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ABSTRACT 

Introduction: Mitigating nosocomial infections continues to be a current challenge for infection 
control professionals. Understanding how human behavior, especially the hand hygiene 
compliance of healthcare workers, and cleaning interventions affect infection risks would allow 
for optimization of current risk mitigation strategies. Mathematical modeling has been applied in 
healthcare contexts to understand the mechanisms of infection transmission, but few mechanistic 
models exist that account for second-by-second contacts with surfaces that may result in 
exposures and infection. Among existing models, few address viral exposures specifically. The 
purpose of these studies was to use existing frameworks and develop and validate a viral 
exposure model with bacteriophage tracer data to estimate infection risks and the efficacies of 
hand washing and surface cleaning interventions.  
  
Methods: A viral exposure model assuming a steady state viral concentration on hands was used 
to estimate rotavirus, rhinovirus, and influenza A virus infection risks. The infection risk 
reduction associated with a viral reduction from a single surface cleaning was estimated. The 
viral reduction on surfaces measured from a single cleaning with an EPA-registered surface 
disinfectant in a bacteriophage tracer study was used to represent the expected viral reduction on 
surfaces. Infection risk reductions for 99%, 99.9%, 99.99%, and 99.999% viral reductions on 
surfaces and the reductions on surfaces necessary to meet a variety of risk targets were also 
estimated. Using data from the same bacteriophage tracer study, a discrete event model that 
accounted for non-steady-state viral concentrations was developed. Bacteriophage concentrations 
on surfaces and on nurse hands were collected during the tracer study conducted in an urgent 
care. A lognormal distribution was fit to measured viral surface concentrations from the tracer 
study. The model was validated by comparing estimated viral concentrations on hands at the end 
of the simulated exposure with measured viral concentrations on nurse hands. After validation, 
the model was used to estimate the infection risk reductions for a 15% increase in hand hygiene 
compliance and for 1 and 2 surface cleanings.  
 
Results: Using a percent reduction of viruses on surfaces observed in a bacteriophage tracer 
study (94.1%), median infection risks from a single contact with a fomite were reduced by 
94.1%. For six hours of contacts, median infection risks were reduced by 92.96% - 94.1%. 
Surface concentration and infection risk parameters were highly correlated. To achieve a risk of 
one in a million for rotavirus and rhinovirus, >99.99% viral surface reduction would be needed. 
The discrete event model developed with bacteriophage tracer data was validated, as all 
measured viral concentrations on nurse hands fell within the distributions of predicted viral 
concentrations on hands. All Wilcoxon Rank Sum tests comparing measured virus 
concentrations on nurse hands to those that were predicted were not statistically significant 
(α=0.05), indicating that the distribution of model-predicted and experimentally measured viral 
concentrations were not statistically significantly different. Using the discrete event model, a 
single cleaning and a 15% increase in hand hygiene were predicted to lower rotavirus, 
rhinovirus, and infection A viral infection risks by 5.6% - 17.4% and 6.5% - 20.4%, respectively. 
Two surface cleanings decreased predicted infection risks by 12.9% to 35.6%. The discrete event 
model predicted higher baseline infection risks than the steady state model.  
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Discussion: Using bacteriophage tracer studies to inform current exposure models or to develop 
and validate exposure models is a novel approach that can be used in future studies for cleaning 
protocol optimization. Both exposure models used in these studies reaffirm the importance of 
surface cleaning in mitigating infection risk. The discrete event model demonstrates the 
importance of surface cleaning and increased hand hygiene compliance in lowering infection risk 
from fomite-mediated exposures.  
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CHAPTER 1: LITERATURE REVIEW  

1. The Role of Healthcare Worker Behaviors in Healthcare-associated Infection 

Transmission 

 The Center for Disease Control and Prevention (CDC) defines healthcare-associated 

infections (HAI’s) as “complications or infections secondary to either device implantation or 

surgery.”1 HAIs have been an ongoing concern in healthcare environments, and it was reported 

in 2009 that the estimated annual cost of HAIs ranges from $28.4 to $45 billion in the U.S.2 

Although many U.S. rates of HAIs are decreasing in comparison to baseline rates measured in 

2013, roughly one out of every twenty-five patients has a minimum of one HAI.3,4 

 Although HAIs are a recognized problem, barriers to quantifying and predicting pathogen 

transmission have delayed quantitative microbial risk assessment (QMRA) responses and, 

therefore, QMRA-informed infection control interventions. Additionally, there are no standards 

defining cleanliness for hospitals, in part due to knowledge gaps related to the mechanisms of 

pathogen spread and the overall presence of pathogens in healthcare environments. Some 

challenges contributing to a lack of understanding of HAI transmission include understanding the 

role of healthcare worker behavior, specifically nurses, in HAI spread from hand-to-patient and 

hand-to-object contacts. 

 Nurses have a responsibility to practice hand hygiene compliance, and their behaviors are 

often thought to be “directly related” to the occurrence of HAIs.1 Elements of nurse and doctor 

communication  (“openness,” “accuracy,” “timeliness,” and “understanding”) and job 

satisfaction among nurses have been associated with the prevalence of HAIs.5,6 However, some 

of the research that has been conducted investigating the relationship between nurse behavior 

and HAIs has been either “inconsistent” or “conflicted.”7 Issues in tracking HAI sources is one 
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reason for inconsistency, as HAIs have an incubation period, and the infection may not be 

detected until the patient has left the healthcare facility.7  

 One approach to mitigate HAI transmission has been increased hand hygiene compliance. 

Hand hygiene compliance rates vary from one facility to another, and from one country to 

another. The topic is of international interest, with hand hygiene compliance studies conducted in 

a number of countries including the U.S., the Netherlands, France, Spain, and the U.K.8 In a 

study conducted by Chavali et al. (2014), an average of 78% compliance with WHO Guidelines 

concerning hand hygiene was observed for healthcare workers. Although this compliance rate is 

below “the benchmark of 90% for critical care areas,” this rate is relatively high compared to 

other reported rates (Chavali et al., 2014). Hand hygiene compliance rates have been reported at 

baseline before interventions to be as low as 8.1% or 20-23%.8 In a review of studies 

investigating the effect of interventions to improve hand hygiene compliance, the average 

improvement was 23%, with a “mean post-intervention compliance rate of 56.98%.”8 In a study 

conducted in the U.S. in 2009, hand hygiene compliance was 26% and 36% for intensive care 

units (ICUs) and non-intensive care units, respectively.9 Following feedback in the form of 

compliance reports and measurement of hand hygiene compliance over a year, these compliance 

rates increased to 37% and 51% for ICU and non-ICUs, respectively.9  

 Understanding reasons for low hand hygiene compliance rates, how compliance is 

measured, and variability in hand hygiene opportunities (HHOs) among healthcare workers 

reveals the challenges faced in improving hand hygiene compliance rates. Primary reasons for 

low rates of hand hygiene compliance include a large number of HHOs, a time-demanding 

workload, and workplace cultures that do not provide necessary leadership in hand hygiene 

compliance.10,11 The World Health Organization defines an HHO as, “Moments during health-
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care activities when hand hygiene is necessary to interrupt germ transmission by hands.”12 In a 

study conducted by Chavali et al. (2014), 1132 hand-washing opportunities were observed for 

nurses in a 10-day period. In comparison to doctors, nurses have been shown to have a larger 

number of hand hygiene opportunities and sometimes still maintain a higher compliance rate. In 

a study conducted by Azim et al. (2016), nurses had an average of 54 HHOs per 24 hours, 27 

HHOs per shift, while doctors had an average of 16 HHOs per 24 hours, 8 HHOs per shift. Yet 

still, on average, nurses’ hand hygiene compliance rates were 1.5 times that of doctors.10 Nurses’ 

high hand washing opportunity rate in comparison to other healthcare workers, such as doctors, 

makes this role a primary focus in addressing hand hygiene compliance and understanding the 

role of healthcare worker compliance in mitigating pathogenic transmission. 

2. The Role of Fomites in Pathogen Transmission & Characteristics of Contact 

 In addition to concerns about nurse hand hygiene compliance and its connection to HAIs, 

the role of inanimate objects (fomites) in healthcare settings as reservoirs or “vehicles” of 

pathogen transmission has been garnering the attention of infection control and environmental 

microbiologists.13 Topics explored revolving the role of fomites in indirect transmission have 

included mechanisms of fomite contamination, transfer efficiencies during hand-to-fomite 

contacts, the effects of duration and repetition on transfer efficiencies, the effect of fomite 

variability on exposure, and the effect of environmental conditions on transfer efficiency. 

The mechanisms by which fomites become contaminated include shedding of pathogens 

from ill patients onto fomite surfaces, indirect contacts with fomites, and the settling of 

aerosolized pathogens onto fomites.13 One categorization method for fomites includes 

identifying them as either porous or non-porous. This categorization has been used to simplify 

approaches in understanding how different surface types affect pathogen transfer to or from the 
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hand during contacts, due to a large variety of types of surfaces. Porous fomites include surfaces 

that are typically soft textiles and are penetrable by air and liquids. Examples of porous fomites 

include upholstered chairs, foam-based computer mouse pads, linens, and fabric curtains. Non-

porous fomites are typically hard, impenetrable surfaces and may be textured or smooth, 

including objects such as counter tops, ceramic containers, vinyl curtains, and objects made of 

stainless steel or metal. Although this categorization has been used in transfer efficiency studies, 

this method may simplify the variety of surface types and their influence on microbial transfer. 

 The wide variety of fomite types that may be present in healthcare settings makes 

understanding their role in HAI transmission complex. Contacts with varying objects cannot be 

treated homogenously, due to the fact that hand contacts with different fomite types result in 

varying percentages of transfer, sometimes referred to in the literature as “transfer efficiency.” 

Parameters that influence transfer efficiencies that have been explored include humidity, the 

pressure of contacts, and surface type. For example, in porous surfaces, microbes may be less 

accessible during contact events due to complex layers and more attachment sites, as opposed to 

nonporous surfaces that may have a single layer. Relative humidity can also have a large impact 

on transfer efficiency. In a study conducted by Lopez et al. (2013), Escherichia coli, MS2, 

Staphylococcus aureus, and Bacillus thuringiensis spores generally had higher rates of transfer 

under high relative humidity (40 - 60%) conditions, with transfer rates ranging from 0.03% to 

57%. For low relative humidity (15 – 23%) conditions, transfer rates ranged from <0.1% to 

79.5%.14 This was not true for all surface types, however.14 For example, average rates of 

transfer for B. thuringiensis from paper currency were <0.1±0.1% for both high and low relative 

humidity conditions.14  
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 For context, the standard relative humidity range approved by the American Society for 

Healthcare Engineering (ASHE), the Approved American National Standards Institute (ANSI), 

and the American Society of Heating, Refrigeration, and Air Conditioning Engineers (ASHRAE) 

for operating rooms (Class B and C), operating/surgical cystoscopic rooms, and delivery rooms 

(Caesarean) is 20 - 60%.15 This range captures both low and high relative humidity ranges, 

meaning transfer efficiencies of pathogens in these specific healthcare environments can be 

variable, even when compliant with design standards.  

 In addition to high transfer efficiencies being observed for high relative humidity 

conditions, high transfer efficiencies are typically observed for nonporous surfaces as well, with 

measured transfer efficiencies ranging from <0.04% to 57% and from 12.8% to 79.5% for low 

and high relative humidity conditions, respectively.14 Variability in transfer efficiency is 

observed among surface types within a particular category as well. For example, in the Lopez et 

al. (2013) study, under low relative humidity conditions, the average transfer efficiency for MS2 

on granite was 30.0 ± 24.3%, while the average transfer efficiency for MS2 on acrylic was 79.5 

± 21.2%. Due to this variability, when these transfer efficiencies are included in models, a 

uniform distribution with minimum and maximum values that capture the range of transfer 

efficiencies from varying surfaces belonging to a particular surface type (porous or non-porous) 

is sometimes used.16  

 In addition to varying transfer efficiencies, limited research has been conducted to 

investigate the effect of duration of contacts on the transfer efficiencies for microbes. However, 

these data exist within the context of pesticide exposures. In a study conducted by Rohrer et al. 

(2003), transfer efficiencies of pesticides from household surface-to-food contacts were 

compared for 1 minute and 60-minute contacts. For 1-minute contacts, the % transfer efficiencies 
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were roughly 1% while percent transfer efficiencies for 60-minute contacts ranged from 55-

83%.17 In transfer efficiency studies for microbes, the contact duration is typically 10 seconds for 

experiments.14 If increased duration of contact results in increased transfer efficiency within the 

context of microbial transfer as well, then the use of transfer efficiencies collected for 10-second 

duration contacts (a duration length used in some transfer efficiency studies) may be 

underestimating the full potential of microbial transfer to hands during various activities that 

may involve longer contact times.14 These types of behaviors in a healthcare setting could 

include activities such as taking a patient’s pulse, for which the contact duration would be 30 

seconds. Models that assume transfer efficiency values collected for 10-second contacts may be 

underestimating the amount of microbial transfer to hands for longer contacts and may be 

overestimating the amount of microbial transfer to hands for shorter contacts. Whether this has a 

notable impact on predicted doses or probabilities of infection remains unknown. 

 Accounting for the transfer efficiency of repetitive contacts may be important to consider 

when addressing the mechanisms by which pathogens are transferred from fomite to hands. An 

example of an activity that may involve repetitive contacts with the same surface would be 

typing on a keyboard. Although the effect of repetitive contacts on transfer efficiency is 

relatively unknown in microbial contexts, this question has been investigated within the context 

of heavy metal exposures through contact with soils. In a study conducted by Ferguson et al. 

(2009), a chamber was used in which human cadaver skin and cloth were mechanically moved so 

that they made contact with various soil types present on carpet and aluminum. The change in 

mass on skin and cotton indicated the amount of transfer from the soil present on the carpet and 

aluminum. Changes in mass after the 1st contact and the 2nd contact were recorded, in addition to 

the overall transfer that occurred for both contacts combined.18 In addition to using different 
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surfaces and soil types, pressure and time of contact were varied as well.18 It was found that a 

second contact “added an additional 8%” of soil to skin and cotton, and variables known to affect 

transfer efficiency (pressure, duration of contact, soil type and size) had less of an effect on 

second contacts in comparison with initial contacts.18 Models previously constructed to the 

occurrence of this study did not account for change in transfer efficiencies as a result of 

repetitive contacts; each contact was treated independently.18,19 This approach has also been 

taken for models addressing microbial exposures.20 This once again points to the fact that 

exposures may be over-estimated or under-estimated, due to lack of information regarding 

change in transfer efficiencies for various contact types.  

