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aerosol particles or droplets including infectious virions can be attached on fomite, so
fomite is not a negligible route for SARS-CoV-2 transmission within a community, espe-
cially in indoor environment. This necessarily evokes a need of fomite disinfection to
remove virions, but the extent to which fomite disinfection breaks off virus transmission
chain in indoor environment is still elusive. In this study, we evaluated the fomite disin-

{S(?l’{vgf’crgi}_z fection effectiveness on COVID-19 case number using network analysis that reproduced
Disinfection the reported indoor outbreaks. In the established network, virus can move around not only
Indoor environment human but also air and fomite while growing in human and decaying in air and on fomite,
Fomite and infection success was determined based on the exposed virus amount and the
Network analysis equation of probability of infection. The simulation results have demonstrated that in-
Virus transmission dynamics fectious virions on fomite should be kept less than a hundred to sufficiently reduce COVID-

19 case, and every-hour disinfection was required to avoid stochastic increase in the
infection case. This study gives us a practical disinfection manner for fomite to control
SARS-CoV-2 transmission in indoor environment.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes a predominantly respiratory illness, has
spread worldwide in an instance after the first outbreak of coronavirus disease 2019 (COVID-19) in Wuhan, China (Zhou et al.,
2020). SARS-CoV-2, mainly found in samples obtained from patient's throat and lung (Walfel et al., 2020), transmits airborne
in aerosol particles and droplets involved in cough and sneeze of a COVID-19 patient (Morawska & Cao, 2020; Patel et al.,
2020; Wang et al., 2020; Zhao et al., 2022). This leads a great deal of countries to introduce non-pharmaceutical interven-
tion measures, such as wearing masks and physical distancing, which can lessen the risk of exposure to infectious virions, in
order to mitigate the human-to-human transmission of SARS-CoV-2 (Brauner et al., 2021; Chu et al., 2020; Worby et al., 2020).

In addition to human-to-human transmission, there is a potential of infection via fomite contaminated with SARS-CoV-2
involved in aerosols and droplets, which can be high especially in indoor environment (Kraay et al., 2021; Pitol & Julian, 2021).
This possibility can be supported by previous observations that SARS-CoV-2 RNA has been detected at various objects such as
furniture, door handle, mobile phone and so on (Marcenac et al., 2021; Moore et al., 2021). Furthermore, there are impli-
cations of fomite-to-human transmission reported by previous studies. In an animal experiment, the disease manifestation by
fomite transmission was observed although its severity was milder than airborne transmission (Port et al., 2021). A modeling
study has demonstrated that fomite transmission is responsible for 30% of COVID-19 cases in the Diamond Princess Cruise
ship outbreak (Azimi et al., 2021). In some medical settings, fomite transmission is definitely associated with high risk of
infection (Jones, 2020; Kraay et al., 2021; Mizukoshi et al., 2020). SARS-CoV-2 is reportedly persistent up to several days
depending on initial titer on fomite per touched area (Geng & Wang, 2022), indicating that an intervention measure should be
also applied to fomite to keep high hygiene level and prevent SARS-CoV-2 transmission in indoor environment.

Disinfection, one of nonpharmaceutical intervention measures, is obviously significant to manage fomite-mediated SARS-
CoV-2 transmission in indoor environment. SARS-CoV-2 has an envelope protein outside of the nucleocapsid protein (Wang
et al.,, 2020), which is known to be disrupted by alcohol (Pfaender et al., 2015). Some of loci on envelope and capsid proteins
can be also reactive to chlorine which has been widely used at not only medical facilities but also household (Castano et al.,
2021). Physical disinfection like ultraviolet irradiation damaging viral nucleic acid is also effective to SARS-CoV-2 inactivation
(Silke et al., 2020). A lot of disinfection studies have proven that SARS-CoV-2 on fomite can be easily and completely inac-
tivated by various disinfection approaches. However, the extent to which fomite disinfection reduces the number of COVID-19
cases and appropriate disinfection manner remains elusive.

