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Surfaces and objects surround us, and touching them is integral to everyday life. Pathogen
contaminated surfaces (fomites) are known to transmit diseases. However, little is known about the
ways and speed at which surfaces become contaminated. We found that under certain conditions, the
number of contaminated surfaces grows logistically, corresponding to possible rapid transmission of
infection. In such a surface network, pathogen can be transmitted great distances quickly—as far as
people move. We found that the surface contamination network in aircraft cabins exhibits a community
structure, with small communities connected by the aisle seatback surfaces and toilets, which are high-
touch surfaces. In less than two to three hours, most high-touch surfaces in the cabin are contaminated,
and within five to six hours nearly all touchable surfaces are contaminated. During short haul flight,
aisle passengers have higher fomite exposure. This closely matches the spatial infection pattern of one
reported inflight norovirus outbreaks. Our model is generally applicable to other crowded settings. The
commonly repeated advice to “wash hands frequently” may be replaced in future by more strategic
advice such as “clean surfaces right now”, or advice based on who should wash their hands, and when.

In the built environment, contaminated surfaces and objects, also called fomites, play a key role in the trans-
mission of respiratory and enteric viral infections, including the norovirus. The mechanism of the fomite route
is thought to involve two steps. First, a person touches a contaminated surface or object with his or her hand,
which transfers the virus to their hand. Second, that person touches their contaminated hand to susceptible sites
on his or her body, which inoculates the site with the virus, creating the opportunity for infection. We know that
contaminated surfaces and objects can transmit disease, and that discarding contaminated objects and improving
surface cleaning and hand hygiene can decrease infection'-. Perhaps 20% to 40% of nosocomial infections arise
via the contaminated hands of healthcare workers*®, and via high-touch environmental surfaces®. Gwaltney and
Hendley’ showed that touching surfaces leads to rhinovirus infections and there have been reviews of fomite
transmission of the norovirus®. Many outbreak reports also reveal the role of surface contamination’. However,
unlike our understanding of the airborne and close contact routes, our understanding of the fomite route remains
at an empirical level ',

An environmental surface or object can be initially contaminated by the deposition of virus particles from the
air'? (greatest on upward-facing surfaces), direct emission through coughing, aerosolisation of enteric viruses
due to vomiting and diarrhoea incidents, toilet flushing (highest on surfaces in close proximity to sources'>'*),
and hand touching (greatest on high-touch surfaces). Many studies exist on pathogen transfer between hands
and surfaces; and on pathogen survival on surfaces and skin'*-'”. A hand contaminated with certain viruses can
contaminate up to seven other surfaces's.

Although the initial contamination process appears straightforward, there is limited information about how
surface contamination is propagated by human touch. When we touch an object, we transfer viruses to a surface
or accumulate more viruses on our hands. In a crowded environment, a surface (the ‘root surface’) contaminated
by a source can be touched by a number of people, and each of these individuals subsequently touch other sur-
faces as they move around. Each of these now contaminated surfaces can be touched again by other people, and so
the touching sequence progresses. Ultimately, all touched surfaces can be traced back to the root surface. We refer
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Figure 1. Illustration of how surfaces are connected to the root surface by hand touching. A contaminated hand
may initiate a new network when an individual moves to a new environment.

to this as the surface touch network (Fig. 1), which allows transfer of viruses and bacteria (or particles) between
surfaces by hands, and results in a corresponding surface contamination network. We found that the growth of
the number of contaminated surfaces is logistic. This is fundamental to the fomite transmission of diseases. The
major physical processes involved in the fomite route include contamination of the root surface; virus survival on
and transfer between the hand and surface during each subsequent touch; hand to mucous membrane transfer;
and finally the dose-response, causing infection. In the literature, each of these processes has been studied and
quantified to some extent for certain respiratory and enteric viruses, enabling us to focus on construction and
analysis of the surface contamination network.

Existing social contact pattern studies in disease transmission are limited to close contact between people®.
Mathematical studies for the fomite route exist?® and infection risk due to fomite transmssion has been calcu-
lated®-2%. However, in all of these studies, the treatment of surface touching is simplified. These models cannot be
used to study the spatial infection pattern of fomite transmission.

In this study, we networked environmental surfaces by connecting any two surfaces if they were sequentially
touched by the same individual’s hands. The model was used to study infection transmission via the fomite route
and to re-examine two inflight norovirus outbreaks. We have focused on the norovirus, for which the fomite route
is known. As a non-enveloped virus, the norovirus is fairly stable on environmental surfaces'".

