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Exploring spatial averaging of contamination in fomite
microbial transfer models and implications for dose
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BACKGROUND: When modeling exposures from contact with fomites, there are many choices in defining the sizes of
compartments representing environmental surfaces and hands, and the portions of compartments involved in contacts. These
choices impact dose estimates, yet there is limited guidance for selection of these model parameters.
OBJECTIVE: The study objective was to explore methods for representing environmental surface and hand contact areas in
exposure models and implications for estimated doses.
METHODS: A simple scenario was used: an individual using their hands to contact their face and two microbially contaminated
environmental surfaces. Four models were developed to explore different compartmentalization strategies: (1) hands and
environmental surfaces each represented by one compartment, (2) hands represented by two compartments (fingertips vs. non-
fingertip areas) while environmental surfaces were represented by one compartment, (3) hands represented by a single
compartment and environmental surfaces represented by two compartments, and (4) hands and environmental surfaces each
represented by two compartments. Sensitivity analyses were conducted to evaluate the influence of heterogeneous surface contact
frequency, hand contact type, and hand dominance on dose.
RESULTS: Estimated doses were greatest when hand areas and environmental surfaces were each represented by two
compartments, indicating that surface area “dilutes” contaminant concentration and decreases estimated dose.
SIGNIFICANCE: Model compartment designations for hands and environmental surfaces affect dose estimation, but more human
behavior data are needed.

IMPACT STATEMENT: A common problem for exposure models describing exposures via hand-to-surface contacts occurs in the
way that estimated contamination across human skin (usually hands) or across environmental surfaces is spatially averaged, as
opposed to accounting for concentration changes across specific parts of the hand or individual surfaces. This can lead to the
dilution of estimated contaminants and biases in estimated doses in risk assessments. The magnitude of these biases and
implications for the accuracy in risk assessments are unknown. We quantify differences in dose for various strategies of
compartmentalizing environmental surfaces and hands to inform guidance on future exposure model development.
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INTRODUCTION
Exposures through contacts with contaminated surfaces and
subsequent touching of the face [1–3] or contact of contaminated
objects with the mouth [4, 5] pose a health risk regarding many
contaminants, including pesticides [6], heavy metals [7, 8], and
microorganisms [1, 4]. Dermal absorption is an additional concern for
some contaminants, such as pesticides [9]. Models that characterize
exposures to contaminants through contact with environmental
surfaces require parameters describing the parts and areas of hands
and surfaces involved in the hand-to-environmental surface contact

process. For example, the Residential Stochastic Human Exposure
and Dose Simulation Model for Pesticides (Residential-SHEDS)
model, which estimates nondietary ingestion and dermal exposures
to pesticides among children, requires inputs of the surface area
contacted and the frequency and duration of these contacts, among
other variables [9]. The Child-Specific Aggregate Cumulative Human
Exposure and Dose (CACHED) model, which estimates aggregate
dose via dermal, inhalation, and dietary and non-dietary ingestion
exposures, also requires hand surface area, surface area of contacts,
and contact frequency [10]. These same parameters are required for

Received: 24 June 2021 Revised: 19 October 2021 Accepted: 21 October 2021
Published online: 6 November 2021

1Rocky Mountain Center for Occupational and Environmental Health, University of Utah, Salt Lake City, UT, USA. 2Department of Family and Preventive Medicine, School of
Medicine, University of Utah, Salt Lake City, UT, USA. 3Department of Community, Environment & Policy, Mel and Enid Zuckerman College of Public Health, University of Arizona,
Tucson, AZ 85721, USA. ✉email: amwilson2@arizona.edu

www.nature.com/jesJournal of Exposure Science & Environmental Epidemiology

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41370-021-00398-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41370-021-00398-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41370-021-00398-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41370-021-00398-2&domain=pdf
https://doi.org/10.1038/s41370-021-00398-2
mailto:amwilson2@arizona.edu
www.nature.com/jes


models that estimate microbial exposures via the fomite route
[4, 11–17]. When the assumptions used to define these parameters
do not align with real-world conditions, errors can be introduced
into the model that affect exposure estimates. Unfortunately for the
modeler, human behaviors related to fomite transmission are highly
complex and variable [12, 18–21], and small changes in the hand
position during a surface contact affects the location and surface
area on the hand to which contaminant is transferred, as well as the
amount of contaminant transferred.
While modelers are generally guided by experimental and