 Another consideration, especially within healthcare where many procedures involve a 

predictable order of steps involving contacts, is the influence of procedural contact sequences on 

transfer. In a recent study conducted by scientists at the Environment, Exposure Science & Risk 

Assessment Center the Mel and Enid Zuckerman College of Public Health with results in 

preparation for publication, a healthcare worker’s response to a patient was simulated by seeding 

the chest of a mannequin simulator with bacteriophage and surrounding ground with Glo Germ 

powder (Marc Verhougstraete, oral communication, January 4 2018). Healthcare worker hands 

were contaminated as they acted in a simulated response performing CPR on the mannequin, 

followed by doffing of personal protective equipment (PPE) using CDC doffing guidelines. It 

was demonstrated that transfer from PPE to the skin could occur during doffing procedures, even 

when healthcare workers were compliant with the CDC’s doffing steps. This study provides 

evidence for the importance of understanding sequences of events in healthcare procedures and 

the role they play in cross contamination and microbial transfer between fomites. 
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3. Pathogen Presence and Concentration in Healthcare Settings 

 In addition to challenges regarding healthcare worker hand hygiene compliance in 

understanding pathogen transmission, little data exist quantitatively describing the presence of 

nosocomial pathogens in healthcare settings. Reported data often include a large proportion 

below a limit of detection. In a study conducted by Ganime et al. (2012), samples from an Adult 

Intensive Care Unit were processed for group A rotavirus (RV-A) using reverse-transcriptase 

polymerase chain reaction (RT-PCR). Of 504 samples, 73 were positive for RV-A (14%), with 

concentrations of 3.43 to 2.94 x 103 genome copies/mL.21 The alcohol gel dispenser for hand 

disinfection was contaminated the most frequently among sampled fomites.21  

 In a later study conducted by Ganime et al. (2014), a subset of the samples processed in 

the Ganime et al., 2012 study were processed for human adenoviruses (HAdv) presence and 

concentration, using qPCR. HAdv was chosen as an indicator of viral contamination, due to its 

environmental persistence, the number of potential transmission routes, and due its presence 

being unassociated with seasonality.22 Of the 141 samples, 63 (44.7%) were positive for 

adenovirus. For samples above the limit of detection, concentrations ranged from 2.48 x 101 to 

2.1 x 103 genome copies/mL. The surfaces for which the highest concentration was found, 2.1 x 

103 genome copies/mL, were Chlorhexidine dispensers.22 Surfaces that were most frequently 

contaminated were trash bins and TV remote controls.22 When these results were compared to 

those of the Ganime et al., 2012 study, it was observed that for samples positive for RV-A, the 

probability that the sample was also HAdv positive was 2.16 times higher than for non-positive 

RV-A samples.  

 Although concentrations of pathogens on surfaces in healthcare settings may be generally 

low, there is variability in proportions of samples demonstrating pathogen presence from one 
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healthcare center to another, and from one unit to another within the same hospital. In a study 

conducted by Carducci et al. (2011), samples from fomite surfaces and air samples were 

processed for the presence of the following viruses: hepatitis C virus (HCV), norovirus 

genogroups I and II (NoV GGI and NoV GGII), human rotavirus (HRV), human adenovirus 

(HAdv), and torque teno virus (TTV). In addition to viruses, Carducci et al. (2011) analyzed 

samples for viable bacterial count (VBC) and hemoglobin (Hb). Samples were collected from a 

1605-bed hospital from a variety of units and departments.23 PCR methods were used for virus 

detection, while VBC was quantified with culture-methods. For surface samples, VBC 

concentrations were less than 1 CFU/cm2. HAdv and NoV were detected on 0.8% of samples. 

These viruses were both detected in a general surgery unit. For air samples, VBC concentrations 

were 282 CFU/m3. TTV was the only virus detected in air samples.23 In this study, no 

concentrations were reported for viruses, due to the non-quantitative quality of the PCR methods 

used. 

 In addition to concerns regarding viruses in healthcare settings, specific bacterial 

pathogens including methicillin-resistant Staphylococcus aureus (MRSA), Clostridium difficile 

(C. diff), and Pseudomonas are of concern in healthcare settings. Four out of fourteen (28.6%) 

chairs stored for one month following a MRSA outbreak were positive for MRSA.24 

Concentrations for these samples were not reported. In a neonatal intensive care unit, S. aureus 

(methicillin sensitive) was detected on 1/4 (25%) and 3/18 (16.7%) surfaces in two rooms, 

respectively.25  

  Although there is substantial literature addressing the proportions of fomite surface 

samples showing presence of a particular pathogen, data concerning concentrations are limited. 

Additionally, the methods used to quantify the concentrations may have implications for viability 
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of the organism. For example, cultural methods will result in a quantification of viable 

organisms, but this may also underestimate the true presence of the organisms, as the microbes 

may aggregate or may be in a viable but not cultivable (VBNC) state.26 If polymerase chain 

reaction (PCR) methods are used, DNA or RNA of an organism may be identified and 

quantified, but it is unknown whether these elements are coming from organisms viable upon 

collection or remains of organisms that were once present on this surface.26 Due to relatively low 

concentrations of pathogens in the environment, samples may frequently be below the limit of 

detection. This does not mean a person who comes into contact with this surface will not be at 

risk of infection or illness, however. Some organisms, such as rotavirus and rhinovirus, have low 

infectious doses, and only 1-6 viral particles may result in active infection. Although some 

sources state that environmental microbiological monitoring is “considered of limited utility,” 

due to the fact that it is often difficult to relate hospital contamination to epidemiological data, 

methods such as quantitative microbial risk assessment (QMRA) can utilize this data to quantify 

infection risks.23  

4. Modeling Healthcare Environments 

 Dynamic mathematical modeling has recently been utilized as a means to explore the 

complex mechanisms by which surfaces become contaminated and by which patients and 

healthcare staff become exposed to nosocomial pathogens. In a study by King et al. (2015), 

computational fluid dynamic modeling was used in combination with Markov chains, with 

probability matrices based on observational data, to model the influence of room design and 

behavior on exposure through contacts with aerosolized pathogens deposited on surfaces. Five 

sites were considered: equipment, patient, hygiene area, near-bed surfaces, and far patient 

surfaces. Within each of these sites types, specific surfaces were defined.27 In addition to 
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accounting for different types of contacts, transition matrices were used to account for 5 care 

activities: direct care, housekeeping, mealtimes, medication round, miscellaneous care, and 

personal care.27 

 Although this model offers a unique method for modeling behavior in a variety of 

healthcare environments, these matrices are very object- and task-specific.27 Other hand contact 

observational studies in healthcare environments have also focused on specific objects, including 

bed frames, lockers, hoists, IV drips, and filing cabinets, categorizing these objects as “near-

patient surfaces (in room),” “clinical equipment (in room),” and “far-patient surfaces (outside 

room).”28 Although more attention is being paid to behavioral data of healthcare workers and 

their contacts with objects, categorizing contacts by object without including surface type 

(porous vs. nonporous, or plastic, metal, fabric, etc.) makes it difficult to assign appropriate 

transfer efficiencies for these contact types. This is due to the fact that transfer efficiencies for 

hand-to-fomite contacts are typically evaluated relative to porous vs. non-porous fomites or in 

terms of material type.  

 In a study by Barnes et al. (2014), an agent-based model was used to investigate the 

effect of hand hygiene compliance before and after being in a patient room, comparing this 

intervention to terminal cleaning after a patient has been discharged or moved. This model found 

that hand hygiene compliance was more effective than terminal cleaning in reducing acquisition 

rates.29 However, this model assumed a single cleaning with a baseline “thoroughness of 

terminal cleaning” of 40% and assumed that cleaning only occurred after discharge of a patient. 

A challenge in modeling the effect of infection control interventions is addressing the 

compliance behaviors associated with interventions.  
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 Aside from these models, many of the existing models characterizing infection 

transmission are SIR (susceptible-infectious-recovered) or variations of the SIR model, such as 

SEIR, which includes an “exposed” state in between susceptible and infectious states.30 These 

models are dynamic and utilize differential equations to describe rates of change from one state 

to another. An important parameter of these models is the R0 value, also known as the “basic 

reproduction number,” describing the number of susceptible people one infectious person can 

infect.30 SIR models have been used in healthcare scenarios to predict proportions of colonized 

patients over time, on the scale of days, both deterministically and stochastically.30 These models 

have also been used to evaluate interventions, such as increased hand hygiene compliance, and to 

measure intervention efficacy by calculating reductions in attack rate or in prevalence of a 

nosocomial disease.30 Although many SIR models observe changes in state at the population 

level as opposed to the individual level, some SIR models do take an agent-based approach, 

tracking changes in state for each individual.30 However, mechanisms of exposure, such as 

momentary contacts with surfaces or orifices, are not typically tracked in these types of models. 

Using SIR and SEIR models may be useful in comparing outputs to epidemiological data or in 

guiding epidemiological research by identifying gaps, but these models may be limited in their 

ability to capture the nuance of behavioral influences on momentary exposures and risks. 

Additionally, in a review of mathematical models within healthcare, Doan et al. (2014) state that 

a majority of current SIR models do not adequately address “environmental contamination” as a 

pathway of transmission between patients, with most models focusing on contaminated 

healthcare worker hands as a primary or sole source of pathogen exposure. Understanding how 

human interactions with healthcare environments affect microbial spread, exposure, and 



 22 

contamination of healthcare worker hands may tell a more complete “story” of hospital acquired 

infection transmission.  

 Models addressing human interaction with environmental surfaces and consequential 

exposures and risks have been more heavily developed and utilized in other microbial exposure 

contexts outside of healthcare and in the context of chemical exposures. Using these models as a 

framework to develop healthcare exposure models that can account for momentary exposures 

will allow assessment of the influence of behavior and interactions with healthcare environments 

on exposure and risk.  

5. Informing Healthcare Exposure Models with Microbial and Chemical Exposure Models  

 Chemical exposure models have incorporated human behaviors to inform exposure, 

especially within the context of children and their exposure to lead. Behavioral parameters were 

created using video methods to characterize “micro-level” activities.31 Data collected with these 

methods have been used in a variety of risk assessments, including in a viral exposure model 

addressing adult infection risks.16,20,32–35  

 In addition to incorporation of human behavior, microbial mechanistic exposure models 

have used consistent means to quantify the transfer of microbes from surface-to-hand during 

hand-to-fomite contacts.16,20,36,37 Although some models assume that the direction of transfer is 

from higher concentration to lower concentration, the basic equation that governs the rate of 

transfer from surface-to-hand during hand-to-fomite contacts is the following37: 

𝑅ℎ𝑎𝑛𝑑 = 𝑓12  ∙  𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒  ∙  𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

Where  𝑅ℎ𝑎𝑛𝑑 = # microbes transferred to the hand 

𝑓12 = fraction of transfer from surface to hand 

𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒   = # microbes /cm2 on the surface 
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𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = surface area (cm2) of contact 

One variable that is often challenging to address is whether to assume the same part of the hand 

is contacting an object each time. If this assumption is true, the concentration on the hand does 

not need to be adjusted for the surface area of the hand. However, if we assume that different 

parts of the hand may be contacting an object per moment, then the heterogeneity of microbial 

concentration on hands needs to be accounted for. For simplicity, some models have divided by 

the overall surface area of the hand, have multiplied a fraction of the hand in contact with an 

object by the transfer efficiency and surface concentration, or have assumed the same surface 

area of a hand to be involved in hand-to-object and hand-to-orifice contacts to estimate the 

number of microbes per cm2 of hand.16,20,37 It is possible that “diluting” the concentration over 

the surface area of the hand could over- or underestimate modeled doses during exposure events, 

depending on the scenario. For example, if a highly contaminated surface were only touched 

with the tip of an index finger, the modeled concentration on the hand would be the number of 

microbes transferred divided by the total hand surface area. If a person then touches their eye 

with that same tip of the index finger, their modeled dose is now a fraction of the actual dose. 

However, if a person touches their eye with a different finger that was not involved in a contact, 

assuming homogeneous distribution would result in a modeled dose that is greater than the actual 

dose. One may try to avoid these errors by assuming the same surface area is used in both a 

surface and an orifice contact, not dividing by the total surface area of the hand. However, this 

assumption could also result in errors in estimating dose. For example, a different part of the 

hand may be used for a hand-to-orifice contact than the hand-to-surface contact. Assuming the 

same surface area is used for both contacts could over- or under-estimate dose, depending upon 

heterogeneous concentrations across the hand and how these relate to the parts of the hand used 



 24 

for various contacts. For microbes that have especially low infectious doses, such as viruses, 

where only one viral particle may be enough to infect someone, these assumptions regarding 

surface area of contact have great implications. This issue has been addressed in the field of 

chemical exposure modeling, in which algorithms have been developed to account for 

heterogeneous loading on hands during hand-to-surface or object contacts, although within the 

context of pesticide exposures.38 To use this type of approach in microbial modeling, other 

variables would need to be considered, such as transfer efficiencies for different contact grips 

and the influence of relative humidity on transfer efficiencies. The presence of organic matter or 

particles that microbes may be attached to that could be loaded onto the hand would also need to 

be considered. One approach to simplify the complexity of modeling these types of contacts is 

only tracking the loading of microbes on parts of the hand that are assumed to be used in hand-

to-orifice contacts.  

 Modeling the timing and sequence of events could also have a large impact on the 

certainty placed in estimated exposures and risks. The recontamination of surfaces following 

cleaning events or the timing of hand hygiene compliance likely has an impact on estimated 

exposures and risks. Although some viral exposure models have used a steady state approach in 

which it was assumed that virus concentrations on hands were constant, this approach cannot 

estimate momentary peaks in exposure.16,37 For example, if someone happens to touch a highly 

contaminated surface and then directly touches an orifice, what does this mean for their risk? 