Environmental setting. People’s surface touching behaviour varies in different environments. Aircraft cab-
ins were considered in this study. In most other settings, such as classrooms, offices and hospitals, detailed spatial
patterns for the secondary cases are generally not available when major outbreaks occur. The relatively fixed
seating arrangement in aircraft cabins permits a spatial pattern of the secondary cases to be identified in some
outbreaks. The temporal and spatial variation of climate and environment in aircraft cabins is also not as great
as in other spaces. A number of inflight outbreaks have been well investigated, with detailed data available in the
literature.

We simulated two reported inflight outbreaks of noroviruses®?¢. The first was a norovirus genogroup II
(GII) outbreak that occurred on 8 October 2008 during a three hour Boeing 737 flight from Boston, USA to Los
Angeles, USA. Six of 35 tour group members reported experiencing vomiting or diarrhoea. Five GII passengers
vomited into sickness bags while in their seats. After the flight, 7 of the 82 (attack rate, 8.5%) interviewed non-tour
group passengers met the secondary case definition of norovirus illness?. The second was a norovirus genogroup
I (GI) outbreak on a 12.5hour Boeing 747-400 flight from Los Angeles, USA to Auckland, New Zealand on 19
January 2007. Two passengers had norovirus Gl illness. After the flight, 52 of the 222 (attack rate, 23.4%) passen-
gers interviewed met the secondary case definition of the norovirus illness?. The detailed environmental setting
and spatial distribution of passengers in the two outbreaks are shown in Supplementary Information Figure S1.

Characteristics of the surface contamination network. In a surface contamination network, any two
sequentially touched environmental surfaces by the same individual are directly connected. As an example, we
sketched a part of the surface contamination network (the toilets and the next five seat rows) in the Boeing 737
cabin in a simulation of the GII 737 outbreak; see Fig. 2. The network seems to exhibit a community structure.
In this community network, the surfaces in half of a row on one side of the aisle form a sub-community, includ-
ing three seatback surfaces, four armrest surfaces and three tray table surfaces. The surfaces in each of these
sub-communities are densely connected locally. All sub-communities are connected by the aisle seatback sur-
faces, which also connect the toilet surfaces. Such a global connection exists because passengers may touch the
aisle seatback surfaces when walking to the toilets, especially when the plane encounters turbulence.

As connections between the different sub-communities, the aisle seatbacks, which are high-touch surfaces,
play an important role in the network. We analysed the properties of the surface contamination network on two
levels: the aisle seatback surface contamination network, which only considers the aisle seatback surfaces and
the surface contamination network, which includes all the surfaces. For this study, only Economy class in the
Boeing 737 cabin with 21 seat rows was considered, and only Zones C and D with 24 seat rows were considered
in the Boeing 747-400 cabin (Supplementary Information Figure S1). In the latter, the connection between the
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Figure 2. Part of the surface contamination network in one simulation of the GII 737 outbreak.

Aisle seatback surface

- 4.6 [4.23,4.97] 2.04[1.96,2.11] 0.27 [0.25, 0.29]
Aircraft cabin in the contamination network

GII 737 outbreak i
Entire surface 13.50 [13.00, 14.00] | 5.38 [5.28,5.48] | 0.57 [0.56, 0.57]
contamination network
Aisle seatback surface 4.90 [4.49, 5.31] 2.0 [2.00, 2.00] 0.52[0.51,0.52]
Aircraft cabinin the | contamination network
GI 747 outbreak :
Entire surface 7.90 [7.67,8.12] 3.88[3.85,3.90] | 0.66 [0.65,0.66]

contamination network

Table 1. Properties of the aisle seatback surface contamination network and surface contamination network in
the aircraft cabins in the GII 737 and GI 747 outbreaks.

two zones is the toilets between them, because the passengers in Zone C and Zone D use the same toilets. Major
properties of the surface contamination network are summarised in Table 1. To account for randomness, all the
simulation cases were run 100 times, and the average value and the 95% confidence interval are shown in the
Table. In the 737 Economy class, we considered 422 surfaces, including 42 aisle seatback surfaces and 84 non-aisle
(21 x 6-42) seatback surfaces (the seatback surface on seats 21 A, 21B, 21E and 21 F would not be touched), 126
(21 x 6) tray table surfaces, 168 (21 x 8) armrest surfaces and 2 toilets. Zones C and D of the 747 aircraft have a
total of 595 surfaces, including 71 aisle seatback surfaces.