observational data when defining model parameters, the extent of
knowledge and natural variability provides modelers with consider-
able latitude in their decision making. To date, analyses of the
impact of model assumptions and parameterization on exposures
through contact transmission have generally been limited to
standard sensitivity analyses that explore the influence of variation
in parameters on the output, such as through correlation
[4, 12, 16, 17]. Less work has explored how alternative model
design may influence the model output. The objective of this study
is to explore the impact of assumptions about exposure model
parameters describing contact processes on exposure, with a
specific focus on the impact of the number of compartments used
to represent surfaces and hands involved in contacts, and the area
of contact. The scenario under study involves viral exposure through
contact with contaminated fomites. While microbial fomite expo-
sures have some parallels to chemical fomite exposures, it should be
noted that microbial fomite exposure insights may not be general-
izable to those of chemical exposures due to lack of a dermal
absorption route and differences in source, where the fomite may
serve as the source itself. However, in modeling either type of
process, considerations to the compartmentalization of hands and
fomites must be considered.
This work is motivated by a specific concern related to

heterogeneity in contamination on surfaces, including hands, and
the extent to which model assumptions about uniform contaminant
concentrations on surfaces may bias exposure models, if any. To
explain, the part of a hand used for a hand-to-environmental surface
contact may depend upon the environmental surface type and
the hand configuration used [18]. For example, a single fingertip
may be involved in the contact. If this occurs, the contaminant has
heterogeneous loading, with contamination occurring only on the
fingertip involved in the contact. However, in modeled representa-
tions of these events, the contaminant is typically averaged over the
entire area of the compartment (e.g., the entire hand), thereby
“diluting” the contaminant concentration across the entire surface
area. As a result, the contaminant mass transferred to the fingertip is
averaged over the entire hand, underestimating the contaminant
concentration on the fingertip. This dilution is amplified by
subsequent contacts that involve fractions of the compartment.
Conversely, sequential contacts may involve different portions of the
hand–e.g., the fingertip then the palm–and though contaminant
acquired during a fingertip contact would not transfer during a palm
contact, the model will predict contaminant transfer owing to
the spatial averaging of the contamination across the compartment.
Spatial averaging of contamination across environmental surfaces
can introduce similar issues. This phenomenon may be exacerbated
by heterogenous contact patterns, variability in the contact
area, and heterogeneity in contamination density across different
environmental surfaces. This may lead to under- or over-estimation
of doses.
Prior work has demonstrated that heterogeneous contaminant

loading can occur on the hand, on the level of 1 mm2, and can
affect modeled exposures as the result of different hand positions
during contact and activity patterns [22]. However, the implications
of this heterogeneity for modeled doses have not been extensively
explored, the fine scale of heterogeneity described is computa-
tionally expensive, and such data are available only for limited
exposure scenarios [22]. Quantification of potential errors due to

spatial averaging in simpler model frameworks, such as those
explored herein, is needed before more advanced methodologies
with more granular tracking of hand or surface loading can be more
broadly incorporated. Despite the potential for errors that spatial
averaging in compartment models can contribute, the effects
on estimated exposures and doses have not been extensively
described in the literature. This has relevance to the COVID-19
pandemic and future pandemics and outbreaks, as microbial
exposure models are increasingly used for understanding viral
exposure mechanisms [15, 17, 23–25].

METHODS
Scenario and modeling approach
The exposure scenario involved an individual making hand contacts with
environmental surfaces and their facial mucosal membranes over the
course of 20min, transferring an infectious virus contaminant. The scenario
was modeled using a compartmental mass-balance approach implemen-
ted using a Markov chain and simulated using the Monte Carlo method:
This approach has been previously used to model virus exposures through
the fomite route [15, 26]. The four general categories of compartments
included: (1) environmental surfaces, (2) hands of the individual, (3) facial
mucous membranes of the individual, and (4) loss owing to virus
inactivation. Compartments in the first two categories were varied to
obtain the study objective. Specifically (Fig. 1):

● Model A included a single compartment for surfaces (a small and a
large surface combined) and a single compartment for hands (right
and left combined).

● Model B included a single compartment for surfaces (as in model
A) and two compartments for hands that represented the fingertips
(right and left combined) and other parts of the hands (right and left
combined), respectively.

● Model C included a single compartment for hands (as in model A) and
two compartments for surfaces (one small and one large).

● Model D included two compartments for surfaces (one small and one
large, as in model C) and two compartments for specific hand sections
(as in model B).