In the present study, we evaluated the effectiveness of fomite disinfection on SARS-CoV-2 transmission using network-
based simulation. We focused on three reports relevant to indoor COVID-19 outbreaks as SARS-CoV-2 transmission sce-
narios and reproduced these scenarios on hypothetical networks composed of three node types: human, atmosphere and
fomite nodes. We simulated SARS-CoV-2 transmission among three nodes on the established networks and tracked the
change in COVID-19 case number under various fomite disinfection settings (periodic disinfection and prior disinfection). The
simulation results have shown that the prior disinfection, which determines the initial infectious titer on fomite, dominantly
contributes to prevention of SARS-CoV-2 transmission. The periodic disinfection (i.e., fomite disinfection every hour following
prior disinfection) had smaller effect on the SARS-CoV-2 transmission than the prior disinfection, but importantly stochastic
increase in COVID-19 case was inhibited by keeping on breaking off one of sources of transmission chain. The sensitivity
analysis enabled us to derive the targeted log reduction value (otherwise, the acceptable virus amount) on fomite that should
have been achieved. Our study can provide us an insight into the appropriate fomite disinfection manner in indoor envi-
ronment not only for SARS-CoV-2 but also for emerging pathogens.

2. Methods
2.1. Outbreak scenarios

We employed three scenarios to simulate SARS-CoV-2 transmission and evaluated the fomite disinfection efficiency. All
the outbreaks occurred in January 2020 in China. The first scenario (Scenario A) was associated with an outbreak at a
restaurant, in which 89 users and four staffs stayed and a primary infected person generated nine secondary cases (Fig. 1A) (Li
et al., 2021). In the restaurant, there were 18 tables (there were no users in one of the tables) and one toilet. Latter scenarios
were relevant to SARS-CoV-2 outbreaks in buses. In the second scenario (Scenario B), 47 users were getting on the bus and
seven secondary cases were reported (Fig. 1B) (Cheng et al., 2022). There were 50 seats and a toilet in the bus. As for the third
scenario (Scenario C), SARS-CoV-2 spread during about 2-h round bus trip and the 2-h worship event, resulting in 23 COVID-
19 cases out of 68 users from a primary case (Fig. 1C) (Tambyah et al., 2020). We just focused on SARS-CoV-2 transmission
during the bus trip in Scenario C. There were 69 seats but no toilet in the bus. Users stayed for approximately two, three and
2 h on average under Scenario A, B and C, respectively.

2.2. Network construction
We postulated that SARS-CoV-2 infection succeeded via three transmission routes: direct transmission from a primary
infected to a susceptible person (human-to-human transmission), indirect transmission through atmosphere in which in-

fectious virions were moved from an infected (atmosphere-to-human transmission), and indirect transmission through
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Fig. 1. Simplified diagrams for three COVID-19 outbreaks in indoor environment (A: Scenario A at restaurant, B: Scenario B at bus, C: Scenario C at bus). Blue, red
and yellow cells show that non-infected, primary infected and secondary infected persons, respectively. Black and white cells mean vacant seats and a pathway in
the bus.

