In Southern Peru. Vol. 744 
14, Food and Foodways. 2006. 3-34 p.  745 

61.  Wang Y, Lu L, Lan R, Salazar JK, Liu J, Xu J, et al. Isolation and characterization of Listeria species 746 
from rodents in natural environments in China. Emerg Microbes Infect [Internet]. 2017;6(6). 747 
Available from: http://dx.doi.org/10.1038/emi.2017.28 748 

62.  Kingsley P, Taylor EM. One Health: Competing perspectives in an emerging field. Parasitology. 749 
2017;144(1):7–14.  750 

63.  Oswald WE, Hunter GC, Lescano AG, Cabrera L, Pan WK, Soldan VP, et al. Direct observation of 751 
hygiene in a Peruvian shantytown: not enough handwashing and too little water. Trop Med Int 752 
Heal. 2014;13(11):1421–8.  753 

64.  Pickering AJ, Julian TR, Mamuya S, Boehm AB, Davis J. Bacterial hand contamination among 754 
Tanzanian mothers varies temporally and following household activities. Trop Med Int Heal. 755 
2011;16(2):233–9.  756 

65.  Heller LC, Edelblute CM. Long-term metabolic persistence of gram-positive bacteria on health 757 
care-relevant plastic. Am J Infect Control [Internet]. 2018;46(1):50–3. Available from: 758 
https://doi.org/10.1016/j.ajic.2017.07.027 759 

66.  Walker SJ, Archer P, Banks JG. Growth of Listeria monocytogenes at refrigeration temperatures. J 760 
Appl Bacteriol. 1990;68:157–62.  761 

67.  Redfern J, Verran J. Effect of humidity and temperature on the survival of Listeria monocytogenes 762 
on surfaces. Lett Appl Microbiol. 2017;64(4):276–82.  763 



68.  Pitol AK, Bischel HN, Boehm AB, Kohn T, Juliana TR. Transfer of enteric viruses adenovirus and 764 
coxsackievirus and bacteriophage MS2 from liquid to human skin. Appl Environ Microbiol. 765 
2018;84(22).  766 

69.  Pouillot R, Hoelzer K, Chen Y, Dennis SB. Listeria monocytogenes Dose Response Revisited-767 
Incorporating Adjustments for Variability in Strain Virulence and Host Susceptibility. Risk Anal. 768 
2015;35(1):90–108.  769 

 770 

  771 



Table 1. Modeling Inputs and their Distributions and Parameters 772 

Variable Units Distribution 
(Parameter)* Source 

Area of Contact 

𝑆𝑆ℎ𝑠𝑠𝑢𝑢𝑠𝑠 cm2 Uniform 
(205.23, 356.08) This study 

𝐹𝐹𝑆𝑆𝑆𝑆𝑠𝑠𝑢𝑢𝑝𝑝𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠,𝑠𝑠𝑒𝑒𝑠𝑠,𝑢𝑢𝑓𝑓𝑠𝑠𝑠𝑠 fraction Uniform 
(0.005, 0.25) (40) 

𝐹𝐹𝑆𝑆𝑆𝑆𝑚𝑚𝑓𝑓𝑢𝑢𝑝𝑝ℎ fraction Uniform 
(0.005, 0.30) (40) 

Transfer Efficiency 

𝑇𝑇𝑇𝑇𝑝𝑝 fraction Uniform 
(0.002, 0.05) (42) 

𝑇𝑇𝑇𝑇𝑢𝑢𝑝𝑝 fraction Uniform 
(0.396, 0.619) (42) 

𝑇𝑇𝑇𝑇𝑓𝑓𝑝𝑝𝑚𝑚𝑓𝑓𝑚𝑚𝑠𝑠𝑠𝑠 fraction Point Value 
0.4099 (44) 

Hand Washing Efficacy 

Washing with soap log10 reduction Uniform 
(0.25, 0.5) (50) 

Washing without soap log10 reduction Uniform 
(0, 0.25) Assumed 

Event Frequency 

Latrine surface contact contact/hr Point value 
0.149 

This study; 
(46) 

Post-latrine contact hand 
wash 

number of 
washes/exposure time 

number of latrine 
surface contacts x 0.29 

This study; 
(46) 

Kitchen surface contact contact/hr Point value 
1.99 

This study; 
(46) 

Pre-kitchen contact hand 
wash 

number of 
washes/exposure time 

number of kitchen 
surface contacts x 0.20 

This study; 
(46) 