In models A and C, because few contacts involve the entire hand surface
area, contacts were considered to involve a fraction of the hand surface
area, and the number of viruses transferred to or remaining on the hand
after a contact was assumed to be uniformly distributed over the hand
surface area. In models B and D, the hand surface area was separated into
two compartments: fingertips and non-fingertip areas of the hand (Table 1,
Fig. 1). Similar to model A, however, contacts were considered to involve a
fraction of the fingertip surface area and non-fingertip surface area, and
the number of viruses transferred to or remaining on in each compartment
after a contact was assumed to be uniformly distributed across the
compartment area. In all models, contacts with facial mucous membranes
were assumed to involve only a single fingertip (a fraction of the total
fingertip area), consistent with prior work [1, 15, 25]. Despite the use of 1 or
2 compartments, the total area of the hands and environmental surfaces
and the frequency of the contacts with surfaces and the face are consistent
between the two models. However, the fractions of compartment areas
involved in contacts were altered to account for the size and function of
objects represented by the two compartments (e.g., fingertip and non-
fingertip areas of the hand).
The transfer of virus between model compartments was described using

first-order rate constants, and used to calculate one-step transition
probabilities between compartments as required for a discrete time
Markov chain [15, 26]. Where available, data were used to define the first-
order rate constants (Table 1). Timestep and iteration combinations were
inspected to select a timestep and iteration combination that resulted in
stable mean estimated doses. A timestep of 0.001min with 5000 iterations
of the Monte Carlo simulation was found sufficient to obtain stable results.
Input parameters and their distributions are described in more detail in the
supplemental materials.
In model D, where the large and small environmental surface were

represented as two compartments, it was assumed the small environmental
surface would contribute 2/3 of the total amount of environmental surface
contacts while the large environmental surface would account for the other
third. The rationale was small environmental surfaces, such as door handles,
are likely contacted more frequently than larger environmental surfaces, such
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as a desk. These surfaces (door handle and desk) were used to estimate
environmental surface areas (Table 1, supplemental materials).
Fractional surface areas measured by AuYeung et al. were used to

inform distributions describing the fraction of the hand or portion of the
hand used for hand-to-environmental surface and hand-to-facial mucosal
membrane contacts [18], while micro-activity data and other exposure
modeling studies informed the frequency of these contacts [2, 14]. It was
assumed that the left or right hand would make contacts at the same rate
[20]. However, hand dominance has been demonstrated in another study
[27] and was therefore explored in the sensitivity analyses.

Sensitivity analyses
The effects of assumptions regarding the relative frequencies of hand-to-
large vs. hand-to-small environmental surface contacts and of fingertip-to-
environmental surface vs. non-fingertip-to-environmental surface contacts
on estimated doses were investigated through modification of Model D,
where there are separate compartments for the two fomites and separate
compartments for the fingertip and non-fingertip areas of the hand
(Table 2):

● Model D1 involved equal numbers of hand contacts with the small and
large environmental surfaces, where 1/3 of contacts were made with
the fingertips and 2/3 were made with the non-fingertip area.

● Model D2 involved equal numbers of hand contacts with the small and
large environmental surfaces (as in Model D1), where 2/3 of the
contacts were made with the fingertip and 1/3 were made with the
non-fingertip area.

● Model D3 involved 2/3 of hand-to-environmental surface contacts
being made with the large environmental surface and 1/3 with the
small environmental surface, where 1/3 of contacts were made with
the fingertips and 2/3 were made with the non-fingertip area (as in
Model D1).

● Model D4 involved 2/3 of hand-to-environmental surface contacts
being with the large environmental surface and 1/3 with the small
environmental surface (as in Model D3), where 2/3 of the contacts
were made with the fingertip and 1/3 were made with the non-
fingertip area (as in Model D2).

Hand dominance many influence contact patterns [27], and this was
explored by using states 3 and 4 in Model D (Fig. 1) to represent “hand 1”
and “hand 2,” respectively, rather than the fingertip and non-fingertip
areas (Table 2). In these analyses, the total number of hand contacts with
environmental surfaces was equal to that of the other models. Specifically,

● Model D5 involved equal numbers of contacts by hand 1 and hand 2
with environmental surfaces.

● Model D6 involved 10/90 split between hand 1 and hand 2 in contacts
with environmental surfaces.