What is lost in using a steady state assumption in terms of capturing these high exposure 

moments? A viral exposure model in a study conducted by Julian et al. (2009) used a discrete 

event approach that addressed this issue.20 Although more mathematically complex than a steady 

state approach, this model framework could account for sequences of events and their associated 
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exposures and infection risks. Using this approach in healthcare has the potential to investigate 

the effect of not only sequences of contact events that may be associated with particular 

healthcare worker routines but also to investigate the effect of timing and frequency of surface 

cleaning and hand hygiene compliance events.   

6. Informing Healthcare Exposure Models with Bacteriophage Tracer Study Data 

 In addition to research seeking an understanding of pathogen transfer at a micro-activity 

scale, overall movement of pathogens in healthcare environments is still poorly understood. 

Phage tracer studies have been implemented in a number of environments to investigate the 

movement of pathogens, and this methodology is now being applied in healthcare settings as 

well.39–42  

 In a bacteriophage tracer study conducted in a long-term care facility, seeded virus was 

detected on porous fomites in living quarters, a wing adjacent to the seeded wing.39 This 

demonstrates that spread over relatively large distances can occur over the course of a single day. 

In another study conducted during emergency medical responses, cross-contamination was 

observed for all 15 calls in the study, and even current practices and an H2O2 intervention did not 

prevent cross contamination.40 This demonstrates the potential of microbes to spread quickly 

from one fomite to another, due to human behavior, and this reiterates the importance of 

understanding the mechanisms and behaviors that drive this spread to optimize interventions. 

Most commonly contaminated surfaces with current practices in this study included the jump bag 

handle and the mobile data terminal (MDT) keyboard.40 Although behavioral data was not 

collected in conjunction with bacteriophage data in this study, these surfaces are likely to be 

frequently touched during emergency medical responses.  
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 In a long-term healthcare facility, Sassi et al. (2015) conducted a study in which one staff 

member’s hands were blindly seeded, and staff members were told to follow regular hand 

hygiene practices. Surfaces were swabbed four hours post seeding.42 Without additional 

interventions, 49.1% (52/106) of surfaces were positive for bacteriophage contamination.42 It 

was noted that hand hygiene compliance in these types of environments is typically low.42 

However, this study demonstrates that even with some hand hygiene practices, it is possible that 

nearly 50% of surfaces may become contaminated within just four hours.  

 Bacteriophage tracer data have been used in the development of viral exposure models, 

but not within a healthcare context.16 Using healthcare bacteriophage tracer data to develop and 

validate viral exposure models in healthcare is a novel approach, and extends the data to 

investigate not only anticipated microbial spread over the course of four hours (as in the study by 

Sassi et al., 2015) but also the anticipated exposures and infection risks associated with that 

spread. One possible reason for the limited use of bacteriophage tracer data in model 

development is the lack of connection between surrogates used in tracer studies and the expected 

concentration of pathogens in the same environment. Using high concentrations of bacteriophage 

may be done in order to ensure that the bacteriophage are detectable on sampled surfaces. 

However, this may not accurately represent the level of contamination expected in healthcare 

environments. An additional challenge previously stated includes limited availability of 

quantitative data describing concentrations of pathogens on surfaces in healthcare, with many 

concentrations falling below the limit of detection. There are opportunities to develop and 

validate models using bacteriophage tracer data and later adjusting these models to simulate 

pathogen concentrations that would be expected on healthcare surfaces. Additionally, there may 

be opportunities to expand bacteriophage tracer studies to address larger questions regarding 
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contamination over time with higher time resolution. These tracer studies could then provide 

multiple surface concentration ranges at various time points after seeding that could be used to 

evaluate model-estimated concentrations over time.  

7. Micro-activity Data for Healthcare Workers 

 One major limitation in developing exposure models relevant to healthcare is the lack of 

micro-level activity data for various healthcare worker roles. However, some attempts have been 

made to address this gap. In a study conducted by Smith et al. (2012), behaviors were monitored 

for 30-minute patient visits with the purpose of shedding light on hand hygiene compliance at 

various points in patient care. Behaviors that were audited included: “hand hygiene on entry”; 

hand-to-fomite contact events with fomites including “bed frame, bedside locker, curtains, 

patient console, patient notes”; hand-to-fomite contacts with equipment, including “commode, 

hoist, blood pressure stand, intravenous drip, stethoscope”; contact with patients; “hand hygiene 

on exit”; and contact with fomites outside of the patient room, including “computer mouse 

and/or keyboard, filing cabinet, telephone, and notes trolley”.28 This study gives frequency of 

contact with specific fomites, but not specific to one individual. The total number of contacts 

observed for that fomite type is given for all 40 participants, and a “% touched of all sites 

handled” is reported.28 Sites with the greatest number of contacts included notes, IV drip, 

computer, and telephone, which represented 22% (37/168), 14% (23/168), 12% (20/168) and 

32% (54/168) of all sites touched, respectively.28 Near-patient surfaces were touched more 

frequently than equipment or surfaces outside of patient rooms during the 30-minute observation 

sessions.28 Although information regarding “% touched of all sites handled” is helpful for 

determining the probability of various contact activities occurring, this does not shed light upon 

the duration of these types of contacts and the sequence in which many of these routine contacts 
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may occur for an individual. These data could be used to incorporate human behaviors in order 

to estimate exposures. However, in order to place more confidence in models that estimate the 

influence of human behaviors on second-by-second exposures per individual, data are needed 

with more resolution, quantifying activities at the level of per minute or per second.  

 In an observational study conducted by King et al. (2016), healthcare workers were 

observed during activities related to the following categories: direct care, housekeeping, 

mealtimes, medical rounds, personal care, and miscellaneous tasks.43 Healthcare workers were 

observed through a window, and surfaces contacted along with the order of contacts were 

recorded.43 Additionally, hand hygiene events were recorded, and the type of hand hygiene 

product used was noted.43  

 Although there are promising steps forward in gathering micro-activity data for 

healthcare workers and patients, available data are still limited. Outside of the context of 

healthcare and microbes, micro-level activity data have been used in other exposure sciences to 

quantify chemical exposures through contacts with surfaces per minute. These objects and 

surface types are typically categorized by surface material (wood, plastic, metal) in addition to 

the purpose of the object or surface (toy, tool, wall, floor).33,34  

 Although much of this data is specific to surface types, the surface types are often 

scenario specific. To use these micro-level activity data in other contexts, some studies have 

adapted the data by categorizing each surface as either nonporous or porous and creating 

frequencies from data available for contacts per listed surface.16 Although this is a practical 

means to utilize behavior data currently in the literature, this creates inherent uncertainty in the 

true frequency of contacts with more general surface types. For example, is the contacts/min 

calculated for nonporous surfaces accurate if only two nonporous surfaces were included in the 
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micro-level activity study? More micro-level activity data is needed within the context of 

healthcare environments, designed specifically to address the needs of models that may 

implement these frequency and duration parameters that need to account for a wide variety of 

surface types.  

 In addition to a lack of data addressing frequency and duration of contacts with various 

surface types, gaps remain regarding right hand versus left hand contacts. Handedness, or the 

preference of one hand over another, may influence the amount of microbial loading on the hand 

that is more likely to touch an orifice, leading to exposure events. Some models do address right 

hand versus left hand contact activities, while others simply track changes in concentration on a 

pair of hands.16,20,32 Addressing the probability of using a dominant hand over the other becomes 

complicated, as there are “degrees of handedness” in addition to simply being right-handed or 

left-handed, referred to as the “direction” of handedness.44 Adding to the complexity, the most 

active hand may not be the most likely to touch a particular surface related to exposure, such as 

contact to an orifice on the face. Degree and direction of handedness also varies by age and by 

the type of object being used, whether this object is perceived as a tool or not.45 Some modelers 

are attempting to address the scenario-specific contact rates and behaviors, incorporating 

microbial sampling with videography data for various tasks.32 However, the data sets used are 

often small, with as little as two subjects.32  

8. Summary 

 The role of fomites and human behavior in HAI transmission is poorly understood at a 

micro-activity or mechanistic level. Overall, there are opportunities to contribute to the growing 

field of QMRA modeling within a healthcare context. Additional healthcare worker behavioral 

data on the micro-activity level, along with data regarding the effect of duration and repetition of 



 30 

contacts on microbial transfer during hand-to-object contacts would add to the certainty and 

relevance of current QMRA healthcare models being developed. Using QMRA models from 

other contexts and methods used in chemical exposure models offers a starting point for the 

QMRA healthcare models that will have to address behavioral complexity, especially in 

addressing interventions that are human behavior dependent, such as increased hand hygiene 

compliance.  

 Using mechanistic QMRA modeling to predict infection risks and intervention efficacy 

could inform standards for healthcare cleanliness and direct infection control efforts towards the 

most effective interventions. Although there are currently many gaps related to QMRA 

healthcare modeling, the objectives of the following chapters primarily focuses on using and 

developing models to predict viral infection risk reductions associated with cleaning and hand 

hygiene interventions and to explore differences between steady-state and discrete event model 

infection risk predictions. The second chapter aims to predict the influence of surface cleaning 

on predicted infection risks and to quantify cleaning efficacies to achieve risk targets using a 

current viral exposure model. The third chapter aims to develop and validate a discrete event 

model predicting viral concentrations on hands using urgent care bacteriophage tracer data. The 

fourth chapter aims to apply a validated discrete event model to explore how frequency of 

surface cleaning and increased hand hygiene compliance may decrease infection risk. 
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CHAPTER 2: MODELING SURFACE DISINFECTION NEEDS TO MEET 

MICROBIAL RISK REDUCTION TARGETS 

Amanda M. Wilson, Kelly A. Reynolds, Ph.D., Jonathan D. Sexton, Ph.D., Robert A. Canales, 

Ph.D. 

Abstract 
The purpose of this study was to predict the effect of surface disinfection on viral infection 

risks and determine needed viral reductions to achieve risk targets. Using stochastic modeling to 

quantify the effect of surface disinfection practices on nosocomial pathogen exposures and 

infection risk can inform cleaning practices. Rotavirus, rhinovirus, and influenza A virus 

infection risks for two cases were modeled. Case 1 utilized a single fomite contact approach 

while Case 2 assumed six hours of contact activities. A 94.1% viral reduction on surfaces and 

hands was measured following a single cleaning round using an EPA-registered disinfectant in 

an urgent care facility. This value was used to model the effect of a surface disinfection 

intervention on infection risk. Risk reductions for other surface cleaning efficacies were also 

simulated. Surface reductions required to achieve risk probability targets were estimated. Under 

Case 1 conditions, a 94.1% reduction in virus surface concentration reduced infection risks by 

94.1%. Under Case 2 conditions, a 94.1% reduction on surfaces resulted in reduced median viral 

infection risks by 92.96 – 94.1% and an influenza A virus infection risk below one in a million. 

Surface concentration in the equations was highly correlated with dose and infection risk outputs. 

For rotavirus and rhinovirus, a >99.99% surface reduction would be needed to achieve a one in a 

million risk target. This study quantified reductions of infection risk relative to surface 

disinfectant use and demonstrated that risk targets for low infectious dose organisms may be 

more challenging to achieve. 
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1. Importance 

It is known that the use of EPA-registered surface disinfectant sprays can reduce infection 

risk if used according to manufacturer instructions. However, there are currently no standards for 

healthcare environments related to contamination levels on surfaces. The significance of this 

research is in quantifying needed reductions to meet various risk targets using realistic viral 

concentrations on surfaces for healthcare environments. This research informs the design of 

cleaning protocols by demonstrating that multiple applications may be needed to reduce risk and 

by highlighting a need for more models exploring the relationship among microbial 

contamination of surfaces, patient and healthcare worker behaviors, and infection risks.  

2. Introduction 

 Viruses account for a large portion of acquired infectious diseases in indoor 

environments, including hospitals.1 In pediatric patients, rotaviruses account for approximately 

50% of nosocomial cases of gastroenteritis, and have also been associated with diarrhea 

outbreaks among elderly patients.2 Rotavirus is of particular concern in developing countries, 

where it is responsible for 20% of diarrhea related deaths among children five years of age or 

younger.1 Rhinoviruses account for 20-40% of cases of the common cold and can lead to further 

health issues, including sinusitis, asthma, otitis media, and pneumonia.2 Although the mortality 

rate of influenza and pneumonia varies from year to year, the burden of disease remains high.3 

The CDC estimates that 9.2 million to 60.8 million influenza cases occur each year in the United 

States.4 

  Viruses spread rapidly in indoor environments, and it is often challenging to monitor viral 

nosocomial disease, resulting in data that may underestimate the true effect of viral pathogens in 

healthcare settings.1,2 As molecular methods for detecting viral pathogens improve, monitoring 
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viral disease is becoming less expensive and, therefore, more feasible.5 Improved detection 

methodology has raised awareness about the role of viruses in respiratory and gastrointestinal 

nosocomial diseases.5 Although hand washing and isolation of infectious patients have been 

recognized strategies in controlling the spread of viruses, more recent attention has been given to 

the role of inanimate objects (i.e. fomites) in pathogen spread. Surfaces in healthcare settings act 

as vehicles and reservoirs of pathogens. People may come into direct contact with surfaces either 

becoming contaminated or contaminating the surface, and aerosolized microbes may deposit on 

surfaces.6 Some surfaces, such as rolling equipment or shoes, are moved from one room to 

another, leading to contamination of equipment or contamination of the environment into which 

they are moved. Acknowledging the role of fomites in disease transmission has raised awareness 

of surface cleaning protocols and their ability to reduce pathogen load in healthcare 

environments.1 Although hand washing before and after patient visits remains important, 

compliance is often difficult to maintain, making the use of surface disinfectants an important 

component of infection control protocols.5 

 One single wipe with a wet or soapy cloth can reduce surface concentrations of both viral 

and bacterial pathogens by more than 1 log10.7 However, this reduction may not be enough to 

address residual pathogens on surfaces.7 If pathogens are not removed, they can persist for hours 

to days on surfaces, resulting in further spread and transmission of disease.6 Some viruses also 

survive well on skin, such as rhinovirus, which may remain viable for 1-3 hours.8  

 Larger reductions in surface concentrations reduce opportunities for viruses to persist and 

participate in future cross-contamination and transmission events. Quantitative microbial risk 

assessment models (QMRA) have predicted that a 2-log10 bacterial reduction on fomites could 

reduce infection risk from a single fomite contact to less than 1/1,000,000.9 For viruses, log 
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reductions needed to decrease infection risk may be greater than that of bacterial pathogens, due 

to lower infectious doses. In the same QMRA model, a 3.44 log10 reduction was needed to 

reduce norovirus infection risk to 1/1,000,000.9 For some viruses, it has been reported that doses 

of less than 1 tissue culture infective dose (TCID50) can infect 50% of an exposed population.10 

Low infectious doses reiterate the importance of regular and consistent application of surface 

disinfectants to address pathogenic viral loads on fomites.  