According to Rheinbaben et al.'¥, when 107 plaque forming units of viruses are applied to door handles or
hands, transmission of viruses from one person to another can be successful up to the sixth contact person.
Barker et al.! also showed that contaminated fingers can transfer noroviruses to as many as seven sequentially
touched clean surfaces. Both studies reveal that viruses from one contaminated surface can be transferred to as
many as six sequentially touched surfaces by one hand, when the hand is also considered to be a surface. In both
the 737 and 747 cabins, the aisle seatback surface contamination network has a diameter of less than 5 edges,
and this diameter is the longest of all the calculated shortest paths in the network. The small network diameter
suggests that all the aisle seatback surfaces have the potential to become contaminated. The diameter of the entire
surface contamination network is larger. The diameter of a small sub-community depends on whether the passen-
gers go to the toilet; if all three passengers in a row sit in their seats during the flight, and only touch the front seat-
back, tray table and armrest surfaces, the diameter of the sub-community is only 4, such as the sub-community
to the right of the 26th row (facing the toilet) in Fig. 2. However, if a passenger in a window seat goes to the toilet
several times, he or she may touch the aisle seat just after touching the armrest surface close to the window and
the diameter of the sub-community will be smaller. The flight duration in the GII outbreak was only three hours,
whereas that of the GI outbreak was 12.5hours. In both flights, we assumed that toilet use frequency was 1/6 per
hour for susceptible individuals: half the passengers use the toilet during the flight in the Boeing 737, and each
passenger uses the toilets twice during the flight in the Boeing 747. This explains why the average diameter of the
surface contamination network is 13.5 in the 737 aircraft cabin, whereas in the 747 aircraft it is only 7.9.

Logistic growth of the number of contaminated surfaces. The following assumptions were made in
counting the number of contaminated surfaces: (1) once contaminated, environmental surfaces or hands remain
contaminated unless these surfaces are sanitised, thus losing a proportion of their contamination dependent on
the efficiency of sanitation; (2) some proportion of human norovirus particles on hands (environmental surfaces)
is transferred to environmental surfaces (hands); (3) virus particles on hands lose infectivity as a function of time.
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Vomiting and diarrhoea are typical symptoms of norovirus gastroenteritis, so the time for the first pas-
senger to vomit and then go to the toilet is also the time when the norovirus is emitted into the aircraft cabin.
In the GII outbreak, the time at which the five index passengers vomited was not available. So in simulating
the average infection risk, the time of vomiting was randomly chosen from the cruise phase. In counting the
number of contaminated surfaces, which were simulated 100 times, we assumed random times for toilet use
for the six index passengers in the first simulation, and for the remaining 99 simulations, we assumed that
the time of toilet use remained the same as in the first simulation. The growth of the number of contami-
nated aisle seatback surfaces and of all surfaces in the Boeing 737 in 100 simulations is shown in Fig. 3a and
b respectively. The effect of different critical values of surface contamination is shown in Supplementary
Information Figure S8. As shown in Fig. 3a and b, a logistic growth model fits the growth of the number of
contaminated aisle seatback surfaces and all surfaces well. Logistic growth suggests that surfaces can be con-
taminated quickly in crowded environments, in which case virus particles are likely to spread rapidly if not
controlled early enough.

In the GI outbreak in the twin-aisle cabin, there were 71 aisle seatbacks surfaces in Zones C and D
(Supplementary Information Figure S1) and 4 toilets between the two zones. The time when the index passenger
vomited was known, and was used as the initial time for the growth of contaminated surfaces. The growth of the
number of contaminated aisle seatback surfaces and all 595 surfaces in 100 simulations for this flight is shown in
Fig. 3c and d. The logistic growth trend existed both for the aisle seatback surfaces and for all surfaces.

The logistic growth of contaminated surfaces is fundamental to fomite transmission. We performed a theo-
retical analysis and a bench-top experimental study to demonstrate its existence (Fig. 3e,f, and Supplementary
Information Sections 1.3 and 1.4). The growth of the number of contaminated surfaces can be curtailed by surface
cleaning and hand washing (Supplementary Information Figure S2).

The aisle passengers had the highest fomite exposure risk.  As the leading cause of viral gastroen-
teritis*®, human noroviruses can spread from infectious faeces and vomitus through airborne droplets, fomites,
and person-to-person contact”’. Microbiological data shows that projectile vomiting associated with norovirus
infections may distribute up to 3 x 107 virus particles as an aerosol with a total volume of about 30 ml'*. The
airborne droplets can also be inhaled and deposited in the upper respiratory tract, and subsequently swallowed
with the respiratory mucus®. In the GI 747 outbreak, the passengers vomited in the aisles, so the airborne route
was also considered. Here we assumed that a person vomiting in the aisle produced 3 x 107 droplets with a size
distribution the same as that from a cough as described by Atkinson and Wein?%; data on the size distribution of
vomited droplets is not available.