RESULTS
Having separate compartments for different hand areas and fomite
areas resulted in the largest dose, where the mean estimated dose
for model D was 42.9 times, 25.5 times, and 2.7 times greater than
those for models A, B, and C, respectively (Fig. 2 and S1A; Table S1).
Between a single change in either separate compartments for hands
or separate compartments for fomites, it appears that separate
compartment for fomites had a larger influence on dose, where the
mean estimated dose for model C (separate compartments for
fomites, single compartment for non-fingertip and fingertip hand
areas) was 16.1 times greater than model A (single compartment for
non-fingertip and fingertip hand areas), single compartment for
fomites, while the mean estimated dose for model B (single
compartment for fomites, separate compartment for non-fingertip
and fingertip hand areas) was 1.7 times greater than model A (Fig. 2
and S1A; Table S1).
When the environmental surfaces are treated as a single

compartment (such as in models A and B), the starting concentration
on the small environmental surface, which is assumed to be more
contaminated, is diluted, as virus is “spread evenly” across the total
small and large environmental surface area. To investigate the effect
of the assumed contamination on the small environmental surface on

Fig. 1 Depictions of models A-D to explore dilution issues related to environmental surfaces and the hand.
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dose, model D was simulated with a range of initial concentrations on
the small environmental surface. When the initial concentration was
smaller, smaller doses were observed (Fig. 3), which were similar to
the mean doses estimated with models A and B. When 50% of the
viral particles were on the small environmental surface to start (1 viral
particles/cm2 on the small and 0.005 viral particles/cm2 on the large
environmental surface), larger doses, such as those for models C and
D, were observed (Fig. 3), indicating that differences in dose for
models A and B vs. models C and D were driven largely in part by
assumed starting concentration on the surface.
Concentrations on the fingertip and non-fingertip areas increased

when the small environmental surface had a separate compartment
from the large environmental surface (Fig. S1B and D). This was likely
a function of the small environmental surface being more
contaminated in terms of density (viral particles/cm2) than the large
environmental surface at the start of the simulation (Table 1) and
maintaining a relatively large concentration of virus over the
simulation duration (Fig. S1D).
Models D1-D4 demonstrate the influence of assumptions

regarding relative contact frequencies with heterogeneously-
contaminated environmental surfaces, and the frequency contacts
with different parts of the hand on estimated doses (Fig. 4). Equal
contact frequency with large and small environmental surfaces, as
opposed to more contacts with the large environmental surface
resulted in greater doses, where mean dose for models D1 and D2
were 1.3 to 1.2 times greater than that of models D3 and D4,
respectively (Table S1). This is due to the small environmental
surface having a larger concentration of virus than the large
environmental surface in these models (Table 1). More frequent
use of the fingertips resulted in greater doses, where models D2
and D4 resulted in mean doses that were 2.4 times and 2.7 times
greater than models D1 and D3, respectively (Fig. 4, Table S1).
This was a logical outcome, because the fingertips were used for
hand-to-facial mucosal membrane contacts, and thus contributed
directly to dose.
Models D5 and D6 demonstrate that assumptions regarding hand

dominance can affect estimated doses, where heterogeneous use of
hands may result in greater dose than when hands are used at an
equal frequency (Fig. 4). This assumes, however, that both hands
contact the facial mucosal membranes and that hand dominance

equally applies to hand contact behaviors with the facial mucosal
membranes and environmental surfaces.

DISCUSSION
Key findings
Decisions regarding compartmentalization of portions of the
hands and for environmental surfaces influenced dose, where
doses were greatest when there were separate compartments for
the fingertips, non-fingertip areas, and the two separate environ-
mental surfaces (Fig. 2; Table S1). The primary models indicate that
separate compartments for fomites may have a larger impact on
dose than separate compartments for fingertip and non-fingertip
hand areas. The effect of the compartments on dose is also
influenced by heterogeneity of contamination between environ-
mental surfaces (Fig. 3), heterogeneity in contact frequencies
between environmental surfaces, and the heterogeneity in
frequency of contact with different parts of the hand (Fig. 4). This
is especially true when there is more frequent contact with the
more contaminated environmental surface and more frequent use
of the portion of the hand used for hand-to-facial mucosal
membrane contacts (fingertips in this study) (Table 2; Fig. 4).

Heterogeneous environmental surface contacts &
contamination
Heterogeneity in environmental surface contact frequencies has
been demonstrated for children and adults. For example, Phan
et al. reported that healthcare workers’ contacts with the patient
were more frequent than with surrounding surfaces (e.g., tray
table, bed, chair, etc.), which had more similar contact frequencies
[28]. In another study of healthcare workers, patient notes were
touched more frequently than the blood pressure stand or
telephone, for example [29]. Heterogeneous environmental sur-
face contact frequencies have been observed outside of
healthcare contexts, where Beamer et al. demonstrated differ-
ences in contact frequencies and/or contact durations among
material types for children’s micro-activities, where behaviors were
also influenced by age and sex [20].
Differences in contact frequency have implications for hetero-

geneity in contamination. Adams et al. demonstrated a positive,

Table 2. Sensitivity analysis (SA) model descriptionsa.