 In addition to increasing surface disinfection and encouraging hand hygiene compliance, 

there is growing interest in understanding the movement of viral spread in healthcare settings. 

Using harmless bacteriophages as surrogates for viral pathogens has been a popular approach, 

and this methodology has been used in a variety of environments and contexts, including offices, 

emergency medical vehicles, long-term healthcare facilities, and pediatric and neonatal intensive 

care unit patient rooms.11–14 Seeding a commonly touched surface and then swabbing a variety of 

high touch surfaces and hands after a given period of time characterizes the fate of viruses in the 

environment and can elucidate which surfaces should be prioritized in cleaning protocols. In a 

bacteriophage tracer study conducted by Sexton et al. (2017), virus spread from a long-term 

healthcare facility wing into an adjacent assisted living quarters wing, demonstrating that viral 

spread may occur quickly and over a large area within only a few hours during routine practice.15 

Repeating trials in bacteriophage tracer studies in which interventions are implemented may 

evaluate how those interventions reduce spread over the course of a day. The use of 

bacteriophage tracer results to better estimate and anticipate the viral movement in real-world 

environments through modeling is a developing area of research and a novel approach in 

investigating intervention efficacy. Translating reductions observed with bacteriophage tracers in 
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real-world environments into predicted infection risk reductions could inform hygiene practices 

and cleaning routines in a way that laboratory efficacy studies may not be able to address.  

 This study predicts the doses of rotavirus, rhinovirus, and influenza A virus and their 

respective infection risks after single (Case 1) and multiple (Case 2) fomite and orifice contacts 

under varying surface disinfection reduction conditions. Other viral surface reductions were 

explored in order to quantify the reductions required to meet infection risk targets. 

3. Methods 

3.1. Creating a Distribution for Virus Concentrations on Healthcare Surfaces 

Data (i.e., minimum, maximum, limit of detection, proportion below the limit of detection) 

for rotavirus concentrations on healthcare surfaces reported in the literature were used to create a 

distribution of rotavirus, rhinovirus, and influenza A virus concentrations for modeled healthcare 

surfaces.16 The portion of surface concentrations reported as below the assay limit of detection in 

Ganime et al. (2012) was assumed to be uniformly distributed. The fraction of samples above the 

limit of detection reported in Ganime et al. (2012) was assumed to be an exponential decay 

where there is a relatively low probability of very high values. To mimic experimental data, 

values above and below the limit of detection, 3.4 genome copies/mL, were sampled so that the 

fractions of samples above and below the limit of detection were reflective of that reported by 

Ganime et al. (2012). Using the inverse cumulative distribution function, the 99th percentile 

(assumed equivalent to the maximum value, 2.9 x 103 genome copies/mL, from Ganime et al. 

(2012)) was used to compute the rate parameter of the exponential distribution.   

 Surface concentrations originated from qPCR methods. To address viability, a uniform 

distribution of proportions of viable viruses/mL to genome copies/mL ranging from 1.533 x 10-5 

to 1.542 x 10-1 was used. These proportions originated from ratios of qPCR and culture method 
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results for enterovirus concentrations in wastewater samples that had undergone various 

treatment steps.17 These ratios were thought to be acceptable within the context of healthcare 

fomites, assuming that fomites are regularly cleaned, because there is likely to be RNA on a 

surface that is unassociated with a viable organism. However, it is acknowledged that this 

assumption contributes a large amount of uncertainty in relating the qPCR concentrations to 

assumed viable virus concentrations. By applying ratios of viable viral particles to genome 

copies defined by Francy et al. (2011) to distributions defined by Ganime et al. (2012) and 

assuming 1mL relates to 100cm2, units were converted to viruses/cm2. To apply a percent 

reduction in viral concentration on a surface due to surface disinfection, “1 – reduction fraction” 

was multiplied by the viral concentrations. The effect of a single round of cleaning with an EPA-

registered surface disinfectant was modeled using a viral reduction observed in a viral tracer 

study conducted in an urgent care in which a 94.1% reduction in virus concentrations on surfaces 

and hands was measured.18 

3.2. Case 1: Modeling Infection Risk from Single Fomite Contact 

 Case 1 included a single hand-to-fomite contact followed by a single hand-to-orifice 

contact, mimicking the process performed in the Ryan et al. (2014) QMRA study. For the initial 

hand-to-fomite contact, the fomite was modeled as nonporous, due to higher viral transfer rates 

for non-porous fomites. For the following single hand-to-orifice contact, the relevant routes of 

exposure for rotavirus, rhinovirus, and influenza A virus were considered. For rotavirus it was 

assumed that a single contact to the mouth was made. Although rhinovirus and influenza A virus 

exposures can occur from contacts to the nose and eyes, micro-activity data has shown that 

contacts to the nose are more frequent than to the eyes.19 Therefore, for rhinovirus and influenza 

A virus it was assumed that a single contact to the nose was made. The following equations were 
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used to calculate the transfer from fomite-to-hand and hand-to-mouth contacts for rotavirus, 

rhinovirus, and influenza A virus: 

                                𝐶ℎ𝑎𝑛𝑑 = 𝑓12,𝑛𝑝  ∙  𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒  ∙ 𝐶𝑎𝑑𝑗𝑢𝑠𝑡 ∙  𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒                              (1) 

                                                        𝑅𝑜𝑟𝑖𝑓𝑖𝑐𝑒 = 𝑓23  ∙  𝐶ℎ𝑎𝑛𝑑𝑠                                       (2) 

where 𝐶ℎ𝑎𝑛𝑑 = number of viral particles on hand  

𝑓12,𝑛𝑝 = fraction of virus transfer from nonporous surface-to-hand  

𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒  = virus concentration on surface (genome copies/mL) 

𝐶𝑎𝑑𝑗𝑢𝑠𝑡 = adjustment to convert 𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒 to viral particles/cm2 

𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = surface area of hand-to-fomite contact (cm2) 

𝑅𝑜𝑟𝑖𝑓𝑖𝑐𝑒 = viral dose (number of viral particles) 

𝑓23 = fraction of virus transfer from hand-to-orifice  

For distributions of parameters, see Table 1.  

 Monte Carlo methods were used to include variability in the fraction of virus transfer for 

different contact types and in rotavirus, rhinovirus, and influenza A virus concentrations on 

surfaces. The model was run with 10,000 iterations. A beta-Poisson dose response curve, the 

recommended dose-response curve for all three viruses, was used to estimate an infection risk for 

each dose, with parameters specific to rotavirus, rhinovirus, and influenza A virus20: 

                                           𝑃(𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒) =  1 − [1 + 𝑑𝑜𝑠𝑒 21 𝛼⁄ −1
𝑁50

]
−𝛼

             (3) 

where N50 = dose estimated to infect 50% of a population (viral particles)20 

𝛼 = shape parameter of beta-Poisson distribution20 

𝑑𝑜𝑠𝑒 = sum of viral particles absorbed during hand-to-orifice contacts (viral particles) 

𝑃(𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒) = probability of a response, which in this case is infection 
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3.3. Case 2: Modeling Infection Risk from 6 Hours of Contact Activity 

 Six hours of exposure time was modeled, because this was the time between seeding and 

surface sampling in the bacteriophage tracer study.18 To calculate expected dose and infection 

risk, a steady state of virus concentration on hands was assumed. This method has been used in a 

previous viral infection QMRA that argued steady state was appropriate because the rate at 

which virus leaves the hand is much smaller than the overall exposure duration.21 This 

assumption means hand concentration was constant during a single iteration for the full time 

period modeled. An adapted version of the steady state equation used by Beamer et al. (2015) 

was used to calculate virus concentrations on hands at steady state21: 

𝐶ℎ𝑎𝑛𝑑𝑠̅̅ ̅̅ ̅̅ ̅̅ =
∑ (𝐻𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑗 ∙ 𝑓12,𝑗) ∙  𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ∙ 𝐶𝑎𝑑𝑗𝑢𝑠𝑡 ∙ 𝐹𝑆𝐴𝑗=𝑚

𝑗=1

(∑ 𝐻𝑠𝑢𝑟𝑓𝑎𝑐𝑒) ∙ 𝑓21∙ 𝐹𝑆𝐴 + 𝑓23 ∙ ∑ (𝐻𝑜𝑟𝑖𝑓𝑖𝑐𝑒,𝑛∙𝐴𝑜𝑟𝑖𝑓𝑖𝑐𝑒,𝑛)/𝐴ℎ𝑎𝑛𝑑
𝑛=𝑘
𝑛=1

𝑗=𝑚
𝑗=1

                                          (4) 

where 𝐶ℎ𝑎𝑛𝑑𝑠 = number of viral particles on hand  

𝑓12,𝑛𝑝 = fraction of virus transfer from surface-to-hand  

𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒  = virus concentration on surface (genome copies/mL) 

𝐶𝑎𝑑𝑗𝑢𝑠𝑡 = adjustment to convert 𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒 to viral particles/cm2 

𝐴ℎ𝑎𝑛𝑑 = surface area of hand (cm2) 

𝐻𝑜𝑟𝑖𝑓𝑖𝑐𝑒,𝑛 = number of hand-to-orifice contacts per minute 

𝐻𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑗 = number of hand-to-surface contacts per minute 

𝐴𝑜𝑟𝑖𝑓𝑖𝑐𝑒,𝑛 = surface area of hand-to-orifice contact 

𝑓23 = fraction of virus transfer for hand-to-orifice contact  

𝑓21 = fraction of virus transfer for hand-to-fomite contact  

𝐹𝑆𝐴 = fraction of contact surface area per hand surface area  

For variable units and distributions, see Table 1.  
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Viral decay was excluded, as enteric viruses have been shown to be persistent in environments 

on fomite surfaces, and respiratory viruses, such as rhinovirus and influenza A virus, have been 

shown to survive on surfaces for days.22,23 Assuming no decay allows for a conservative risk 

estimate. These estimated hand concentrations (𝐶ℎ𝑎𝑛𝑑𝑠̅̅ ̅̅ ̅̅ ̅̅ ) at steady state were then used to 

calculate dose:21 

                             𝑅𝑜𝑟𝑖𝑓𝑖𝑐𝑒 = 𝑓23  ∙  𝐶ℎ𝑎𝑛𝑑𝑠̅̅ ̅̅ ̅̅ ̅̅  ∙  ∑ (𝐻𝑜𝑟𝑖𝑓𝑖𝑐𝑒,𝑛 ∙  𝐴𝑜𝑟𝑖𝑓𝑖𝑐𝑒,𝑛
𝑛=𝑘
𝑛=1 )  ∙  𝑡𝑖𝑚𝑒             (5) 

 Monte Carlo methods and iterations used in Case 1 were also used in Case 2. Additional 

distributions were included in Case 2 to capture variability in the number of eye, nose, mouth, 

nonporous surface, and porous surface contacts per minute and the associated surface areas of 

contact. Predicted doses were calculated using the same dose-response curves used in Case 1. 

3.4. Percent Reduction Calculations 

 Median values were used to represent the central tendencies of the estimated infection 

risks. To investigate the effects of surface disinfection for those experiencing higher-than-

average doses, the percent reduction in the 95th infection risk percentiles were quantified. Percent 

reductions in the median and 95th percentiles of infection risk were calculated by taking the 

difference between baseline-predicted and intervention-predicted risks of infection and then 

dividing by the baseline-predicted values: 

                                    % 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒−𝐼𝑛𝑡𝑒𝑟𝑣𝑒𝑛𝑡𝑖𝑜𝑛 
𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒

∙  100%                                     (6) 

3.5. Risk Targets 

 There are currently no risk targets for microbial infections in healthcare settings in the 

United States. Risk targets included in this study were 1/1,000; 1/10,000; 1/100,000; and 

1/1,000,000. These were chosen so that the increase in percent reduction in surface 

concentrations needed to lower risk targets by one order of magnitude could be observed. Risk 
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targets were chosen based on microbial drinking water standards and standards used by Ryan et 

al. (2014) to evaluate microbial healthcare infection risks. 

4. Results 

 A 94.1% virus concentration reduction on surfaces resulted in a 94.1% median dose 

reduction for rotavirus, rhinovirus, and influenza A virus in both modeled cases. Case 1 

rotavirus, rhinovirus, and influenza A virus median infection risks were reduced by 94.1% for all 

three viruses, and Case 2 median infection risks were reduced by 92.96% - 94.1% (Table 2). 

High correlation coefficients between surface concentration and dose and infection risk 

explained why a 94.1% reduction in viral concentration resulted in a 94.1% reduction in risk in 

Case 1. Case 1 and Case 2 correlation coefficients for viral surface concentrations and dose and 

for viral surface concentration and infection risks under intervention conditions were 0.83 - 0.84 

and 0.57 - 0.69, respectively. Case 1 infection risk reductions in the 95th percentiles for rotavirus, 

rhinovirus, and influenza A virus ranged from 92.88% - 94.1%, while for Case 2 they ranged 

from 45.51% to 94.10% (Table 2).  

 Infection risks for single fomite contacts were less than that of 6 hours of contact activity. 

Case 1 median predicted infection risks, without a 94.1% reduction on surfaces, ranged from 

4.57 x 10-4 (rotavirus) to 2.56 x 10-10 (influenza A virus) (Table 3). These predicted risks are less 

than that predicted for norovirus infection (Pr(infection)= 2.7 x 10-3) in other quantitative 

microbial risk assessments.9 Case 2 median baseline infection risks ranged from 7.25 x 10-2 

(rotavirus) to 3.43 x 10-7 (influenza A virus), 2-3 log10 higher than infection risks from single 

contacts (Table 3).    