General surface contact contact/hr Uniform 
(329.8, 1003.6) (47) 

Mouth contact contact/min Log normal 
(0.18, 3.3) (43) 

Eye contact** contact/min 

90%:  
Log normal 

(0.034, 2.44) 
 

(48) 



10%:  
Point value 

0 

Nose contact contact/min Log normal 
(0.057, 2.99) (48) 

Dose-response Parameters 
𝛼𝛼 Shape parameter 2.53 x 10-1 (51) 
𝑁𝑁50 Infectious dose 2.77 x 102 (51) 

*Normal (mean, sd); Uniform (min, max); Log normal (geometric mean, geometric sd) 773 
**Ninety percent of the distribution was represented by a log normal distribution, and ten 774 
percent of the distribution was assumed to be equal to zero.  775 
 776 

Table 2. Descriptive Statistics for L. monocytogenes Concentrations on Latrine, Kitchen, and All 777 
Sampled Surfaces 778 

 
Limits of Detection for Censored 

Concentrations 
(MPN/10 cm2) 

Uncensored Concentrations 
(MPN/10 cm2) 

Surface 
Type 

Percent of 
Detected L. 

monocytogenes 
Samples 

GM 
(GSD)  Min, Max GM 

(GSD)  Min, Max 

Latrine 22.7% 
(20/88) 0.30 (2.6) (0.03, 5.93) 1.59 (7.54) (0.21, 259.7) 

Kitchen 29.0% 
(40/138) 0.26 (1.99) (0.18, 2.05) 6.47 (8.54) (0.20, 75.0) 

All 26.5% 
(60/226) 0.28 (2.25) (0.03, 5.93) 4.05 (8.95) (0.20, 259.7) 

 779 
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Table 3. Fit Distribution Parameters Per Surface Type and Comparison of Randomly Sampled Fit 781 
Distribution Concentrations and Experimentally Measured Concentrations 782 

Kitchen 

Beta Distribution Beta 
(0.0253, 0.157) 

𝐶𝐶𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑠𝑠𝑚𝑚 
 

Point Value 
75 

𝐶𝐶𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑢𝑢 
 

Point Value 
0.178 

Comparison of 
Fit Distribution 
to Measured 

Concentrations* 

 

Latrine 

Beta Distribution Beta 
(0.029, 0.471) 

𝐶𝐶𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑠𝑠𝑚𝑚 
 

Point Value 
259.74 

𝐶𝐶𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑢𝑢 
 

Point Value 
0.032 



Comparison of 
Fit Distribution 
to Measured 

Concentrations* 

 

All surfaces 

Beta Distribution Beta 
(0.041, 0.882) 

𝐶𝐶𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑠𝑠𝑚𝑚 
 

Point Value 
259.74 

𝐶𝐶𝑢𝑢𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑢𝑢 
 

Point Value 
0.032 



Comparison of 
Fit Distribution 
to Measured 

Concentrations* 

 
*Left-censored concentrations were given a value of the limit of detection for the measured 783 
concentration bar graphs 784 
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Table 4. Descriptive statistics for model-predicted L. monocytogenes cumulative doses at 4, 6, and 8 hours under varying proportions 786 
of clean Surfaces (0, 0.25, 0.5, 0.75, 0.90) and non-porous Surfaces (0.25, 0.5, 0.75) 787 

4 Hours 

 

Proportion of Clean Surfaces 
0 0.25 0.5 0.75 0.90 

Mean (SD) Range 
(Min, Max) Mean (SD) Range 

(Min, Max) Mean (SD) Range 
(Min, Max) Mean (SD) 

Range 
(Min, 
Max) 

Mean 
(SD) 

Range 
(Min, 
Max) 

Proportion of 
non-porous 
surfaces in 
kitchen and 
general surface 
areas 

0.25 1219.2 
(1294.4) 

(0.0, 
11322.5) 

911.9 
(987.6) (0.0, 8729.4) 604.5 

(648.2) (0.0, 4559.4) 304.8 
(340.0) 

(0.0, 
2391.4) 

121.7 
(144.6) 

(0.0, 
1077.9) 

0.5 1479.9 
(2034.5) 

(0.0, 
18953.3) 

1109.7 
(1506.3) 

(0.0, 
13437.9) 

793.3 
(1013.4) (0.0, 8700.4) 373.4 

(539.6) 
(0.0, 

4834.2) 
148.6 

(220.7) 
(0.0, 

1852.5) 

0.75 1406.2 
(1880.08) 