Contact frequency sensitivity analysis

Relative environmental surface contact frequency

Large: 1/2, Small: 1/2 Large: 2/3, Small: 1/3

Relative hand-area-specific contact frequency Fingertip: 1/3, Non-fingertip: 2/3 Model D1 Model D3

Fingertip: 2/3, Non-fingertip: 1/3 Model D2 Model D4

Hand dominance sensitivity analysis

Fraction of total surface and face contacts Hand 1: 1/2 Model D5

Hand 2: 1/2

Hand 1: 1/10 Model D6

Hand 2: 9/10
aFor the sensitivity analysis exploring relative contact frequencies between hand areas and environmental surfaces, two relative environmental surface contact
frequency scenarios were explored: (1) contact frequency for the large environmental surface was equal to contact frequency with the small environmental
surface, and (2) contact frequency with the large environmental surface accounted for 2/3 of environmental surface contacts while the small environmental
surface accounted for the other third. Two relative hand-area-specific contact frequencies were explored: (1) the fingers were used for 1/3 of environmental
surface contacts and non-fingers were used for 2/3, and (2) the fingers were used for 2/3 of environmental surface contacts and non-fingers were used for 1/3.
The combinations of these scenarios were used to inform 4 sensitivity analysis models: models D1-D4. For comparison, in primary model D, the large fomite
was touched 1/3 of the time while the small fomite was touched 2/3 of the time, and the fingertip and non-fingertip areas were used equally. Hand dominance
was then explored with a modified version of Model D with separate compartments for each hand. A 50:50 and 10:90 split of one hand used over another
were explored: models D5 and D6. For comparison, models A and C assume equal contact of fomites with the right and left hands via use of a single
compartment for hands. Models B and D also assume equal contacts between the right and left fingertip or non-fingertip hand areas but are not comparable
to models D5 and D6 due to the compartments being for fingertip or non-fingertip hand areas, specifically.
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linear relationship between contact frequency and environmental
surface contamination [30], implying that greater contacts with
environmental surfaces may drive greater environmental surface
contamination. This relationship supports the assumption in our
model regarding a greater contact frequency with the more
contaminated environmental surface, implying that separate
compartments for environmental surfaces and consideration of
heterogeneous contacts with environmental surfaces may be
superior to using a single compartment and assuming a single
hand-to-environmental surface contact rate. However, greater
contact frequency does not always relate to greater environ-
mental surface contamination, such as in cases where hand
hygiene is conducted more regularly before certain environmental
surface contacts than others [30]. More accessible surfaces that are
touched more often may also be cleaned, sanitized, or disinfected
more often. Because microbes transfer in both directions upon
contact and according to a concentration gradient [31], a positive
relationship between environmental surface contact frequency
and environmental surface contamination implies that the hands
are, on average, likely more contaminated than the environmental
surface in contexts where that relationship holds, where hands are
transferring virus to the surfaces.
While heterogeneity of contacts and contamination of environ-

mental surfaces affects estimated dose and is important to
consider in designing models and creating compartments, contact
frequencies and environmental surface contamination are likely to
be highly context specific. It may be challenging to determine
how heterogeneous contact frequencies or contamination among
environmental surfaces are expected to be, motivating the need
to collect scenario-specific human behavior data to inform
exposure and risk assessments.

Hand configurations
The representation of parts of the hand by multiple compartments
has important implications for estimation of dose (Figs. 2 and 4),
particularly when contacts with the point of exposure (e.g., facial
mucous membranes) involve only a portion of the hand. However,
as for many other model parameters, lack of data can affect
implementation. For example, transfer of micro-organisms may
vary across the hand owing to skin moisture and topography,
contact angle, pressure, and average duration of contact, but
studies of microbial transfer efficiency have focused only on
fingertip contacts [31–35]. More data exist for chemicals, such as

pesticide transfer during dry and wetted palm press contacts [36]
and transfer of fluorescent markers during whole palm-side hand
presses [37]. Another challenge for both microbial and chemical
contexts is lack of data regarding what types of hand configura-
tions are used for specific types of contacts. As the models in our
study show, differences in frequencies of use for different portions
of the hand can have effects on estimated doses (Fig. 4). In this
study, it is assumed that fingertips are used for hand-to-face
contacts, which does not capture moments where the side of a
finger may be used to rub an eye, nose, or area of the mouth. To
our knowledge, data describing specific parts of the finger used
for hand-to-face contacts for adults are unavailable. Future data
addressing this distinction could inform new compartment
strategies, such as a “finger” compartment as opposed to
“fingertip,” or separate compartments for the fingertip and other
areas of the finger that may be used for hand-to-face contacts.