 Under Case 2 conditions, 94.1% reduction in virus concentrations on surfaces reduced 

influenza A virus risk well below one in a million (Pr(infection)=2.02 x 10-8). However, for 
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rotavirus and rhinovirus, infection risks were both on the order of one in a thousand. A 99.999% 

reduction, a log reduction required for non-halide food contact surface sanitizers, decreased the 

risk of infection for rotavirus and rhinovirus to 9.48 x 10-7 and 3.05 x 10-7, respectively, placing 

risk below one in a million (Table 4).24  

5. Discussion 
 The overall high reductions in infection risks support surface disinfection prioritization in 

cleaning protocols. The difference in risk reduction from a single fomite contact to six hours of 

contact activity reiterates the fact that longer exposure times may diminish the risk mitigation 

offered by surface disinfection, especially for pathogens that may have low infectious doses, 

such as rotavirus and rhinovirus. In environments with higher viral concentrations than those 

modeled in this study, the diminishing effect of surface disinfection over time may be even more 

apparent, as increased pathogen doses will yield higher risks of infection. The decrease in 

percent reductions seen for the 95th percentile from 1 second of contact to 6 hours of contact 

demonstrates that those who touch their eyes, nose, mouth, or fomites more often than the central 

tendency of contact behavior distributions experience less of a beneficial effect from a single 

surface cleaning than those who have average exposures in this simulated scenario. This supports 

the reapplication of surface disinfection so that higher percent reductions are met to achieve the 

same reductions in infection risk, especially for those who may be more exposed than the 

average patient or healthcare staff member. 

 High and consistent reductions in influenza A virus infection risk for this study scenario 

demonstrates that the dose-response curve for a pathogen can affect observed intervention 

efficacy. Depending upon the baseline modeled dose, an equal change in dose at any point along 

the curve may not have an equal effect on in infection risk, depending upon the shape of the 
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dose-response curve. This means that the pathogen reductions on surfaces needed to meet 

particular risk targets may vary from one pathogen to another. For example, in Ryan et al. 

(2014), it was estimated that a 99.2% reduction would be needed to meet a one in a million risk 

target for Escherichia coli O157:H7, while norovirus required a 99.96% reduction. It was also 

estimated that other bacteria, such as Pseudomonas and Staphylococci, had associated single 

touch risks that already met the one in a million target risk.9 A current challenge to 

understanding surface disinfection efficacy in risk target terms is a lack of consensus about what 

acceptable risk means in healthcare environments. Models that quantify the pathogen reductions 

needed to achieve risk targets, such as in this study and in Ryan et al. (2014), will help inform 

conversations aimed at developing future standards for healthcare cleanliness. However, more 

environmental sampling is needed to further inform these models and improve their relevance in 

decision making. A limitation in this study included making assumptions concerning 

concentrations of viral pathogens on surfaces based off of one study.16 More data characterizing 

concentrations of pathogens on commonly touched surfaces with reported limits of detection and 

proportions of samples above or below limits of detection would result in more informed 

assumptions regarding the concentration of pathogens in healthcare environments. Additionally, 

ratios of detected to viable virus for healthcare surface samples would further inform assumed 

concentrations of viable viruses on surfaces. These ratios would diminish current uncertainty in 

translating quantitative polymerase chain reaction (qPCR) data to estimate concentrations of 

viable pathogens on healthcare surfaces assumed in QMRA modeling.   

 In addition to contact with fomites, other exposure pathways may contribute to infection 

risk, such as hand-to-hand and hand-to-patient contacts and inhalation of aerosolized pathogens. 

To understand the role of surface disinfection in reducing the doses of indirect exposures, more 
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complex models are needed to address the relationships between surface disinfection, fomite 

contacts, patient-to-patient or healthcare worker-to-patient contacts, and the influence of hand 

hygiene practices. To improve upon the accuracy of QMRA modeling as a method to explore the 

efficacy of interventions, understanding the mechanisms by which cross-contamination occurs at 

the micro-activity level would allow for more accurate portrayals of viral accumulation on the 

hands. The equations used in this study assume one second of contact or an equilibrium value on 

hands. Minute-by-minute changes in virus concentrations on surfaces and hands are not being 

accounted for. There may be moments that allow for high exposures in between surface 

disinfection cleanings that are not currently being represented, due the steady state assumption.  

 Some models aim to capture healthcare worker and patient behaviors to understand the 

minute-by-minute transfer of pathogens and the effects of various hygiene interventions, but 

more models are needed to address the vast number of environments, pathogenic exposures, and 

scenarios that may occur within healthcare settings.25,26 Various levels of human behavior are 

needed to understand how varying procedures and tasks affect micro-level activities that result in 

momentary exposures. Accurate micro-level activity data for various healthcare professionals is 

extremely limited, and the effect of contact duration and repetitive contacts on the transfer 

efficiencies for microbes is relatively unknown. Contact duration and repetitive contacts have 

been shown to effect transfer efficiencies for chemical exposures.27,28 If this is also true for 

microbial exposures, it is possible that models estimating doses that assume a transfer efficiency 

unrelated to contact behavior are not portraying the movement of viruses during contact events 

appropriately. More information regarding duration and contact frequency with a variety of 

surface types would inform healthcare transmission models and allow for more complex and 

accurate capturing of pathogen movement in healthcare settings.  
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 Data regarding concentration of viable pathogens in healthcare environments are also 

lacking, especially for viral pathogens. With more accurate distributions of pathogens in 

healthcare environments, more certainty could be placed in QMRAs and the intervention 

protocols they support. Accounting for small time incremental changes in concentrations on 

surfaces and hands combined with real-world distributions of viable pathogen concentrations on 

healthcare surfaces would allow for more accurate predictions of intervention effects, 

compliance with cleaning protocols, and the necessary frequency of cleaning routines. This could 

then lead to a more accurate characterization of interventions and their effects in real-world 

environments. This information would benefit infection control professionals by informing 

current cleaning practices. It would additionally inform stakeholders on the frequency and 

duration of cleaning rounds needed to achieve lasting claimed reduction claims in healthcare 

environments.  
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Table 1. Parameters for Single Fomite Contact and 6-Hour Contact Scenarios 
Variable Units Distribution* Source 

𝐻𝑝𝑜𝑟𝑜𝑢𝑠 contacts/min Log-normal 
(5.5,1.5) 29 

𝐻𝑛𝑜𝑛𝑝𝑜𝑟𝑜𝑢𝑠 contacts/min Log-normal 
 (4.1,1.6) 29 

𝐻𝑛𝑜𝑠𝑒 contacts/min Log-normal 
 (0.01, 66.7) 19 

𝐻𝑚𝑜𝑢𝑡ℎ contacts/min Log-normal 
 (0.18, 3.3) 29 

𝐻𝑒𝑦𝑒𝑠 contacts/min Log-normal 
 (0.06, 3.3) 19 

𝐴𝑛𝑜𝑠𝑒 cm2 Uniform 
 (0.10, 10) 21 

𝐴𝑚𝑜𝑢𝑡ℎ cm2 Uniform 
 (1, 41) 30 

𝐴𝑒𝑦𝑒𝑠 cm2 Uniform 
 (0.10, 2) 21 

𝐴ℎ𝑎𝑛𝑑 cm2 Uniform 
(890, 1070) 31 

𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒 cm2 Point Value 
2 19 

𝑓12,𝑛𝑜𝑛𝑝𝑜𝑟𝑜𝑢𝑠 fraction Uniform 
 (0.05, 0.22) 32 

𝑓12,𝑝𝑜𝑟𝑜𝑢𝑠 fraction Uniform 
 (0.0003, 0.0042) 32 

𝑓23 fraction Point Value 
0.339 33 

𝑓21 fraction Uniform 
 (0.05, 0.22) 32 

𝐹𝑆𝐴 unitless Log-normal 
(0.15, 1.2) 34 

Time minutes Point Value 
360 This study 

𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒 genome 
copies/mL 

Uniform 
 (0, 3.4) 

 
Exponential 

(0.00157, 3.4, 2.94 x 103) 

This study 

𝐶𝑎𝑑𝑗𝑢𝑠𝑡 
viral 

particles/genome 
copies/100 cm2 

Uniform 
(1.533 x 10-5, 1.542 x 10-1)  

100 
This study 

* Log-normal (geometric mean, geometric standard deviation); Uniform (minimum, maximum); 
Exponential (rate, minimum, maximum) 
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Table 2. Percent Reduction in Infection Risk from a 94.1% Reduction in Viruses on Surfaces: 
Case 2 (6 Hours of Contact Activity) 
  

% Reduction in Infection Risk 
 

Median 95th Percentile 

Rotavirus 92.96 50.24 

Rhinovirus 93.65 45.51 

Influenza A virus 94.10 94.10 

 
Table 3. Median Probabilities of Infection from Case 1 (Single Fomite Contact) and Case 2 (6 
Hours of Contact Activity) Under Baseline and Intervention Conditions 

  
Case 1 

 
Case 2 

Baseline Intervention Baseline Intervention 
 

Rotavirus 4.57 x 10-4 
 

2.70 x 10-5 
 

7.24 x 10-2 
 

5.10 x 10-3 

 
Rhinovirus 

 

 
4.86 x 10-4 

 

 
2.87 x 10-5 

 
2.78 x 10-2 

 
1.77 x 10-3 

 
Influenza A virus 

 

 
2.56 x 10-10 

 

 
1.51 x 10-11 

 
3.43 x 10-7 

 
2.02 x 10-8 

 
Table 4. Impact of Percent Reduction in Concentration of Rotavirus, Rhinovirus, and Influenza 
A virus on Risk, Assuming Case 2 Conditions 

 
% Reduction in Viral 

Concentration 

Infection Risk 
 

Rotavirus 
 

Rhinovirus 
 

Influenza A virus 
94.1% 5.10 x 10-3 1.77 x 10-3 2.02 x 10-8 
99% 9.46 x 10-4 3.09 x 10-4 3.64 x 10-9 

99.9% 9.24 x 10-5 3.19 x 10-5 3.51 x 10-10 
99.99% 9.66 x 10-6 3.09 x 10-6 3.79 x 10-11 
99.999% 9.48 x 10-7 3.05 x 10-7 3.58 x 10-12 
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Table 5. Percent Reduction Required for Median Probabilities of Viral Infection to Meet Risk 
Levels, Assuming Case 2 Conditions 

Risk Level 

Required % Reduction on Surfaces 
 

Rotavirus Rhinovirus Influenza A virus* 

1/1000 98.87812 96.79529 None 
1/10,000 99.89373 99.67195 None 
1/100,000 99.98879 99.96747 None 

1/1,000,000 99.99892 99.99691 None 
*Baseline risk levels for influenza A virus were below 1/1,000,000. “None” means no further 
reduction would be needed beyond the observed 94.1% to meet these risk thresholds. 
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CHAPTER 3: VALIDATION OF A STOCHASTIC DISCRETE EVENT 

MODEL PREDICTING VIRUS CONCENTRATION ON NURSE HANDS 

Amanda M. Wilson; Kelly A. Reynolds, Ph.D.; Marc P. Verhougstraete, Ph.D.; Robert A. 

Canales, Ph.D. 

Abstract 
Understanding the transmission of viral disease in healthcare settings and the effect of infection 

control interventions will inform current and future infection control protocols. Modeling is a 

time- and cost-effective tool to characterize intervention efficacy. In this study, a model was 

developed to predict virus concentration on nurses’ hands using data from an MS2 bacteriophage 

tracer study. The tracer study was conducted in Tucson, Arizona in an urgent care facility, where 

surfaces were swabbed 2 hours, 3.5 hours, and 6 hours post-seeding to measure virus spread per 

time interval. To estimate the combined viral load that would have been present on hands 

without sampling, virus concentrations were combined to estimate full virus concentrations at 3.5 

and 6 hours. A stochastic discrete event model was developed to predict virus concentrations on 

nurses’ hands, given a distribution of virus concentrations on surfaces and expected numbers of 

contacts with surfaces and facial orifices. Box plots and statistical hypothesis testing were used 

to compare the model output to experimentally measured virus concentrations on nurses’ hands. 

The model was validated with the experimental bacteriophage tracer data, because the 

distribution for model-predicted virus concentrations on hands captured all observed value 

ranges, and interquartile ranges for model and empirical values overlapped for all comparison 

time points. Wilcoxon rank sum tests showed no significant differences in distributions of 

model-predicted and experimentally measured virus concentrations on hands for all three time 

points. Next steps in model development include addressing viral concentration distributions that 

would be found naturally in healthcare environments, as opposed to concentrations used in 
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bacteriophage tracer studies, and measuring the risk reductions predicted for various infection 

control interventions. 

1. Introduction 

 Although virus survival on fomites is variable, many viruses survive on surfaces for days, 

and some, such as rotavirus and other enteric viruses, may remain viable on surfaces for months.1 

This is especially of concern in indoor environments, where viruses contribute greatly to 

infectious disease burden.2 Although surface disinfection and hand hygiene compliance are 

supported infection control interventions to lower microbial load on surfaces, quantifying and 

understanding the mechanisms through which microbial exposures occur in healthcare settings 

would further inform infection control intervention (i.e., surface cleaning and hand hygiene) 

needs. Using environmental data to evaluate intervention efficacy may be more informative than 

efficiencies measured in laboratory settings. Using real world intervention efficacies can form 

target microbial reduction goals, which are currently not quantified or defined for healthcare 

environments. 