fomite contaminated with SARS-CoV-2 (fomite-to-human transmission). To express these multiple transmission routes and
reproduce transmission chains under three outbreak scenarios, we here applied the network analysis. The network is con-
structed based on “nodes” which are bridged between them with “links”. In this study, users, assumed atmosphere blocks and
common place (Scenario A, B: toilet, Scenario C: doorknob of the doorway) were assigned to human, atmosphere and fomite
nodes, respectively. The links between human nodes were disposed based on information on family because they could talk
face to face with each other, possibly causing direct virus transmission. To depict the atmosphere-to-human transmission, we
considered the atmospheric node responsible for indirect transmission between family and non-family members. The at-
mospheric node was allocated according to space between tables in Scenario A (Fig. 1A), resulting in 24 atm nodes. A human
node shares the neighbor atmosphere node with its non-family member (i.e., human in different tables). In Scenario B, we
partitioned left and right sides of two bus seat lines into three parts (forward, center and backward) (Fig. 1B) and thus
assumed 6 atm nodes, which could be shared between family and non-family members who stayed in identical parts in the
bus. In Scenario C, more atmosphere nodes (15 nodes) were assigned than Scenario B because the bus size was large and air
masses could be stabilized at each location due to non-stop long bus trip where all passengers kept on sitting. We regarded a
toilet surface or a doorknob of the doorway as a fomite node because these places were commonly and frequently utilized by
users. Furthermore, the link between human and fomite nodes was determined by the assumption that at least one person in
groups formed by connection around 1 atm node accessed the fomite node. These factitious networks were developed using
the R package “igraph” (Csardi & Nepusz, 2006) under R software version 4.4.2 (https://www.r-project.org/).

2.3. Indicator of the network structure

We calculated edge density formulated as the actual number of links/the possible link number (i.e., edge density corre-
sponds to whole link number if all nodes are connected), to confirm whether the network was sparse or dense. In addition,
the degree distribution exhibiting the number of links per a node was visualized. To evaluate a possibility that virus remained
in and circulated over a small community, transitivity, namely whether a node “A” was linked with node “C” linking with node
B adjacent to the node “A” (i.e., whether three nodes formed a triangle), was calculated as the ratio of the triangle count and
the number of triads including the case that a node “A” linked both with “B” and “C” but node “B” and “C” were not connected
with each other. Furthermore, we calculated three types of centrality indicators to identify the node that could play a sig-
nificant role in virus transmission. Closeness centrality is the reciprocal ratio of the averaged distance (the number of links to
achieve the node) from all nodes to the number of nodes. This can indicate that the network has important central nodes that
can scatter virus due to a lot of direct and indirect links with others. As with edge density, degree centrality is simply calculated
based on the number of links but just implies that a central node can be responsible for infection of adjacent node. Eigenvector
centrality can be estimated based on the assumption that the node connected with a central node is important. For example, a
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human node with a few links is connected with an atmosphere node where many virions can be migrated. In this case, due to
connection with a highly contaminated node, the human node is of importance for virus spread. All indicators of the network
structure were calculated using the R package “igraph” (Csardi & Nepusz, 2006) under R software version 4.4.2 (https://www.
r-project.org/).

2.4. Growth and decay of SARS-CoV-2

To reproduce actual SARS-CoV-2 transmission event, we assumed that a primary infected person was already at the stage
of symptom onset and excreted infectious virions, indicating SARS-CoV-2 could grow in a human node. SARS-CoV-2 growth
parameters were estimated by fitting the logistic equation for SARS-CoV-2 growth to the previously reported dataset using
maximum likelihood estimation (Hou et al., 2020). The logistic equation is expressed as below:

V:rV(l—%) (Eq. 1)

where Vs the infectious titer-based virus amount [plaque forming unit at time t (PFU,)], r is the specific growth rate [hour™'],
and K is the carrying capacity [PFU;_, . ]. The time course change in SARS-CoV-2 amount on a human node i is formulated
using the difference equation along with the estimated r:

v,-[t}z{ur(pw)}vi[tq] (Eq. 2)

where V; [t] is virus amount in a human node i at time t [hour]. We also assumed that SARS-CoV-2 infectivity declined on
atmosphere and fomite nodes j due to natural decay:

Vilt]=(1-k)Vjlt — 1] (Eq. 3)

where k is the natural decay constant [hour~!]. The decay constants on atmosphere and fomite were 8.0x 1072 and 2.5 x 103
[hour~1], respectively (Riddell et al., 2020; van Doremalen et al., 2020).