(0.0, 
19521.0) 

1046.8 
(1389.7) 

(0.0, 
13778.6) 

698.4 
(920.4) (0.0, 8395.4) 341.8 

(452.5) 
(0.0, 

3743.6) 
134.56 
(184.2 

(0.0, 
1959.2) 

6 Hours 

 

Proportion of Clean Surfaces 

0 0.25 0.5 0.75 0.90 

Mean (SD) Range 
(Min, Max) Mean (SD) Range 

(Min, Max) Mean (SD) Range 
(Min, Max) Mean (SD) 

Range 
(Min, 
Max) 

Mean 
(SD) 

Range 
(Min, 
Max) 



Proportion of 
non-porous 
surfaces in 
kitchen and 
general surface 
areas 

0.25 1853.2 
(1977.2) 

(18.7, 
19688.1) 

1388.6 
(1499.9) 

(9.5, 
14673.0) 

929.0 
(995.2) (6.2, 7865.0) 464.9 

(512.6) 
(4.2, 

4325.9) 
184.8 

(214.4) 
(0.7, 

2129.3) 

0.5 2227.8 
(3046.4) 

(22.9, 
27192.7) 

1670.2 
(2255.9) 

(18.1, 
18941.4) 

1121.9 
(1541.6) 

(12.9, 
13421.4) 

566.3 
(813.5) 

(1.4, 
7370.6) 

223.2 
(316.8) 

(0.1, 
2503.4) 

0.75 2127.1 
(2836.9) 

(0.0, 
28830.1) 

1585.5 
(2085.5) 

(0.0, 
19361.1) 

1055.6 
(1382.6) 

(0.0, 
11472.6) 

524.4 
(695.2) 

(0.0, 
5772.2) 

206.1 
(284.7) 

(0.0, 
2622.7) 

8 Hours 

 

Proportion of Clean Surfaces 

0 0.25 0.5 0.75 0.90 

Mean (SD) Range 
(Min, Max) Mean (SD) Range 

(Min, Max) Mean (SD) Range 
(Min, Max) Mean (SD) 

Range 
(Min, 
Max) 

Mean 
(SD) 

Range 
(Min, 
Max) 

Proportion of 
non-porous 
surfaces in 
kitchen and 
general surface 
areas 

0.25 2475.0 
(2586.7) 

(18.7, 
24963.1) 

1851.5 
(1954.6) 

(9.5, 
18504.8) 

1238.7 
(1306.7) 

(6.4, 
10770.6) 

618.5 
(671.4) 

(4.6, 
6088.9) 

247.3 
(278.4) 

(1.0, 
2372.7) 



0.5 2977.9 
(4053.5) 

(27.3, 
35371.9) 

2227.5 
(2996.3) 

(22.6, 
24918.5) 

1494.8 
(2040.0) 

(12.9, 
17874.4) 

756.4 
(1067.2) 

(1.4, 
9383.9) 

299.2 
(424.7) 

(0.1, 
4168.5) 

0.75 2841.7 
(3799.5) 

(35.6, 
38844.3) 

2116.9 
(2773.8) 

(24.4, 
26450.1) 

1406.8 
(1842.3) 

(17.9, 
16910.9) 

697.8 
(926.1) 

(3.5, 
8688.6) 

277.9 
(382.9) 

(0.9, 
3839.6) 
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Table 5. Descriptive statistics for model-predicted L. monocytogenes risks at 4, 6, and 8 hours under varying proportions of clean 791 
Surfaces (0, 0.25, 0.5, 0.75, 0.90) and non-porous Surfaces (0.25, 0.5, 0.75) 792 

4 Hours 

 

Proportion of Clean Surfaces 
0 0.25 0.5 0.75 0.90 

Mean 
(SD) 

Range 
(Min, 
Max) 

Mean 
(SD) 

Range 
(Min, 
Max) 

Mean 
(SD) 

Range 
(Min, 
Max) 

Mean 
(SD) 

Range 
(Min, 
Max) 

Mean 
(SD) 

Range 
(Min, Max) 

Proportion of 
non-porous 
surfaces in 
kitchen and 
general 
surface areas 

0.25 0.59 
(0.12) 

(0.0, 
0.80) 

0.56 
(0.13) 

(0.0, 
0.79) 

0.51 
(0.14) 

(0.0, 
0.75) 

0.43 
(0.15) (0.0, 0.71) 0.31 

(0.15) (0.0, 0.64) 