Hand dominance
Hand dominance was found to impact dose estimates, where
doses were greater when one hand was used more frequently
than the other for all types of contacts (model D6) compared to
equal use of both hands (model D5) (Fig. 4). While these results
demonstrate the importance of accounting for hand dominance,
there are limited data about the order in which right and left hand
or dominant hand and non-dominant hand contacts are made,
and results regarding the relative frequency of using one hand vs.
another are inconsistent [20, 27]. While the models in this study
assumed that hand dominance applied to both environmental
surfaces and hand-to-face contacts, Zhang et al. demonstrated
that the non-dominant hand may be used more frequently for
hand-to-face contacts in office settings [27]. It may be that
preference or efficiency, rather than dominance, drives the contact
pattern, at least in some scenarios [38]. Regardless, if the
distribution of hand-to-face contacts between the hands differs
from the distribution of hand-to-surface contacts, lower doses
may result than those estimated by models that assume either
equal use of the hands or more frequent hand-to-face contacts
with the dominant hand, which would have a greater viral load

Fig. 2 Distributions of estimated doses for primary models A, B,
C, and D. The 3 horizontal lines indicate the 25th, 50th, and 75th
quantiles and the points indicate the means*. *Doses are below 1 in
some cases because these estimated doses represent an average of
the dose over the simulation duration, taking into account
variability and uncertainty in exposure-related parameters transi-
tions of virus between compartments.

Fig. 3 Demonstration of how the compartment approach influ-
ences virus contamination on the small environmental surface,
explaining, in part, differences in average dose across models.
Results from primary models are shown (blue square = model A,
yellow diamond = model B, turquoise square = model C, gray
diamond =model D). This represents estimated doses using Model D,
where the starting concentration on the small fomite is allowed to
vary to demonstrate that differences in models C and D vs. models A
and B are, in part, described by how the compartmentalization affects
the assumed viral concentration on the small and more frequently
contacted fomite. For models C and D, virus contamination on the
large environmental surface is 0.005 particles/cm2 and 1 particle/cm2

on the small surface. For models A and B, virus concentration across
both the small and large environmental surfaces is ~0.01 particles/
cm2. This equates to the same number of viral particles per total
surface area of fomites (200 viral particles/20,100 cm2). Doses are
below 1 in some cases because these estimated doses represent an
average of the dose over the simulation duration, considering
variability and uncertainty in exposure-related parameters transitions
of virus between compartments.
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(Fig. 4). More data are needed to better describe heterogeneity in
hand use, as more heterogeneous use of hands and parts of the
hand may indicate greater bias in estimates of dose for models
that do not account for hand dominance and preference (Fig. 4).

CONCLUSIONS
Based on differences in estimated doses, it is recommended that
separate compartments are used for environmental surfaces and
portions of the hand, especially when (1) heterogeneous contact
frequencies and contamination levels with environmental surfaces
are expected, (2) contact frequencies of different portions of the
hand are expected, and (3) data are available to inform these
microbial concentration and behavior parameters. An additional
improvement would be to specify between right and left fingertip
and non-fingertip areas of the hand to address hand preference
and dominance in contacts. However, it may be difficult to
anticipate the level of heterogeneity of contamination or contact
frequencies and hand preference or dominance, because this may
be highly task- or context-specific.
The findings of this study can be bolstered in future work with

real-world data to validate the comparisons between models.

However, with or without real-world data, it should be considered
which model is likely more representative of the exposure
mechanisms at play. Future studies gathering temporal data
describing frequency of contact with different fomites, what specific
areas of fomites are touched, and concentration changes across
individual fomites and hands would be useful for further elucidating
these mechanisms and exploring more complex scenarios (more
fomites, multiple individuals). In addition, mechanisms for chemical
fomite-mediated exposure may differ, considering dermal absorp-
tion, differences in dynamics of transfer to fomites as opposed to
from fomites relative to microbial transfer, and fomites serving as
sources, in some cases. Future studies should explore how
compartmentalization decisions in fomite modeling affect chemical
dose and microbial dose estimates.
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