2.5. The network virus transmission dynamics

Direct (human-to-human transmission) and indirect (atmosphere- or fomite-to-human transmission) transmissions were
simulated on the established network. SARS-CoV-2 in a node can move to the neighbor nodes via links. In the present study,
we considered that viral amount migrating to a human node determined the probability of infection. SARS-CoV-2 can
propagate on a human node while decaying in an atmosphere or a fomite node. The detailed algorithm for simulation of virus
transmission is described below.

The established, undirected network object includes information on which nodes a node i is adjacent to and can be
converted to an adjacent matrix A (if a node j is adjacent to a node i, namely there is a link between node i and node j, the entry
ajiof Ais 1). To simulate virus transmission on the network, we developed an algorithm based on the adjacent matrix; (1) The
network object was converted to the adjacent matrix. (2) To add information on which nodes virus existed, which human
nodes the person had not experienced infection and how many virions the node had to the adjacent matrix A, three index
vectors for them were prepared (non-infected vector S, virus-existing vector E and virus-amount vector X). (3) At the initial
time step (t = 0), one of components of the virus-existing vector was assigned to 1, corresponding to a primary infection case.
Also, initial virus amount V was assigned to a fomite node under the assumption that the fomite was contaminated with virus
prior to simulation start. (4) The inner product between A and E was calculated to get the number of infected and/or virus-
contaminated nodes which were adjacent to the node i. (5) If the node i had some adjacent nodes that virus existed, in-
formation on virus amount was extracted, and then total amount of virus moving to the node i was calculated:

Vi=Logio (8 ) (Eq. 4)

where ( is virus migration rate and v; is virus amount on the adjacent nodes j that virus exists. The migration rate § was back-
calculated using the previously reported distant-dependent probability of infection P and its equation (B = log (1 - P
(Agrawal & Bhardwaj, 2021). The § reported by the previous study has been termed the fraction of virus amount in patient's
expiration, which was inhaled by a susceptible person (Agrawal & Bhardwaj, 2021), so the B can correspond to the proportion
of the amount of migrated virus to node i to that of virus excreted from node j (termed g in this study). We also assumed that a
person kept distance from 0.5 to 1.0 m from each other, and thus § was estimated based on the average between B(p =p(0.5))
and 3(p = p(1.0)), resulting in § of approximately 0.4. Due to limitation of the study for virus transmission from environment
to human, the § was also utilized as substitute for it. (6) The probability of SARS-CoV-2 infection establishment p; increased as
the virus amount migrated to node i was high:
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pi=1-(1-pp)" (Eq. 5)

where py is the basic probability of infection per an event that a person exposes to an infectious virion, assumed to be 0.1 in
the present study. (7) Whether infection succeeded or failed was determined based on binomial probability with the esti-
mated p. If the binomial function for node i yielded 1, 1 was added to the component i of E whereas 1 was replaced from 0 in
the component i of S. (8) After adding the migrated virus amount to X at t, the amount of virus migrated to human node at
previous time step ¢t -1 increased based on (Eq. (2)). On the other hand, (Eq. (3)) was applied to consider natural decay of virus
on atmosphere and fomite nodes. (9) Finally, the processes (1)—(8) were repeated five times, equivalent to 5 h. Our simulation
involves stochastic changes in virus transmission routes and viral amount because infection success depends on the binomial
function (see Eq. (5) and the algorithm (7)), so simulation was run 100 times to consider stochastic variation of virus
transmission route and subsequent infection case number.

2.6. Evaluation of the fomite disinfection efficiency

Two disinfection approaches were assumed here: “periodic” and “prior” disinfection. A fomite node was disinfected every
hour by the periodic disinfection, thereby completely removing virions from a fomite node. Simulation without periodic
disinfection was also performed to compare infection case numbers between presence and absence of periodic disinfection.
We assumed that a fomite node was contaminated with 107 infectious virions at the beginning of simulation: however, the
prior disinfection then altered initial virus amount on the fomite according to the set log reduction value (LRV). We compared
infection case numbers when LRV by prior disinfection was 0 (i.e., no reduction) and 7 (i.e., all virions were inactivated).
Furthermore, both disinfection approaches were concurrently performed to evaluate its effectiveness. Finally, to identify an
appropriate disinfection strategy for the hypothetical situation, we performed sensitivity analysis in which frequency of
periodic disinfection (every hour, once during simulation, no disinfection) and LRV by prior disinfection (from zero to seven
LRV) varied.