The mean norovirus GII cDNA concentration is 3 x 10 genomes/g in faeces, and the mean norovirus GI
cDNA concentration is 8.4 x 10° cDNA genomes/g?**. The mass of vomitus on the hand of one person after
vomiting was found to be 107> g in one study®', and the concentration of faeces or vomitus on a toilet surface is
1 g/cm? after vomiting or diarrhoea®. In the GII 737 outbreak, passengers vomited into sickness bags, and one
restroom on the airplane was eventually closed after it became soiled by sick passengers, so we can reasonably
assume that there were no droplets emitted from the bags. As only one type was detected in the samples from the
case passengers in each outbreak®>?, we assumed that all passengers on each flight were infected by the same type
of norovirus. There was no reported body contact between ill passengers and susceptible individuals, so only the
fomite route was considered in the simulations.

To take account of the randomness of the order in which passengers go to the toilet and touch aisle seatback
surfaces, the infection risk per passenger varies even in the same condition in different simulations. We per-
formed 100 simulations, and obtained the average infection risk of non-tour group members in Economy class by
averaging the results from the simulations, as shown in Fig. 4a. Although it is not shown here, the predicted virus
concentration on the aisle seatback surfaces is also higher than at other sites, which leads to a higher infection risk
for aisle seat passengers than for non-aisle seat passengers. In addition, the predicted average infection risk of aisle
seat passengers showed an inverse relationship with distance to the toilets.

What occurred in the reported outbreak (Fig. 4c) may not reflect the averaged infection risk as presented
in Fig. 4a, but be closer to one of the simulations. It is conceivable that the attack rate did not exhibit a regular
pattern as shown in Fig. 4a. After examining all 100 simulations, we considered one particular simulation
result (shown in Fig. 4b). The infection risk in this simulation is very different from the averaged risks in
Fig. 4a, but the spatial distribution is close to that reported; it is possible that some non-aisle seat passengers
seated far away from the ill passengers have a high infection risk, such as the passengers seated in 13 F and
16 A in Fig. 4b. The occurrence of a transmission event can be random (e.g., these passengers may have used
the toilet just after the ill passengers). This observation may explain why passenger 7 A was infected, as shown
in Fig. 4c.

Table 2 compares the infection risk for the aisle and non-aisle seats for both the reported and predicted
data for the two outbreaks. Our prediction fits the overall infection risk and the spatial distribution of indi-
viduals’ infection risks well. For the simulation results, both the average value and one particular case are
presented. The flight duration in the GI 747 outbreak (12.5hours) was much longer than that in the GII 737
outbreak (3 hours), which means that more surface touching behaviour will have occurred during the flight
in the GI 747 outbreak. Therefore, more viruses would be transferred from high concentration surfaces (aisle
seatback surfaces) to low concentration surfaces (non-aisle seatback surfaces, tray table and armrest sur-
faces). Note we assumed that viruses are transferred from high concentration to low concentration surfaces.
The virus concentrations on different surfaces will then become more uniform. This is the main reason the
relative risk for aisle seats in the GI 747 outbreak compared to non-aisle seats, defined as the ratio of the
average infection risk of aisle seats to non-aisle seats (37.2 + 31 =1.2), is much lower than that in the GII
737 outbreak (20.8 +2 =10.4). Another important reason is that in the GI 747 outbreak, the ill passengers
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Figure 3. Growth of the number of contaminated surfaces (a). GII 737 outbreak, aisle seatback surfaces, (b)
GII 737 outbreak, all surfaces; (¢) GI 747 outbreak, aisle seatback surfaces, (d) GI 747 outbreak, all surfaces; (e)
predicted result for both surfaces and individuals using a theoretical model shown in Supplementary Section
1.2; and (f) measured results (Supplementary Section 1.3). In (a-d), each graph shows 100 simulations (grey)
together with the average of these 100 simulations (black), and the fitting curve using the logistic function (red).

vomited in the aisle in Zone C, which could have produced a large number of airborne droplets, leading to
airborne transmission. Fewer airborne droplets were expected and predicted in Zone D, due to the curtain
between Zones C and D. This leads to a higher relative risk for aisle seats compared to non-aisle seats in Zone

D (1.8) than in Zone C (0.7).
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Figure 4. (a) Average simulated infection risk of 100 simulations; (b) simulated infection risk in one chosen

simulation and (c) reported spatial distribution of cases in the norovirus GII 737 outbreak.