 Due to the financial cost and the time required to regularly survey viral populations in 

healthcare environments, modeling provides a useful tool in characterizing microbial spread and 

estimating the effect of an intervention in disrupting spread. Mathematical modeling has been 

used to predict the efficacy of various interventions and to identify the most important influences 

on intervention efficacy. Many of these models are variations of SIR (susceptible-infectious-

recovered) models that account for transition between states.3 These transition rates are typically 

defined by differential equations and do not include mechanistic equations that account for 

momentary exposures or behavioral micro activities. Other models have addressed human 

behavior through use of agent-based models. An agent-based model developed by Barnes et al. 
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(2014) addressed multi-drug resistant organisms and the influence of behaviors, such as patient 

and healthcare worker interactions, on acquisition rates. However, this model does not address 

stochasticity in parameters or account for varying transfer efficiencies for different fomite types.4 

Additionally, this model does not track behaviors on the level of hand-to-object or hand-to-

orifice contacts, meaning that moments of high exposure are not captured at high time 

resolution.4 A model developed by King et al. (2015) accounts for stochasticity of behavioral 

events, using Markov chains informed by observational data to predict MRSA exposures. King 

et al. (2015) account for individual surface contacts and transfer efficiencies, and incorporate 

fluid dynamics to address deposition of aerosolized MRSA. The model was validated by means 

of a Kendall-tau parametric test used to compare the model’s predicted colony forming units 

(CFU) on hands with empirical literature values.5 Although there is a growing trend in using 

models to answer questions about transmission and pathogen spread in healthcare, few models 

address viral pathogens.6 Additionally, few healthcare-acquired infection (HAI) models compare 

model predictions to empirical data. In one review of HAI models, only 5% of 96 papers 

compared model outputs to empirical data.6  

 The purpose of this study was to develop and validate a stochastic discrete event model 

for predicting virus concentration on nurse hands using data from a bacteriophage tracer study 

performed in an urgent care facility. The framework of the model was based on a stochastic 

discrete event model for rotavirus exposures through hand-to-fomite and hand-to-mouth 

contacts.7 The model developed in this study was an expanded version intended to be specific to 

a healthcare environment, with additional types of contacts, and with the incorporation of 

handwashing events.   
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2. Methods 

2.1. Urgent Care Tracer Study 

In an urgent care facility in Tucson, Arizona, a registration pen and door handle were seeded 

with Escherichia coli bacteriophage MS2 (ATCC® 15597-B1™), a harmless viral surrogate. 

Two, 3.5, and 6 hours after seeding, various surfaces (bathroom handles and faucets, computer 

mouse, waiting room counter, arm rest, patient room bed, patient room inner door handle, nurse 

hands, and patient hands) were swabbed with letheen broth Sponge-Sticks (3M, Maplewood, 

MN). Swabs were transported to the laboratory on ice and processed within 24 hours for MS2 

virus using a double agar overlay method.8 For 3.5 hour concentrations, measurements from 2 

hours and 3.5 hours were added together to account for viral loss from the first sampling and to 

estimate the amount of virus that would have accumulated over the 3.5 hours. For 6 hour 

concentrations, measurements at 2, 3.5, and 6 hours were summed to represent viral 

concentrations expected on nurse hands without losses that may have occurred due to sampling. 

MS2 concentrations (PFU/cm2) for the sampled surfaces assumed to be touched by nurses 

(bathroom handles, bathroom faucets, waiting room nurse computer mouse, nurse’s station 

computer mouse, nurse’s station arm chair, patient room canisters, patient room bed, patient 

room inner door handles) were fit to a log normal distribution using the fitdistRplus package for 

RStudio.9,10 A log normal distribution was assumed, because this distribution has been assumed 

for virus concentrations in multiple quantitative microbial risk assessments.11  

2.2. Model Development 

 A discrete-event model was developed in which the following events had varying 

probabilities of being chosen per second of simulated activity sequences: contact with a 

nonporous surface; contact with a porous surface; contact with mouth, eyes, or nose; compliant 
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hand washing; and no contact with surfaces. For hand-to-nonporous, hand-to-porous, and hand-

to-orifice contacts, the probability of an event occurring per second was weighted by 

contacts/min observed in behavioral studies.12,13 The probability of a no contact event per second 

was the complement of the sum of probabilities for all other event types.  For hand washing 

events, a number of assumed hand washing opportunities per a 12 hour shift was converted to 

number of hand washing opportunities per minute.14 One hundred fifty hand washing events in 

twelve hours were assumed, as there is great variability in the number of hand washing 

opportunities and this value has been used in other studies as a means to measure hand washing 

opportunities per 12 hour shifts.14,15 Additionally, this rate of hand washing opportunities per 

minute (0.2083) is within the range of hand washing opportunities discussed in the WHO 

Guidelines on Hand Hygiene in Health Care: First Global Patient Safety Challenge Clean Care 

Is Safer Care (2009).15 This rate was then multiplied by a compliance rate to represent the 

number of compliant hand washing events per minute. A compliance rate of 36% was used, as 

this was observed in a U.S. healthcare non-intensive care unit.16 To the knowledge of the 

authors, compliance rates specific to U.S. urgent care sites were not available.  

 The duration of hand-to-porous and hand-to-nonporous contacts was 3 seconds, based on 

a median duration for these contact types observed in behavioral studies.12 The duration of hand 

washing events was 30 seconds, based on recommended hand washing times.17 The duration of 

hand-to-orifice contacts was assumed to be 1 second long. Moments without contacts were given 

a duration of 1 second. The probability of using either the right or left hand for contact events 

was 0.5, based on the finding of Beamer et al. (2012) that the “activity patterns” of right versus 

left hand contacts were not significantly different.12 
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 One-thousand iterations were run with R, version 1.0.136.10 Per model iteration, a 

different sequence of activities for 6 hours (21600 seconds) was generated. This was the length 

of time between seeding and the last sampling time in the bacteriophage tracer study. During 

contacts with porous or nonporous surfaces, a concentration was sampled from the log normal 

distribution of virus concentrations on surfaces. Change in concentration on combined hands was 

calculated using an equation from a study conducted by Julian et al. (2009). However, the 

inactivation term was removed, because enteric viruses have been shown to be persistent on 

fomite surfaces.18 Assuming no decay allows for a conservative risk estimate. 

𝐶ℎ𝑎𝑛𝑑,𝑡 = 𝐶ℎ𝑎𝑛𝑑,𝑡−1 − (𝑇𝐸 ×  𝑆 ×  (𝐶ℎ𝑎𝑛𝑑,𝑡−1 − 𝐶𝑓)) 

where 𝐶ℎ𝑎𝑛𝑑,𝑡 = concentration on hands at time t (PFU/cm2) 

𝑇𝐸 = transfer efficiency (fraction) 

𝑆 = fraction of hand surface area in contact (fraction) 

𝐶𝑓 = virus concentration on surface (PFU/cm2) 

This equation accounts for viral gains and losses to the hands, assuming that the direction of 

transfer is from the surface with a higher concentration to a surface with a lower concentration. 

Variables describing transfer efficiency and percent of hand in contact were specific to the 

contact type. 

 For contacts with orifices, the following equation was used, but inactivation was removed 

from the original equation by Julian et al. (2009).7 

𝐶ℎ𝑎𝑛𝑑,𝑡 = 𝐶ℎ𝑎𝑛𝑑,𝑡−1  × (1 − 𝑇𝐸 ×  𝑆 ) 

Where 𝐶ℎ𝑎𝑛𝑑,𝑡 = current time step concentration on hands (PFU/cm2) 

𝐶ℎ𝑎𝑛𝑑,𝑡−1 = previous time step concentration on hands (PFU/cm2) 
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Transfer efficiency distributions used in other viral exposure models were used in this study.7,19 

Fractions of hand in contact with orifices during orifice contacts were constructed using 

distributions of surface area of hand in contact with orifices divided by a value sampled from a 

distribution of total hand surface area. For nose and eyes, these distributions were from an 

observational study of 7-12 year olds, where there were no significant differences in contact rates 

between age categories, indicating that contact rates may become increasingly constant as people 

age.19 For this reason, these rates have been used to represent adult activities in other models 

capturing adult contact behaviors.19 For hand-to-mouth contacts, surface area of the hand in 

contact with the mouth was informed by studies conducted on adults.20  

 During compliant hand washing events, concentration on hands was decreased by an 

expected log reduction from washing with water and plain hand soap.17 During non-compliant 

hand washing events, the concentration on hands was unchanged. Cleaning events were not 

addressed in this model. It was assumed that the overall influence of any cleaning events was 

captured in surface concentration measurements from the bacteriophage tracer study used to 

inform the surface concentration distribution in this study. 

2.3. Model Validation 

 To validate the model, the distribution of model-predicted virus concentrations 

(PFU/cm2) on nurse hands at 2, 3.5, and 6 hours were compared to experimental virus 

concentrations (PFU/cm2) at these same time points post-bacteriophage seeding. Wilcoxon rank 

sum tests were also conducted to test for statistically significant differences in distributions 

between model-predicted virus concentrations on hands and experimental values. This has been 

used as a means to validate other exposure models with nonparametric outputs that have 

compared outputs to bacteriophage tracer data.19 
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3. Results 

 The model was validated with experimental data. Interquartile ranges for model-predicted 

and experimental virus concentrations on nurse hands overlapped for all time points (Figure 1). 

All Wilcoxon rank sum tests used to test for significant differences between model-estimated and 

experimentally-measured virus concentrations on nurse hands were statistically insignificant, 

indicating that the model was validated with experimental data for all three compared time points 

(Table 2). The model and bacteriophage data indicate that virus concentrations on hands may 

remain constant after two hours of exposure, supporting other exposure models that have 

assumed steady-state virus concentrations on hands for similar time periods of exposure (Figure 

1).19 However, the model demonstrates that virus concentration over second-by-second scenarios 

can fluctuate over time, allowing for moments of high exposure (Figure 2). In the case of the 

simulated nurse with virus concentration on hands shown in Figure 2, a large change in viral 

concentration on hands occurred at 15,824 seconds (4.4 hours) where the concentration changed 

from 1.70 PFU/cm2 to 30.1 PFU/cm2 on the right hand. This was due to a nonporous contact with 

a highly contaminated surface with a concentration of 1.01 x 103 PFU/cm2. This concentration on 

the nurse’s hand fluctuated as a result of other contacts with surfaces. At 21,024 seconds (5.8 

hours), a hand-washing event decreased concentration on hands from 3.7 PFU/cm2 (right) and 

9.7 PFU/cm2 (left) to 0.04 PFU/cm2 (right) and 0.1 PFU/cm2 (left). This example of events 

supports the hypothesis that high moments of exposure are possible, even though the central 

tendency of virus concentrations on hands may remain relatively constant over longer periods of 

exposure (Figure 2). Figure 3 illustrates the distribution of viral concentration on nurses’ hands 

at the end of the simulation (6 hours). This distribution of concentrations on nurse hands after the 

simulated exposure time demonstrates that nurses are more likely to have lower concentrations 
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on hands, but that high concentrations are possible and do not occur as frequently as lower 

concentrations (Figure 3).   

4. Discussion 

 The validation of a microbial exposure model with bacteriophage tracer data represents a 

new application of tracer studies in healthcare microbial risk assessment. This approach offers an 

extension of bacteriophage tracer studies as it allows for not only the evaluation of an 

intervention’s effect on microbial concentrations but also of exposure potentials. A discrete event 

model, as opposed to a steady-state model, can estimate momentary exposures and can be used 

to evaluate the effect of behavior and intervention timing and frequency. Although the model 

developed in this study shows that the steady state assumption for virus concentrations on hands 

may be appropriate, a discrete event model that tracks change in virus concentration on hands 

over time captures momentary exposures that may be higher than the steady-state value. 

Therefore, steady-state assumptions may underestimate the upper tail of infection risk 

distributions. Large ranges in model-predicted virus concentrations on hands, demonstrate that 

moments of high exposure are possible (Figure 2). 

 Steady-state models that assume a constant concentration over time cannot address time- 

or event-dependent interventions, such as compliant hand washing events and the time and 

frequency of surface cleaning events. Using this model as a framework to explore time-

dependent interventions in future studies will inform infection control professionals on 

intervention effects and optimization strategies. However, before this model can accurately 

portray infection risks, an evaluation of pathogen concentrations on surfaces that more closely 

represents concentrations expected in healthcare environments is recommended. Concentrations 

of pathogens on surfaces in healthcare settings often have less than10 organisms per cm2 under 
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contaminated circumstances.21 Although this concentration is not specific to viruses or bacteria, 

it has been primarily compared to bacterial concentrations measured in healthcare environments. 

For viruses, this concentration is often much lower, and large proportions of samples are often 

below the limit of detection, even with molecular methods.22 Using distributions of virus 

concentrations on surfaces from the bacteriophage study would overestimate infection risk, as 

most of these concentrations are higher in comparison to some infectious doses for viruses, 

which may be as low as less than 1 tissue culture infective dose (TCID50).
23

 However, the 

development of exposure models that can account for momentary pathogen concentrations on 

hands, as demonstrated in Figure 3, is an improvement in risk assessment that can offer infection 

risk estimations for pathogen concentrations in environments that may otherwise be below a 

limit of detection. 