3. Results and discussion
3.1. Description of the established networks

The network under Scenario A is composed of 118 nodes (93 human, 24 atm and 1 fomite nodes) and 765 links (Fig. 2a).
Because the edge density is 0.08 (if all nodes are connected, the edge density is 1), the network is sparse, indicating the
possibility that not all human nodes are likely infected. The degree distribution exhibits that approximately 80% nodes have
more than five links (Fig. 2b), implying that virus can immediately spread once virus achieved the central node gathering a lot
of links. This implication is further supported because transitivity is 0.72 indicating that virus can indirectly transmit to even
distant nodes. The eigenvector centrality distribution is remarkably different from other centrality indicators (Fig. 2c): the fat-
tailed shape implies that a few nodes connecting to central one is responsible for superspreading-based transmission. It is
well-known that superspreading event is the dominant cause of SARS-CoV-2 secondary transmission (Sneppen et al., 2021),
so the result of eigenvector centrality shows that we can reproduce practical SARS-CoV-2 transmission event using the
established network.

The networks of bus scenarios (Scenario B and C) are smaller than that of restaurant scenario since there are 54 nodes with
114 links and 84 nodes with 183 links under Scenario B and C, respectively (Fig. 2d and g). Edge density values are 0.06 and
0.04 under Scenario B and C, respectively, and modes of their degree distribution are concentrated on less than three (Fig. 2e
and h), which indicates that they are also sparse networks. In addition, lower transitivity of Scenario B (0.40) and C (0.29) than
that of Scenario A can render outbreak sizes small. However, similar to Scenario A, eigenvector centralities form fat-tailed
distributions (Fig. 2f and i). The nodes with high eigenvector centrality involve fomite nodes in all scenarios, making us
easy to evaluate the fomite-disinfection effectiveness on preventing virus transmission. Taken together, all networks in this
study are expected to realize practical SARS-CoV-2 transmission in each indoor environment and be useful to evaluate the
disinfection effectiveness. Note that a fomite node is implicitly assumed to be the major factor of SARS-CoV-2 spread upon
easily evaluating fomite-disinfection effectiveness.

3.2. Reproducibility of the developed network and effectiveness of periodic disinfection

The number of COVID-19 cases was followed up under simulation conditions with and without periodic disinfection for
fomite every hour. Here, high initial infectious virions on fomite per touched area were set to 10”. In Scenario A, the simulated
case number at actual stay length (=2 h stay at the restaurant) was 10.7 on average, which was compatible to the reported
secondary case (Fig. 3A). The network simulation for Scenario B also worked well since the estimated average case of 8.2 was
similar to the reported one (Fig. 3B). On the other hand, in the case of Scenario C, the estimated case number of 6.4 on average
was largely deviated from the confirmed case number (Fig. 3C): however, its inconsistency is not a matter because SARS-CoV-
2 infection can also occur during the worship trip.
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Fig. 2. The established network structures for Scenario A, B and C (a, d and g, respectively), and network indictors (b, c, e, f, h and i). (a, d, g) Nodes colored with
blue, green and orange mean human, atmosphere and fomite nodes, respectively. Nodes are bound via links (grey line) that can be regarded as SARS-CoV-2
transmission routes. (b, e, h) Edge density distributions for Scenario A, B and C, respectively. (c, f, i) Three centrality indicators (green: degree centrality, or-
ange: closeness centrality, blue: eigenvector centrality) for Scenario A, B and C, respectively.