Overall 8.3 8.0 ([7.4,8.6]) 8.5 (6/71)

GII737* | Aisle seats 20.0 16.0 ([14.8,17.1]) 20.8% (5/24) | Relative risk: 9.5 95% CI:
Non-aisle seats | 2.8 4.3([3.9,4.9]) 2.1% (1/47) | 1.2t077.4 P-value: 0.008
Overall 28.8 256 ([25.2, 26.1]) 33.6(41/122)

GI747° | Aisle seats 36.6 35.8 ([35.1, 36.5]) 37.2% (19/51) | Relative risk: 1.2 95% CI:
Non-aisle seats | 24.0 19.2 ([18.7, 19.6]) 31.0% (22/71) | 0.7 t0 2.0 P-value: 0.47

Table 2. Reported?”? and simulated infection risks overall, and for aisles seats only and non-aisle seats only.
20nly non-tour group members in Economy class were focused on here, as the tour group members might have
had interaction with the index patient(s) before and after the flight. “This particular simulation was chosen
because the predicted spatial distribution of the secondary cases (Fig. 4b) was close to the reported distribution
of cases (Fig. 4c). “Only Zones C and D were studied because these two zones were adjacent to the vomiting
incident, and most secondary cases (82%) were in these two zones.

Discussion
To our knowledge, this study is the first to identify the existence of a surface contamination network in a crowded
environment. In such a network, each high-touch surface can be touched by many people, and each of them can
touch other surfaces, and so the process goes on. In the beginning of the process, there is only a small number
of contaminated hands, and hence the growth of the network is slow. As time passes, more contaminated hands
touch uncontaminated surfaces, and rapid growth follows. The number of uncontaminated surfaces decreases
towards the latter part of the process, and the growth again slows. Eventually, all surfaces are contaminated, as the
total number of high-touch surfaces is limited. This is the logistic growth of the number of contaminated surfaces.
This finding has at least two significant implications. The first concerns the rapidity of the growth of the
network, which suggests that the fomite route can be potentially fast and effective, as shown by the GII norovi-
rus outbreak?®. The existence of a surface touch network means that many surfaces can be contaminated. The
community structure of the surface contamination network in an aircraft cabin is interesting. As the connection
between different communities, the aisle seatback surfaces become the root surfaces for the surfaces within each
sub-community. The aisle seatback contamination network has a small diameter (5), so all aisle seatback surfaces
have the potential to become contaminated. Also, even remote surfaces can be contaminated, and the virus parti-
cles can travel as far as the contaminated hands do. This suggests that infection transmitted a great distance is not
a unique feature of the airborne route as is commonly believed. In a number of studies, remote infection was con-
sidered to be direct evidence for airborne transmission®*. Marks et al.** found an inverse relationship between the
attack rates at dining tables and the distance from the person who vomited, and concluded that the transmission
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might be airborne. Our results here suggest that the evidence provided by Marks et al.** may not be adequate,
because it is possible for infection risk to show an inverse relationship with the distance from the infector even
when transmission is only via the fomite route, as shown in the norovirus outbreak simulation (Fig. 4a).

Different aisle seatback surfaces experience different contact rates during a flight. A high contact rate often
corresponds to a high concentration of virus particles on a surface. This agrees with some field studies showing
that high-touch surfaces may be a reservoir for nosocomial pathogens'®. High-touch surfaces play a more impor-
tant role in the fomite route. The hands of healthcare workers are likely to be contaminated with pathogens after
contact with high-touch surfaces, similar to direct contact with patients®>. The US Centers for Disease Control
recommends cleaning and disinfecting high-touch surfaces on a more frequent basis than minimal-touch sur-
faces in hospitals®. A field study by Bogusz et al.*” qualitatively showed that hospital surfaces can be rapidly
contaminated after cleaning, and high-touch surfaces have a higher frequency of contamination than other sites.
From the surface cleaning perspective, a study by Kundrapu et al.” showed that daily disinfection of high-touch
surfaces can reduce acquisition of pathogens on hands. Disinfection should focus on high-touch objects and sur-
faces rather than on all surfaces'. The aisle seatback surfaces are relatively high-touch surfaces. Each seatback can
be touched by the passenger sitting behind, which leads to the aisle seat passengers having a higher infection risk
than others. This implies that when implementing inflight infection control measures for fomite transmission,
high frequency disinfection should be applied not only to toilets, but also to aisle seatback surfaces, especially
those close to toilets.

The models we have developed may be useful for improving the existing mathematical models for the fomite
route transmission of influenza or the norovirus??>*2. The existing models do not consider the surface touch
network, so they cannot reveal the different roles that high- and low-touch surfaces play.

The major limitation of this study lies in the assumptions about surface touch behaviour, due to a lack of data.
The agreement between our model and data from the two reported outbreaks was surprisingly good, suggesting
that our assumptions about surface touch behaviour are plausible. The predicted infection risk depends on a large
number of parameters. The most important parameters are the virus particle source strength, dose-response
parameters, surface transfer rates, and nominal contact surface areas. The choice of some of these parameters has
yet to be properly validated. Further research into determining the choice of parameter is needed.