 A current limitation to more accurately modeling microbial spread in healthcare settings 

includes a lack of micro-activity data for healthcare workers. Although some activity data does 

exist for healthcare workers, the data is very contact surface-specific.5 Frequency of non-porous 

and porous contacts per minute for various healthcare worker roles would inform the current 

model, allowing for other interventions to be explored more confidently and to be applied to 

more specific healthcare scenarios. For example, one intervention in a surgical ward may not be 

as promising as its implementation in an urgent care, based on differences in behavior and 

contacts with surfaces. Other parameters that are currently unexplored include the effect the 

duration of a contact on the amount of microbial transfer. Understanding how a one second 

contact with surface may differ from a 10 second contact could further the level of detail in the 

model.  
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 The validation of an exposure model specific to viruses in healthcare addresses a current 

gap in healthcare modeling.6 Incorporating environment-specific distributions for contact 

frequencies and durations along with distributions for viable and quantified virus concentrations 

in healthcare environments will enhance this model’s applicability to infection control questions 

and can be developed to address time-dependent interventions. Using bacteriophage studies to 

inform mechanistic models can prove a useful validation method. However, to appropriately 

investigate infection risks, distributions of realistic microbial concentrations in the environment 

of interest are necessary. Development of this model is an important step toward predicting 

infection risks in healthcare settings and accounting for the influence of human behavior and of 

intervention timing on intervention efficacies. This study also demonstrates the promising 

extension of bacteriophage tracer studies to estimate the influence of behavior and interventions 

on estimated infection risks.  
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Tables and Figures: 

Table 1. Discrete Event Model Parameters 

Variable  
Description 

Symbol Units Distribution 
(Parameters)* 

Source/Reference 

Event Frequency 

Non porous 
contact 𝑁𝑃𝐶  

Contacts/min 
 

(Probability per 
second) 

4.1 
 

(4.1 / 60) 
12 

Porous contact 𝑃𝐶 

Contacts/min 
 

(Probability per 
second) 

5.5 
 

(5.5 / 60) 
12 

Hand wash 
Opportunity 𝐻𝑊𝑂 

Opportunities/
min * 

compliance rate 
 

(Probability per 
second) 

0.075 
 

(0.2083 * 0.36 / 60) 
14 

Mouth 𝑀𝐶 

Contacts/min 
 

(Probability per 
second) 

0.18 
 

(0.18 / 60) 
12 

Eyes 𝐸𝐶 

Contacts/min 
 

(Probability per 
second) 

0.06 
 

(0.06 / 60) 
13 

Nose 𝑁𝐶 

Contacts/min 
 

(Probability per 
second) 

0.01 
 

(0.01 / 60) 
13 

No hand contact 𝑁𝐻 Probability per 
second 1 - (9.92/60) Assumed 

Event Duration 
Non porous 

contact  s 3 12 

Porous contact  s 3 12 

Hand wash  s 30 17 
Mouth  s 1 Assumed 
Eyes  s 1 Assumed 
Nose  s 1 Assumed 

No contact  s 1 Assumed 
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Contamination Concentration 

Surface virus 
concentration Cf PFU/cm2 Lognormal 

(-1.008, 2.628) 

Experimental data 
fit to log normal 

distribution 
Area of Hand** 

Area of Hand Ahand cm2 Uniform 
(890, 1070) 19 

Percentage of Object Contacted 
Fraction of 

object contacted 
(Porous and Non 
porous fomite) 

SH fraction Uniform 
(0.13, 0.24) 

7 
Fraction of 

object contacted 
(Mouth) 

SM fraction Uniform 
(10.9/Ahand,13.4/Ahand) 

20 
Fraction of 

objected 
contacted (Eyes) 

SE fraction Uniform 
(0.10/Ahand, 2/Ahand) 

19 

Fraction of 
objected 

contacted (Nose) 
SN fraction 

Uniform 
(0.06/Ahand, 
0.33/Ahand) 

19 

Percentage of Viral Transfer 
Fraction 

transferred 
(Nonporous) 

𝑇𝐸𝐹𝐻𝑃 fraction Uniform 
(0.05, 0.22) 19 

Fraction  
transferred 
(Porous) 

𝑇𝐸𝐹𝐻𝑁𝑃 fraction Uniform 
(0.0003, 0.0042) 19 

Fraction 
transferred 

(mouth) 
𝑇𝐸𝐻𝑀 fraction Normal 

(0.41, 0.25) 
7 

Fraction 
transferred 

(Eyes) 
𝑇𝐸𝐻𝐸 fraction Point Estimate 

0.339 19 

Fraction 
transferred 

(Nose) 
𝑇𝐸𝐻𝑁 fraction Point Estimate 

0.339 19 

Pre-Intervention Parameters 
Pre-Intervention 

Nurse Hand 
washing 

Compliance 
Rate 

 % Point Estimate 
36% 

16 

Pre- Intervention 
Soap log 
reduction 

𝑅  Point Estimate 
102 

17 
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* Log-normal (meanlog, sdlog); Uniform (minimum, maximum); Normal (mean, sd) 
**Values were divided by two to represent % SA of single hand contacts as opposed to 
combined hands 
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Figure 1. Comparison of Model Estimated Virus Concentrations on Nurse Hands to 
Experimentally Measured Virus Concentrations on Nurse Hands with 36% Hand Washing 
Compliance 
  

 
 
Figure 2. Virus Concentration on Hands over Time for One Simulated Nurse 

 
 



 71 

Figure 3. Model-Predicted Distribution of Virus Concentrations on Nurse Hands at 6 Hours 

 
 
Table 2. Summary Statistics for Model-Predicted and Experimental Virus Concentrations on 
Hands and P-Values Testing Statistically Significant Differences between Model-Predicted and 
Experimental Values for 36% Hand Washing Compliance 

 Virus Concentration on Hands (PFU/cm2) 
2 Hours 3.5 Hours 6 Hours 

Model 
(N=1000) 

Empirical 
(N=4) 

Model 
(N=1000) 

Empirical 
(N=4) 

Model 
(N=1000) 

Empirical 
(N=4) 

Range 
[min, max] [0.0014, 564.1] [0.05, 9.92] [0.002, 295.5] [0.93, 9.92] [0.0004, 616.2] [1.26, 10.1] 

Median 4.00 2.01 3.8 3.34 3.6 3.40 

Mean (SD) 8.8 (25.6) 3.5 (4.5) 8.3 (18.3) 4.38 (3.9) 8.5 (24.1) 4.54 (3.84) 
P-Value, 
Wilcoxon 
Rank-Sum 

0.36 0.95 0.99 
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Appendix A: Equations 
Probability Vector for Event Selection 

𝑃(𝑁𝑃𝐶, 𝑃𝐶, 𝑀𝐶, 𝐸𝐶, 𝑁𝐶, 𝐻𝑊𝑂, 𝑁𝐶) = (
4.1
60 ,

5.5
60 ,

0.18
60 ,

0.06
60 ,

0.01
60 ,

0.075
60 ,

50.1
60 )   

𝑃(𝑁𝑃𝐶, 𝑃𝐶, 𝑀𝐶, 𝐸𝐶, 𝑁𝐶, 𝐻𝑊𝑂, 𝑁𝐶) = (0.0683, 0.0917, 0.003, 0.001, 0.0002, 0.0012, 0.8346) 

where 𝑁𝑃𝐶  = hand-to-nonporous surface contact 

𝑃𝐶 = hand-to-porous surface contact 

𝑀𝐶 = hand-to-mouth contact 

𝐸𝐶 = hand-to-eye contact 

𝑁𝐶 = hand-to-nose contact 

𝐻𝑊𝑂 = compliant hand washing opportunity 

𝑁𝐶 = no contact 

All following equations provide equations for incremental changes on hands due to a particular 

contact.  

Hand-to-Nonporous Surface Contact:  

𝐶ℎ𝑎𝑛𝑑,𝑡 = 𝐶ℎ𝑎𝑛𝑑,𝑡−1 − (𝑇𝐸𝐹𝐻𝑃  × 𝑆𝐻  × (𝐶ℎ𝑎𝑛𝑑,𝑡−1 − 𝐶𝑓)) 

Hand-to-Porous Surface Contact:  

𝐶ℎ𝑎𝑛𝑑,𝑡 = 𝐶ℎ𝑎𝑛𝑑,𝑡−1 − (𝑇𝐸𝐹𝐻𝑁𝑃  × 𝑆𝐻  ×  (𝐶ℎ𝑎𝑛𝑑,𝑡−1 − 𝐶𝑓)) 

Hand-to-Mouth Contact: 

𝐶ℎ𝑎𝑛𝑑,𝑡 = 𝐶ℎ𝑎𝑛𝑑,𝑡−1  × (1 − 𝑇𝐸𝐻𝑀  × 𝑆𝑀 ) 

Hand-to-Eyes Contact: 

𝐶ℎ𝑎𝑛𝑑,𝑡 = 𝐶ℎ𝑎𝑛𝑑,𝑡−1  × (1 − 𝑇𝐸𝐻𝐸  × 𝑆𝐸 ) 
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Hand-to-Nose Contact: 

𝐶ℎ𝑎𝑛𝑑,𝑡 = 𝐶ℎ𝑎𝑛𝑑,𝑡−1  × (1 − 𝑇𝐸𝐻𝑁  × 𝑆𝑁 ) 

 

Reduction on Hands Due to Compliant Hand Washing Opportunity 

𝐶ℎ𝑎𝑛𝑑,𝑡 = 𝐶ℎ𝑎𝑛𝑑,𝑡−1/𝑅 

Moment of No Contact 

𝐶ℎ𝑎𝑛𝑑,𝑡 = 𝐶ℎ𝑎𝑛𝑑,𝑡−1 
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CHAPTER 4: USING A VALIDATED STOCHASTIC DISCRETE EVENT 

MODEL TO PREDICT INFECTION RISK PERCENT REDUCTIONS FOR 

SURFACE CLEANING EVENTS AND INCREASED HAND HYGIENE 

COMPLIANCE 

Amanda M. Wilson; Kelly A. Reynolds, Ph.D.; Robert A. Canales, Ph.D. 

Abstract 
Introduction: Few mechanistic, validated models exist addressing viral exposures and infection 

risks in healthcare environments. Quantitative tools are needed to characterize the complexities 

of infection control interventions and their effects on infection risk reduction. The purpose of this 

study was to use a current validated model to predict second-by-second viral concentrations on 

hands and associated viral exposures and infection risks. The model was further used to compare 

the effect of increased hand hygiene, a single cleaning event, and multiple cleaning events on 

infection risk reductions. Methods: A validated stochastic discrete event model for predicting 

virus concentrations on hands was adjusted to predict realistic virus concentrations on healthcare 

environmental surfaces. Dose-response variables for rotavirus, rhinovirus, and influenza A virus 

were used to assess associated infection risks for six hours of exposure. Monte Carlo methods 

were implemented to capture variability in contact types per second, transfer efficiencies for 

various contact types, and surface areas of contact. In addition to predicting doses and infection 

risks for baseline conditions, the model was adjusted to quantify impacts of timed surface 

cleaning events and increased hand hygiene compliance. Percent reductions from baseline in 

median and 95th percentiles of rotavirus, rhinovirus, and influenza A virus dose, infection risk, 

and concentration on hands were calculated for the following interventions: a single cleaning 1 

hour from simulation start, two cleaning events 1 hour and 3 hours from simulation start, and a 
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15% increase in hand hygiene compliance. Results: Baseline median infection risks for rotavirus, 

rhinovirus, and influenza A virus were 4.4 x 10-1, 2.0 x 10-1, and 5.9 x 10-6, respectively. A single 

cleaning event decreased median rotavirus, rhinovirus, and influenza A viral infection risk by 5.6 

- 17.4%, while two cleaning events decreased median infection risks by 12.9 - 35.6%. Increasing 

hand hygiene compliance by 15% decreased median infection risks by 6.5 - 20.4%. Discussion: 

This study demonstrates the equal importance of increased hand hygiene compliance and surface 

cleaning in healthcare environments, while demonstrating that increased surface cleanings may 

yield higher risk reductions than single cleaning events or 15% increases in hand hygiene 

compliance alone. This model scenario also demonstrates that increasing hand hygiene 

compliance may be more effective in reducing infection risk than a single cleaning event. 

Models such as the one in this study could be used to optimize timing and frequency of cleaning 

events and to create hand hygiene compliance goals in order to achieve risk reductions and meet 

infection risk targets.  

1. Introduction 

 It is well known that fomites play a large role in nosocomial disease transmission, and 

once contaminated, survival of pathogens on fomites may be on the order of months.1–6 Influenza 

has been shown to remain viable on stainless steel surfaces for as long as two weeks, while 

remaining viable on porous surfaces for one week.7 Understanding how contacts with 

contaminated surfaces influence spread and infection risk for healthcare workers and patients has 

been explored with bacteriophage tracer studies and several QMRA studies.8–14 However, the 

influence of timing on cleaning and hand hygiene behavior efficacy has not been explored within 

the context of reducing viral exposures in healthcare settings. Some models that have explored 

interventions in healthcare settings included parameters related to healthcare worker behavior, 
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and compared efficacy in exposure reduction between hand hygiene compliance and surface 

cleaning.15,16 However, of the mathematical models that exist within a healthcare context, few 

compare predicted health outcomes to independent data.17  

 Previous studies modeling viral exposures and infection risk have assumed a steady state 

concentration of virus on hands, since exposure durations are often long in comparison to the rate 

of viral decay or other viral losses from the hands.11,18 However, these steady state models do not 

address the second-by-second peaks in exposure that occur as a result of contacts with highly 

contaminated surfaces or contacts that result in higher viral transfer from object-to-hand. More 

recently, we developed and validated a model to incorporate discrete events and second-by-

second viral exposures in healthcare settings.12 A limit to this previous model is the 

overestimation of predicted viral doses and risk due to seed concentrations of bacteriophage 

tracers at levels higher than routinely expected in a healthcare environment. High concentrations 

of bacteriophage are typically used so that the bacteriophage is easily detected on surfaces, 

avoiding censored data. The fraction of samples below a detection limit is therefore not well 

reflected by bacteriophage tracer studies in comparison to experimental data. For example, in a 

study conducted by Ganime et al. (2012), 14% (73/504) of samples in intensive care units had 

detectable rotavirus, and of those samples 61.6% (45/73) had concentrations ranging from 3.43 

to 2.94 x 103 genome copies/mL.19 In a bacteriophage tracer study conducted in an urgent care, 

56.5% (13/23) surface samples were positive for the bacteriophage, and positive samples had 

concentrations ranging from 2.70 to 3.445 x 103 plaque forming units (PFU)/cm2.14 Few data 

exist characterizing the distribution of viral concentrations in healthcare environments. Survey 

studies conducted in healthcare facilities often report low proportions of virus detection in the 

environment, making the variability of exposure intensities uncertain.19–21 However, a mixed 
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distribution approach has been used to estimate virus concentrations in the environment.11 

Applying a realistic distribution of virus concentrations to existing models based on 

bacteriophage tracer data would yield more meaningful exposure and associated risk predictions. 

 In addition to lacking information regarding viral surface concentrations in healthcare 

environments, few studies have addressed the timing of recontamination of surfaces post-

cleaning, especially specific to viruses.22 Although standards for microbial surface contamination 

do not currently exist for healthcare, understanding how patterns of recontamination affect 

infection risk and intervention efficacy will inform future efforts to define and maintain 

standards of cleanliness. Using modeling to explore how recontamination may occur and affect 

risk is a useful method in informing future environmental microbiological studies that can 

validate, disprove, or inform these assumptions. 

 The purpose of this study was to adjust a validated viral exposure model to account for a 

distribution of expected virus concentrations in healthcare environments and the timing of 

surface cleaning events. This model was then used to predict realistic rotavirus, rhinovirus, and 

influenza A virus infection risks and to evaluate the effect of increased hand hygiene compliance 

and single and multiple cleaning events on risk reduction.  