Periodic disinfection is likely to have low capacity to mitigate the number of COVID-19 case. In the restaurant network
simulation, the COVID-19 case number did not decrease nevertheless of periodic disinfection (Fig. 3A). On the other hand, the
periodic disinfection slightly reduced the number of COVID-19 case in both bus scenarios, which came into prominence
especially when simulation continued over actual stay length (Fig. 3B—C). The difference between restaurant and bus sce-
narios may come from the edge density (Fig. 2b, e and 2h). The number of links per a node is high in the restaurant network
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Fig. 3. Time course change of COVID-19 case in Scenario A, B and C to confirm the effectiveness of periodic disinfection. Dashed lines colored with blue and red
show the averaged case numbers with and without periodic disinfection, respectively. Shade indicates the standard deviation. White circle indicates that the
simulated value at the actual stay length is compatible to the actual case number. Only in Scenario C, the simulated value is deviated from practical one (indicated
as an arrow) probably because virus transmission occurs during not only bus trip but also the accompanied worship event.

compared to bus networks, indicating that once virus on an infected or a contaminated node moves to the adjacent node,
virus can immediately spread over the network and after that periodic disinfection cannot arrest the transmission chain until
virus reaches the fomite node again. In fact, a lot of viruses can easily spread in this simulation condition because of high
initial virus amount on fomite per touched area. Therefore, we need to assess whether initial contamination level on fomite,
which is controlled by strict disinfection measure (i.e., prior disinfection in this study), affects the outbreak size.

3.3. Effectiveness of prior disinfection

We here compared the expected COVID-19 case number under simulation conditions with and without prior disinfection
by which all viruses were completely inactivated. In Scenario A, 76.7 % reduction in infection case number at the actual stay
length was confirmed owing to prior disinfection (Fig. 4A). The result of simulation under Scenario B also showed that prior
disinfection greatly impacted on the number of cases (79.1 % reduction; Fig. 4B). The largest reduction in COVID-19 case was
confirmed under Scenario C (84.4% reduction; Fig. 4C). These results suggest that managing contamination level at the po-
tential source is critical to prevent SARS-CoV-2 transmission in indoor environment. However, as the simulation time went
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Fig. 4. The effect of prior disinfection on the number of infection case (A: Scenario A, B: Scenario B, C: Scenario C). Red and blue lines show the transition of
averaged COVID-19 case with and without prior disinfection, respectively. Shade indicates the standard deviation.
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on, we found that uncertainty of COVID-19 case number increased in all simulations with prior disinfection (Fig. 4). This is in
particular attributable to recontamination with virus on the fomite node. When a fomite node is contaminated again with
SARS-CoV-2 following the prior disinfection, the node returns to one of sources of virus transmission in the network.
Therefore, it remains still insufficient to manage virus transmission over indoor environment only by the prior disinfection
which corresponded to the scene like that common place is cleaned once just before passengers go on board.

3.4. Need of both disinfection approaches to shrink outbreak size

We then assessed the synergistic effect of prior and periodic disinfections because prior disinfection only could mitigate
the early spread of SARS-CoV-2 (Fig. 4). We expected that periodic disinfection was effective if a fomite node was reconta-
minated after prior disinfection. Simulations were run under the condition that no virus existed on fomite due to prior
disinfection in the beginning and then the subsequent periodic disinfection was conducted every hour. As shown in Fig. 5, in
spite of periodic disinfection, slight increases in the infection case were found, which can result from human- or atmosphere-
to-human transmission. On the other hand, periodic disinfection made the standard deviation of the infection case number
small although averaged values were not so different from results of no periodic disinfection. This result indicates that pe-
riodic disinfection is eventually important to prevent stochastic increase in the COVID-19 case number, especially when
viruses on a fomite node is incompletely removed by prior disinfection. In terms of practical application of disinfection and
variety of disinfection methods and conditions, it can be difficult to always achieve the complete virus removal from fomite by
disinfection (String et al., 2021; Viana Martins et al., 2022). In addition, there is no report suggesting the target LRV sufficient
to mitigate virus transmission via fomite, making us difficult to propose an appropriate disinfection manner in indoor
environment.