Methods Summary

In this study, we firstly used ordinary differential equations (ODEs) to analyse the growth of the number of
contaminated surfaces in an idealized situation that all individuals touch all surfaces homogeneously. Then we
performed a computer simulation of surface contamination process in the real air cabin environment, using ran-
dom discrete-time Markov Chain approach. And to verify our model, we also simulated two inflight norovirus
outbreaks. At last, we did a bench-top experiment to explore growth of contaminated surfaces in the same air
cabin environment as the computer simulation.

Theoretical study of the growth of contaminated surfaces. We used ordinary differential equations
(ODE:s) to analyse the relationship between the growth of the number of surfaces contaminated with live patho-
gens, an individual’s surface touching behaviour, and hand and surface hygiene. We built the model in an enclosed
environment based on the assumption that all individuals touch surfaces homogeneously. Then we can write the
following governing equations for the percentage of contaminated surfaces (y,(f)) and individuals with contam-
inated hands (y,(t)) respectively.

dy, (t

y‘i L 00— 1) — dyy (0

dy,(t)

# = (1 = (1) — dy,(t) W

Where ¢, is the hand contact frequency on environmental surfaces, which is defined as the total number of
surface-to-hand contacts per time unit divided by the number of people; c is the surface contact frequency,
which is defined as the total number of surface-to-hand contacts per time unit divided by the number of surfaces;
d, and d; are the hand and surface hygiene frequency (See detailed construction of the ODEs in Supplementary
Information Section 1.2).

Computer simulation of surface contamination network in air cabin.  We also constructed a sur-
face contamination network during the flight using random discrete-time Markov chain method. We use the
sub-group based approach, i.e., dividing all surfaces N, and population N, into sub-groups (e.g., toilet surfaces
N, seat backs N, armrest surfaces, N, tray table surfaces N,,) and population sub-groups (e.g., passengers Ny,
air crews N,,) and model events of surface touch, i.e., how each population sub-group j interacts with surface
sub-group i. Five commonly observed surface touching behaviours during the cruise phase are considered in this
study: toilet use, touching the aisle seat backrest surfaces on the way to the toilets and back, touching the armrest
surface, touching the front backrest surface and touching the tray table surfaces. We impose different assumptions
in each sub-group based on the nature of interaction, which is determined by human behaviour and nature of
the activity, e.g., people go to the toilet following the principle of proximity. The time-dependent surface touch
patterns can be easily considered in our model, e.g., visiting toilets. The frequency of surface touching by each
sub-group of people on each sub-group of surfaces is assumed to be deterministic, however, some randomization
exists in the touch sequence and exact timing of each touch. (See details in Supplementary Information Section
1.4).

SCIENTIFICREPORTS | 7: 14826 | DOI:10.1038/541598-017-13840-z 7



www.nature.com/scientificreports/

pmy (k)
psia(k) - . - . Psuw,(K) me(k) Df(k)
Ci() pS, 1(k) © s P (R) G (0 f
cs (k) o » ch (k) D, (k)
powatd) L P5~s~p<’<> pra, (0
Cy A (k) Surface contact network ch Ny (k ) Touching membranes DNp Q)
Virus concentration on surfaces Virus concentration on hands Fomite route exposure dose

Figure 5. Diagram of the surface contact network and fomite route exposure model.

The diagram of the surface contact network and fomite route exposure model is shown in Fig. 5. The time step
AT is an important parameter. It should be sufficiently small so that a surface cannot be touched by more than
one individual at the same time, but not too small, to save on computation time. It depends on the crowdedness of
the environment (See details in Supplementary Information Section 1.4). Denote virus concentration on surface j
and hands of individual i at time step k be C*,(k) and C" (k) respectively. At the next time step k+ 1 after time AT,
the virus concentration on the contact area is

(0047, — C0IA T, )os, )
A

Citk + 1) = (1 — )| (k) + by AT

K @
Where r; is the removal rate of virus/particles by surface hygiene at time K+ 1 if episodic surface cleaning/disin-
fection is carried out. b, is the virus first-order inactivation rate on surface j. 7, and 7, are the virus/particle
transfer efficiency from hand to surface j and surface j to hand respectively. A;, and A _are the hand palm and
surface j area.

To calculate the number of infective pathogens on hands, we considered the virus transfer from hands to
mucous membranes during eye-rubbing, mouth-touching and nose-blowing. We assume that this process is a
one-way transmission, i.e., from hands to mucous membranes. Denote pm,(k) as the mucous membrane touching
behaviour of individual , i.e., if at time interval k, individual i touches his or her mucous membranes, pm;(k) =1,
otherwise pm;(k) = 0. We assume that touching a mucous membrane involves only one fingertip with contact area
Ay, Then the virus concentration on the hand of individual i at time step k+ 1 becomes

2 (ClA T, = CRAT,)ps, ()

Chk+1) = (1 —n)ChK) -
Ay

MK A T G K) by ear
Ay (©)

Where 1y, is the removal rate of virus/particles by hand hygiene at time K+ 1 if hand hygiene is carried out. b,
is the first-order inactivation rate of the virus on hands, 7, is the virus transfer rate from the hand to mucous
membranes.