0.5 0.59 
(0.12) 

(0.0, 
0.83) 

0.56 
(0.13) 

(0.0, 
0.80) 

0.52 
(0.14) 

(0.0, 
0.79) 

0.44 
(0.15) (0.0, 0.75) 0.32 

(0.16) (0.0, 0.69) 

0.75 0.59 
(0.12) 

(0.0, 
0.83) 

0.56 
(0.13) 

(0.0, 
0.81) 

0.52 
(0.14) 

(0.0, 
0.79) 

0.43 
(0.15) (0.0, 0.74) 0.32 

(0.16) (0.0, 0.69) 

6 Hours 

 

Proportion of Clean Surfaces 

0 0.25 0.5 0.75 0.90 

Mean 
(SD) 

Range 
(Min, 
Max) 

Mean 
(SD) 

Range 
(Min, 
Max) 

Mean 
(SD) 

Range 
(Min, 
Max) 

Mean 
(SD) 

Range 
(Min, 
Max) 

Mean 
(SD) 

Range 
(Min, Max) 

Proportion of 
non-porous 
surfaces in 
kitchen and 

0.25 0.63 
(0.11) 

(0.16, 
0.83) 

0.60 
(0.11) 

(0.10, 
0.81) 

0.56 
(0.12) 

(0.07, 
0.78) 

0.48 
(0.14) 

0.48 
(0.14) 

0.37 
(0.15) (0.009, 0.70) 

0.5 0.63 
(0.11) 

(0.18, 
0.84) 

0.61 
(0.12) 

(0.16, 
0.83) 

0.57 
(0.13) 

(0.12, 
0.81) 

0.49 
(0.14) 

(0.02, 
0.78) 

0.37 
(0.16) (0.002, 0.71) 



general 
surface areas 0.75 0.63 

(0.11) 
(0.0, 
0.84) 

0.60 
(0.12) 

(0.0, 
0.83) 

0.56 
(0.12) 

(0.0, 
0.80) 

0.49 
(0.14) (0.0, 0.76) 0.37 

(0.16) (0.0, 0.71) 

8 Hours 

 

Proportion of Clean Surfaces 

0 0.25 0.5 0.75 0.90 

Mean 
(SD) 

Range 
(Min, 
Max) 

Mean 
(SD) 

Range 
(Min, 
Max) 

Mean 
(SD) 

Range 
(Min, 
Max) 

Mean 
(SD) 

Range 
(Min, 
Max) 

Mean 
(SD) 

Range 
(Min, Max) 

Proportion of 
non-porous 
surfaces in 
kitchen and 
general 
surface areas 

0.25 0.66 
(0.10) 

(0.16, 
0.84) 

0.63 
(0.10) 

(0.10, 
0.82) 

0.59 
(0.11) 

(0.07, 
0.80) 

0.52 
(0.13) 

(0.05, 
0.77) 

0.41 
(0.14) (0.01, 0.71) 

0.5 0.66 
(0.10) 

(0.20, 
0.85) 

0.64 
(0.11) 

(0.18, 
0.84) 

0.60 
(0.12) 

(0.12, 
0.82) 

0.52 
(0.13) 

(0.02, 
0.79) 

0.41 
(0.15) (0.002, 0.74) 

0.75 0.66 
(0.10) 

(0.23, 
0.85) 

0.63 
(0.11) 

(0.23, 
0.84) 

0.60 
(0.12) 

(0.15, 
0.82) 

0.52 
(0.13) 

(0.04, 
0.79) 

0.41 
(0.15) (0.01, 0.74) 
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Figure 1. Predicted Infection Risks on Dose-Response Curve 800 
 801 



 802 

Figure 2. Estimated infection risks at 4 hr, 6 hr, and 8 hr for varying proportions of nonporous 803 
surfaces (0.25, 0.5, 0.75) and clean surfaces (0, 0.25, 0.5, 0.75, 0.9), where boxes in the box and 804 
whisker plot indicate the interquartile range (IQR), the end of the whiskers are equal to 1.5 x 805 
IQR below or above the hinges, and points indicate outliers beyond this range 806 
 807 
 808 
 809 
  810 
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 812 

    813 

Figure 3. Cumulative contribution of simulated events to change in bacterial concentration on 814 
hands 815 
 816 

 817 



Table 6. Spearman correlation coefficients for explanatory variables and estimated cumulative 818 
dose for 8 hrs 819 

(Please see separate Table 6 file) 820 
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