3.5. Sensitivity analysis

Sensitivity analysis was performed to determine the target LRV (that is, the acceptable viral amount on fomite per touched
area) and the frequency of periodic disinfection. We compared the number of COVID-19 cases at actual stay length between
three periodic disinfection manners (every hour, once during simulation and no disinfection) as LRV on a fomite node was
changed, which was equivalent to variation of initial virus amount in the fomite node. As a result, in Scenario A, we found that
COVID-19 case was rapidly dropped at 5 LRV (i.e., 100 infectious virions on fomite per touched area) and afterwards was kept
constant (Fig. 6A). This tendency was also seen in the other scenarios (Fig. 6B—C). The cause of sudden decrease in COVID-19
case can reside in that infection from fomite to human cannot succeed due to small viral amount that makes probability of
infection too low to establish subsequent transmission chain (see Eq. (5)). Every-hour periodic disinfection slightly reduced
the averaged case number and led its standard deviation downward at low LRV, indicating that periodic disinfection can be
useful to mitigate infection case number even if prior disinfection yields lower LRV than expected due to accidental con-
sumption of chemical disinfectant (Gang et al., 2003; Kadoya et al., 2019, 2021; Sohn et al., 2004). The standard deviation at
more than 5 LRV especially in Scenario A and C was also made small by every-hour periodic disinfection (Fig. 6), which was
compatible to the previous result (Fig. 5). Taken together, the sensitivity analysis has suggested that LRV should be adjusted so
that the number of infectious virions on fomite per touched area can be less than a hundred and disinfection should be
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Fig. 5. The synergistic effect of prior and disinfections on the COVID-19 case number (A: Scenario A, B: Scenario B, C: Scenario C). Red and blue dashed lines show
the transition of averaged COVID-19 case with and without periodic disinfection, respectively. Shade indicates the standard deviation.
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Fig. 6. Change in the COVID-19 case number under different periodic disinfection approach (navy: every hour, green: only once during simulation time, yellow:
no periodic disinfection) and log reduction value by prior disinfection on fomite (A: Scenario A, B: Scenario B, C: Scenario C). The initial infectious titer of SARS-
CoV-2 was 107 in this simulation. Circle and the error bar mean the average value and standard deviation, respectively.

conducted every hour to supplement a previously conducted disinfection that can be sometimes insufficient to achieve the
targeted LRV.

3.6. Limitations and implications

This simulation study using network-based simulation has demonstrated that the prior disinfection plays a dominant role
in inhibiting SARS-CoV-2 transmission before a user get into indoor environment and the number of infectious virions on
fomite per touched area should be kept less than a hundred copy by prior and periodic disinfections. However, there are
several limitations that should be declared.

First, the developed networks have just partially depicted actual outbreak situations since our aim is to evaluate the fomite
disinfection effectiveness in a simple way. Virus transmission on the network started when all users stayed at their seats:
however, in fact, SARS-CoV-2 must spread during each user entering the restaurant or getting on board. In regard to this,
accidental contacts to other users must have happened in real situation. To reproduce more actual situation, the time-varying
network, in which a human node temporally links non-family member nodes especially during boarding or going the
assigned table at the restaurant, should be established in the further study. The links of an atmospheric node is also time-
varying because air mass as an atmosphere node can be flown in a practical indoor environment. As for fomite node,
there can be more than one fomite node in each scenario in practice, and frequency of contact with a fomite node should be
taken into account in the future study.