Given the virus particle concentrations on all surfaces and hands at the initial condition (k=0), then the virus
concentrations at each time step can be calculated as above.

The total exposure dose of individual i via the fomite route becomes

Ny
Dif = Z Pmi(k)AhmTthih(k)
k=1 (4)

The dose-response model is used to calculate infection risk. At the exposure dose of D/, both via the airborne

route and the fomite route, the infection riskis P = 1 — ¢ "> ff, where 7 is the dose-response rate.

The basic theory of networks® was used to analyse the following properties of the network: the maximum ver-
tex (highest-touch surface, ranking vertices), the maximum edge (the highest-touch people, ranking edges), the
maximum geodesic distance (diameter), the average geodesic distance and the average clustering coeflicient. The
maximum geodesic distance (diameter) is the number of generations required for surfaces to be contaminated.

Note that surfaces in the environment can also acquire viruses through the deposition of small droplets in
the air, and direct shedding from patients, which can be estimated based on existing approaches*. We used our
model to evaluate the models developed against two reported inflight norovirus outbreaks®>*. The aircraft cabin
is a special environment with fixed passengers and crew members, and people cannot move about as easily as in
other settings. The unique feature of our model is its ability to predict the spatial distribution of infection risks.
The model involves a large number of parameters. The chosen parameter values are listed in Supplementary
Information Table S5, along with the references. The sensitivity of key parameters was studied and is reported in
the Supplementary Information Section 2.1. For each parameter setting, we performed 100 random tests for each

SCIENTIFICREPORTS | 7: 14826 | DOI:10.1038/541598-017-13840-z 8


http://S5

www.nature.com/scientificreports/

simulation to compare the total exposure dose for all susceptible individuals, as many processes are random. The
parameters varied included the frequency of touching mucous membranes and other environmental parameters.

Bench-top experiment study of surface contamination networks. To study growth in the number
of contaminated surfaces, we also built a bench-top experiment using a mock-up of an aircraft cabin, as shown in
Fig. 6. Participants were instructed to touch the surfaces (chips) in a specific sequence, and/or use a specific type
of grasp (light touch for the results shown here, firm touch, sliding, etc.). The computer-generated sequence fol-
lows the same rules as in the computational simulations. Qualitative observation of fluorescence using UV lamps
indicated how many chips/fingers were contaminated at different times, showing how the fluorescent particles
were transferred from the initial contaminated surface over eight (or some other number of) consecutive surfaces
(see details in Supplementary Information Section 1.3).

Statistics. Two-side Chi-Square test was used to test whether the aisle passengers had a statistically significant
higher infection risk than non-aisle passengers from outbreak data. The P value < 0.05 was considered significant.
And 95% confidence interval of the relative risk (aisle passengers to non-aisle passengers) was also provided.

Data availability. The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.

References
1. Barker, J., Vipond, I. B. & Bloomfield, S. F. Effects of cleaning and disinfection in reducing the spread of Norovirus contamination via
environmental surfaces. J. Hosp. Infect. 58, 42-49 (2004).
2. Rutala, W. A. & Weber, D. J. Current principles and practices; new research; and new technologies in disinfection, sterilization, and
antisepsis (Supplement). Am. J. Infect. Control 41,1 (2013).
3. World Health Organization. WHO Guidelines on Hand Hygiene in Health Care. http://apps.who.int/iris/
bitstream/10665/44102/1/9789241597906_eng.pdf?ua=1 (2009).
4. Weber, D. . et al. Role of hospital surfaces in the transmission of emerging health care-associated pathogens: norovirus, Clostridium
difficile, and Acinetobacter species. Am. J. Infect. Control 5, 25-33 (2010).
5. Kundrapu, S. et al. Daily disinfection of high-touch surfaces in isolation rooms to reduce contamination of healthcare workers’
hands. Infect. Control Hosp. Epidemiol. 33, 1039-1042 (2012).
6. Otter, J. A, Yezli, S. & French, G. L. The role played by contaminated surfaces in the transmission of nosocomial pathogens. Infect.
Control Hosp. Epidemiol. 32, 687-699 (2011).
7. Gwaltney, J. M. & Hendley, J. O. Transmission of experimental rhinovirus infection by contaminated surfaces. Am. J. Epidemiol. 116,
828-833 (1982).
8. Lopman, B. et al. Environmental transmission of norovirus gastroenteritis. Curr. Opin. Virol. 2,96-102 (2012).
9. Thornley, C. N. et al. Recurring norovirus transmission on an airplane. Clin. Infect. Dis. 53, 515-520 (2011).
10. Bloomfield, S. F. et al. The effectiveness of hand hygiene procedures in reducing the risks of infections in home and community
settings including handwashing and alcohol-based hand sanitizers. Am. J. Infect. Control 35, 27-64 (2007).
11. Boone, S. A. & Gerba, C. P. Significance of fomites in the spread of respiratory and enteric viral disease. Appl. Environ. Microbiol. 73,
1687-1696 (2007).
12. Weinstein, R. A. & Hota, B. Contamination, disinfection, and cross-colonization: are hospital surfaces reservoirs for nosocomial
infection? Clin. Infect. Dis. 39, 1182-1189 (2004).
13. Huslage, K. et al. A quantitative approach to defining “high-touch” surfaces in hospitals. Infect. Control Hosp. Epidemiol. 31, 850-853
(2010).
14. Johnson, D. et al. Aerosol generation by modern flush toilets. Aerosol Sci. Technol. 47, 1047-1057 (2013).