2. Methods 

2.1. Model Framework 

A validated stochastic discrete event model was used as the basic framework for the 

simulation developed in this study.12 Adjustments to the model included incorporating a 

distribution to reflect the variability of virus concentrations on healthcare surfaces, modifications 

for timed cleaning events, calculating dose and infection risk with beta-Poisson curves, and 

changing hand hygiene compliance rate parameters to predict infection risk reductions. 



 78 

2.2. Distribution for Virus Concentrations on Surfaces 

 Distributions for virus concentrations on surfaces were simulated with methods utilized 

in a previous QMRA study.11 A mixed distribution was used, where surface concentrations 

assumed to be below a limit of detection were represented using a uniform distribution and 

surface concentrations above the limit of detection were represented using an exponential 

distribution. The limit of detection and the parameters for these distributions were informed by 

rotavirus surface concentrations reported by Ganime et al. (2012).19 This distribution was used to 

simulate rotavirus, rhinovirus, and influenza A virus concentrations on surfaces and was 

randomly sampled for each second of simulated time. 

2.3. Modeling Hand Hygiene and Surface Cleaning Interventions 

Intervention 1 was a single cleaning event modeled 1 hour after simulation start time. 

Intervention 2 was two cleaning events modeled 1 and 3 hours after simulation start time. 

Intervention 3 explored a change in hand hygiene compliance (from 36% to 51%) observed 

during an intervention conducted in U.S. non-intensive care units.23 This change was modeled by 

increasing a baseline hand hygiene compliance (36%) to 51% for each simulated individual.  

 During a simulated cleaning event, the sampled surface concentration for that simulated 

moment was reduced by 99.99%, based on a manufacturer’s viral reduction claim for a surface 

disinfectant product intended for porous and nonporous surfaces.  It was then assumed that 

surfaces became re-contaminated linearly over time. Surfaces were re-contaminated at two hours 

post cleaning. This recontamination time was chosen based on a bacteriophage study conducted 

in an urgent care facility in which surfaces reached a contamination level fairly constant 

throughout the duration of the study within 2 hours after seeding.14 In the model, viral 

concentrations on surfaces were randomly sampled for each simulated moment. For surface 
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cleaning event times, viral concentrations were altered to reflect initial viral reduction and 

subsequent recontamination. A term named “𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝑡” was used to describe the 

fraction removed from the baseline concentration for time t following a cleaning event. The 

following equation describes the function of recontamination over time following simulated 

cleaning events: 

𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝑡 =
−𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑇𝑟
𝑡 + 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 

𝐶𝑡 = 𝐵𝑡(1 − 𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝑡) 

where 𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝑡 = % of baseline concentration missing since cleaning event  

𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = initial viral reduction on surface from cleaning event 

𝑇𝑟 = recontamination time (seconds) 

𝑡 = time post cleaning event (seconds) 

𝐵𝑡 = baseline viral concentration on surface at time t post-cleaning event (PFU/cm2) 

𝐶𝑡 = current viral concentration on surface at time t post-cleaning event (PFU/cm2)  

2.4. Calculating Dose and Infection Risk 

 Doses were summed for the six hours of simulated activity. Doses for rotavirus occurred 

as a result of hand-to-mouth exposures.24 Doses for rhinovirus were a result of hand-to-nose and 

hand-to-eyes contacts.25 Doses for influenza A virus were a result of hand-to-nose,-eyes, and –

mouth contacts.26 Infection risks for each simulated dose were estimated using beta-Poisson 

curves. This dose-response curve form was used, because it is the recommended dose-response 

curve for rotavirus, rhinovirus, and influenza A virus.27–31  

2.5. Calculating Percent Reductions 

 The baseline model used a measured hand hygiene compliance rate of 36% from U.S. 

non-intensive care units. For each intervention, the following equation was used to calculate 
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percent reductions for median and 95th percentile infection risk, dose, and concentration on 

hands.  

% 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  
𝑖𝑛𝑡𝑒𝑟𝑣𝑒𝑛𝑡𝑖𝑜𝑛 −  𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ∙ 100% 

Reductions in median values represented reductions observed for those with exposures or risks 

occurring near central tendency. Reductions in the 95th percentile represented reductions for 

those with higher than average exposures.  

3. Results 

 Baseline median rotavirus, rhinovirus, and influenza A infection risks were 4.4 x 10-1 and 

2.0 x 10-1, and 5.9 x 10-6, respectively (Table 1). Baseline 95th percentiles for rotavirus, 

rhinovirus, and influenza A virus infection risks were 5.1 x 10-1, 3.2 x 10-1, and 1.0 x 10-5, 

respectively (Table 1). These baseline values are approximately one log higher than those 

predicted in models assuming a steady state concentration of viruses on surfaces.11 

 Increasing hand hygiene from 36% to 51% reduced median rotavirus, rhinovirus, and 

influenza A virus infection risks by 6.5 - 20.4%. The greatest reduction as a result of increased 

hand hygiene compliance was observed for influenza A virus, with a 20.4% risk reduction. A 

single cleaning event resulted in a slightly lower range of risk reductions, with median rotavirus, 

rhinovirus, and influenza A virus infection risk reductions ranging from 5.6 - 17.4%. Once again, 

the greatest infection risk reduction, 17.4%, was observed for influenza A virus. Two surface 

cleanings resulted in the largest risk reductions, with median rotavirus, rhinovirus, and influenza 

A virus risk reductions ranging from 12.9 - 35.6%. (Table 2) 

 Reductions in rotavirus, rhinovirus, and influenza A virus doses were similar within each 

intervention, but reductions in dose were slightly higher than that of infection risk. Increased 

hand hygiene compliance reduced median doses by 20.4 - 24.1%, while a single and two 
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cleaning events reduced median doses by 17.4 - 18.9% and 35.6 - 36.3%, respectively (Table 2). 

Median concentrations on right and left hands at any simulated moment were reduced by 

approximately 51% as a result of a 15% increase in hand hygiene compliance (Table 3). One and 

two cleaning events during the simulated time decreased viral concentrations on hands by 

approximately 32% and 52%, respectively (Table 3). 

 Although reductions in median infection risk for all three viruses for all interventions 

ranged from 5.6 - 35.6%, reductions in the 95th percentiles of infection risk ranged from 3.1 - 

30.4%, with greatest reductions occurring for the two cleaning events intervention (Table 2). 

Reductions in the 95th percentile in dose ranged from 12.7 - 31.6%, and reductions in the 95th 

percentile of virus concentrations on right and left hands ranged from 10.4 - 30.4% (Table 2).  

4. Discussion 

 This study demonstrates that a 15% increase in hand hygiene compliance for each 

individual may have a slightly greater effect on infection risk than a single cleaning event for this 

exposure scenario. However, it is acknowledged that the effect of a 15% increase in hand 

hygiene compliance on infection risks may be dependent upon the assumed baseline hand 

hygiene compliance rate. This model also demonstrates that two cleaning events may have an 

even greater risk reduction, supporting the inclusion of frequent cleaning events in infection 

control practices, in addition to supporting hand hygiene compliance. Even though a 15% 

increase in hand hygiene compliance had a similar viral reduction on hands as 2 cleaning events, 

2 cleaning events had a greater predicted reduction on risk. These results indicate that overall 

viral reductions on hands may not consistently indicate reductions in risk. Frequent hand 

washing may reduce overall viral loading on hands, but future contact events could still involve 

highly contaminated surfaces. Even when gloves are worn, healthcare worker hands can still 
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become contaminated. Bingham et al. (2016) found that 17.4% of gloved healthcare workers 

who had participated in wound care had contaminated hands after glove removal.32 However, it 

is also possible that because this model does not account for the effect of hand hygiene 

compliance upon the overall concentrations on healthcare surfaces, the total effect of hand 

hygiene compliance upon infection risk is not captured. Further studies quantifying the 

relationship between healthcare worker hand hygiene compliance and surface concentration 

could add further confidence in the comparisons made between these modeled intervention 

efficacies.  

 This model can account for high exposure moments and does not assume a steady state 

concentration over the exposure time. Additionally, this model predicts median baseline risks 

that are larger than those predicted by steady state models using the same exposure time and 

distribution of virus concentrations on surfaces. In this study, baseline median infection risks for 

rotavirus, rhinovirus, and influenza A virus were 4.4 x 10-1, 2.0 x 10-1, and 5.9 x 10-6, 

respectively, while in a study conducted by Wilson et al. (2017) median infection risks for 

rotavirus, rhinovirus, and influenza A virus were 7.24 x 10-2, 2.78 x 10-2, and 3.43 x 10-7, 

respectively under an assumption that virus concentrations on hands are at a steady state 

concentration. Infection risks are roughly one order of magnitude lower under a steady state 

model assumption, demonstrating that steady state assumptions may underestimate infection 

risks by not including high exposure moments.  

 Overall, reductions for infection risks, doses, and viral concentrations on hands for the 

95th percentile were lower than for median values. This indicates that under the surface 

contamination conditions modeled in this study those with fomite-mediated exposures higher 

than the central tendency may not experience the same magnitude of benefits from infection 
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control interventions. This also reiterates the importance of having accurate behavioral data for 

healthcare workers, as “higher than the central tendency” may not be informative if little is 

known about the true central tendency of exposures for healthcare worker micro-activities, or 

behaviors on the scale of seconds to minutes. Additional knowledge about healthcare worker 

behaviors would further inform discrete event models so that more confidence could be placed in 

the predicted infection risks. Spikes in viral concentration on hands may not always equate to 

increased infection risks, depending on the sequence of events. For example, although moments 

of high exposure are possible, hand-to-orifice contacts do not always follow hand-to-fomite 

contacts that result in a higher than average viral load on hands. This means that spikes in viral 

load on hands may not always result in elevated exposure or infection risk. The order of events 

likely influences exposure in addition to the probability of events occurring per second. Over 

time, if hand-to-orifice contacts rarely follow these high viral loading moments, high viral load 

on hands does not necessarily have risk implications for an individual. However, high viral load 

on hands and following hand-to-fomite contacts may affect the exposure and infection risk of 

others sharing the environment, as this behavior would spread high concentrations of virus 

around an environment. Additionally, this model does not calculate infection risks for 

immunocompromised individuals who may be more sensitive to lower doses. Adjusted dose-

response functions to predict infection risk for those who are immunocompromised may 

demonstrate that the steady state assumption is not appropriate when estimating risk for this 

patient demographic. 

 Few studies have addressed the timing of recontamination of surfaces post-cleaning. In a 

study conducted by Bogusz et al. (2013), surface recontamination was measured in time intervals 

of 1, 2, 4, 8, 12, 24, and 48 hours post-cleaning under normal operating conditions in a 450 bed 
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hospital. It was found that both aerobic colony counts (ACC) and methicillin-susceptible or 

methicillin-resistant Staphylococcus aureus (MSSA/MRSA) did not reach pre-cleaning 

concentration levels after 48 hours.22 However, this study only included three trials and did not 

link healthcare worker behaviors or patient behaviors to the recontamination observed. The 

current study assumed a much faster recontamination time, because contamination of surfaces 

was observed as quickly as two hours after seeding in a viral tracer study.14 This study also 

assumed a linear change in viral concentration over time. However, the data reported by Bogusz 

et al. (2013) demonstrate that changes in concentration on surfaces over time can take many 

different polynometric forms, with overall increases.22 Future environmental microbiology 

studies are needed to understand the range of variability in recontamination and the influences on 

surface concentrations over time following cleaning events. This will continue to inform future 

efforts to optimize cleaning frequency and duration. This study attempted to address some of 

these questions, pointing to the current knowledge gaps in healthcare infection risk QMRA. 

Although this study identifies areas of future model improvement and gaps in knowledge 

regarding contamination and exposure mechanisms, the results also reiterate the importance of 

hand hygiene and surface cleaning interventions in risk mitigation.  
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Table 1. Baseline Median and 95th Percentiles of Dose and Infection Risk for Rotavirus, 
Rhinovirus, and Influenza A Virus 

 Dose Infection Risk 

 Median 95th Percentile Median 95th Percentile 

Rotavirus 4.0 7.0 4.4 x 10-1 5.1 x 10-1 
Rhinovirus 1.4 x 10-1 3.9 x 10-1 2.0 x 10-1 3.2 x 10-1 

Influenza A Virus 4.2 7.2 5.9 x 10-6 1.0 x 10-5 

 
Table 2. Percent Reduction in Rotavirus, Rhinovirus, and Influenza A Virus Dose and Infection 
Risk for Intervention 1, 2, and 3* 

 % Reduction 

Intervention 1 Intervention 2 Intervention 3 

Median 95th 
Percentile Median 95th 

Percentile Median 95th 
Percentile 

Dose 

Rotavirus 17.6 12.7 35.9 29.5 20.4 18.5 

Rhinovirus 18.9 15.9 36.3 31.6 24.1 18.2 
Influenza A 

virus 17.4 13.3 35.6 30.4 20.4 19.5 

Infection 
Risk 

Rotavirus 5.6 3.1 12.9 8.1 6.5 4.7 

Rhinovirus 11.4 6.7 23.8 14.6 14.9 7.7 

Influenza A 
virus 17.4 13.3 35.6 30.4 20.4 19.5 

*Intervention 1: A single cleaning 1 hour post simulation start; Intervention 2: Two cleanings 1 
hour and 3 hours post simulation start; Intervention 3: Increasing hand hygiene compliance from 
36% to 51% 

 
Table 3. Percent Reduction in Virus Concentrations on Right, Left, and Combined Hands* 

 

% Reduction 
Intervention 1 Intervention 2 Intervention 3 

Median 95th 
Percentile Median 95th 

Percentile Median 95th Percentile 

Right 
Hand 32.1 12.3 52.4 28.7 51.0 11.3 

Left Hand 32.6 11.5 53.2 26.1 50.6 10.4 
*Intervention 1: A single cleaning 1 hour post simulation start; Intervention 2: Two cleanings 1 
hour and 3 hours post simulation start; Intervention 3: Increasing hand hygiene compliance from 
36% to 51% 
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Figure 1. Example of Surface Concentrations over Simulated Time for Baseline and Increased 
Hand Hygiene Compliance Intervention 

 
 
Figure 2. Example of Surface Concentrations over Simulated Time for A Single Cleaning Event 
Intervention 
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Figure 3. Example of Surface Concentrations over Simulated Time for Two Cleaning Event 
Intervention 
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