Second, the network model did not reflect the practical ventilation condition and its effect on virus spread although at-
mospheric nodes we prepared in the networks enabled virus to move to the neighbor nodes. Ventilation has been widely
known as an important intervention measure at present, and recent outbreak may have occurred in an indoor environment in
which ventilation system is properly operated. In this case, our network model cannot reproduce virus transmission in the
indoor environment. We need to employ a directed link of an atmospheric node and reconsider how atmospheric nodes are
linked to human and other atmospheric nodes to express current situation of virus spread on the directed airflow. Note that
ventilation or airflow effect is not critical for our simulation cases because previous studies have indicated that ventilation
rate was poor and the indoor environments were crowded (Cheng et al., 2022; Li et al., 2021). We thus assumed that viruses
were not carried on the directed airflow to a distant node and just prepared hypothetical atmospheric nodes, in which virus
temporally stayed and could spread to adjacent nodes. This transition from an atmospheric node may be explained by
diffusion and non-directed, weak airflow due to an air conditioner. Actually, our simulation, especially for scenarios A and B,
successfully expressed the actual number of infection cases.

Third, we have assumed that virus migration rate ( is identical between human-to-human, human-to-atmosphere,
human-to-fomite transmissions and vice versa. This is because the rates for each transmission have not been estimated
anywhere although some studies for fomite-associated transmission have employed the migration rate of surrogate viruses
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(King et al., 2021), or focused on finger-initiated transfer of virus (Todt et al., 2021). In addition, it still remains unclear how
many and how long infectious virions in aerosols and droplets stay in atmosphere. The § can also change depending on
airflow condition in the indoor environment. To make virus transmission dynamics more actual, an experimental study which
can estimate the migration rate or relative importance (Short & Cowling, 2023) among each transmission route is required.

Finally, this study has simulated virus transmission under rough disinfection condition, which always yields constant
LRVs. However, the disinfection efficiency reportedly differs between disinfectants or fomite materials or contact time (Viana
Martins et al., 2022). Also, variation of disinfection action, such as wipe, radiation and spray, may affect the LRV of SARS-CoV-2
on fomite. A comprehensive, experimental study for fomite disinfection is needed to determine the detailed disinfection
condition (e.g., contact time, concentration of disinfectant and disinfection action).

Although the enumerated limitations here must be considered in the further study to reproduce practical outbreak sit-
uation, the modeling and simulation concept can be useful to understand the indoor COVID-19 outbreak that will happen in
the future and to estimate risk of infection in hospital, kindergarten and so on. Quantitative microbial risk assessment (QMRA)
has been applied so far to estimate the risk of SARS-CoV-2 infection and disease burden in various scenarios (Dada & Gyawali,
2021; Denpetkul et al., 2022; Zhang et al., 2022). The network-based virus transmission model established here can track viral
amount to which a human is exposed and can be also applied to evaluate the effect of wearing mask and physical distancing
by modifying virus migration rate. Therefore, along with network-based simulation, the QMRA approach can enable us to
evaluate whether the introduced non-pharmaceutical interventions are preventive for virus transmission in indoor envi-
ronment, based on the estimated risk and the deviation between the estimated and targeted LRVs (or estimated and
acceptable viral amounts). Taken together, the network virus transmission model and its concept can be conducive to
describing viral outbreak situation and suggesting appropriate intervention measures.

4. Conclusion

SARS-CoV-2 infection succeeds via not only human-to-human transmission but also virus-contaminated fomite route.
Disinfection used for keeping high hygiene level on fomite can be valuable to control SARS-CoV-2 transmission especially in
indoor environment. However, fomite disinfection effectiveness on infection case number has not been investigated well. We
here simulated SARS-CoV-2 transmission in indoor environments based on the network analysis and found that strict
disinfection manner for fomite (i.e., less than a hundred virions on fomite was kept by prior and periodic disinfection) broke
off the transmission chains, leading to drastic decrease in the infection case. Our modeling framework is also applicable to
understanding the effect of non-pharmaceutical intervention measures, such as ventilation and social distancing, and can
help us manage better indoor environment where pathogenic virus is hard to spread by combination with quantitative
microbial risk analysis.
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