SCIENTIFICREPORTS | 7: 14826 | DOI:10.1038/541598-017-13840-z 9


http://apps.who.int/iris/bitstream/10665/44102/1/9789241597906_eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/44102/1/9789241597906_eng.pdf?ua=1

www.nature.com/scientificreports/

15. Rusin, P, Maxwell, S. & Gerba, C. Comparative surface-to-hand and fingertip-to-mouth transfer efficiency of gram-positive
bacteria, gram-negative bacteria, and phage. J. Appl. Microbiol. 93, 585-592 (2002).

16. Bright, K. R., Boone, S. A. & Gerba, G. P. Occurrence of bacteria and viruses on elementary classroom surfaces and the potential role
of classroom hygiene in the spread of infectious diseases. J. Sch. Nurs. 26, 33 (2010).

17. Kramer, A., Schwebke, I. & Kampf, G. How long do nosocomial pathogens persist on inanimate surfaces? A systematic review. BMC
Infect. Dis. 6, 1-8 (2006).

18. Rheinbaben, E. V. et al. Transmission of viruses via contact in a household setting: experiments using bacteriophage phi X174 as a
model virus. J. Hosp. Infect. 46, 61-66 (2000).

19. Eubank, S. et al. Structure of social contact networks and their impact on epidemics. DIMACS Ser. Discrete Math. Theoret. Comput.
Sci. 70, 181-213 (2006).

20. Nicas, M. & Best, D. A study quantifying the hand-to-face contact rate and its potential application to predicting respiratory tract
infection. J. Occup. Environ. Hyg. 5, 347-352 (2008).

21. Nicas, M. & Sun, G. An integrated model of infection risk in a health-care environment. Risk Anal. 26, 1085-1096 (2006).

22. Atkinson, M. P. & Wein, L. M. Quantifying the routes of transmission for pandemic influenza. Bull. Math. Biol. 70, 820-867 (2008).

23. Nicas, M. & Jones, R. M. Relative contributions of four exposure pathways to influenza infection risk. Risk Anal. 29, 1292-1303
(2009).

24. Jones, R. M. et al. Characterizing the risk of infection from Mycobacterium tuberculosis in commercial passenger aircraft using
quantitative microbial risk assessment. Risk Anal. 29, 355-365 (2009).

25. Kirking, H. L. et al. Likely transmission of norovirus on an airplane, October 2008. Clin. Infect. Dis. 50, 1216-1221 (2010).

26. Holmes, J. D. & Simmons, G. C. Gastrointestinal illness associated with a long-haul flight. Epidemiol. Infect. 137, 441-447 (2009).

27. Glass, R. I, Parashar, U. D. & Estes, M. K. Norovirus gastroenteritis. N. Engl. J. Med. 361, 1776-1785 (2009).

28. Nazaroff, W. W. Norovirus, gastroenteritis, and indoor environmental quality. Indoor Air 21, 353-356 (2011).

29. Chan, M. C. et al. Fecal viral load and norovirus-associated gastroenteritis. Emerging Infect. Dis. 12, 1278-1280 (2006).

30. Lee, N. et al. Fecal viral concentration and diarrhea in norovirus gastroenteritis. Emerging Infect. Dis. 13, 1399-1401 (2007).

31. Lin, C. M. et al. A comparison of hand washing techniques to remove Escherichia coli and caliciviruses under natural or artificial
fingernails. J. Food Prot. 66, 2296-2301 (2003).

32. Mokhtari, A. & Jaykus, L. A. Quantitative exposure model for the transmission of norovirus in retail food preparation. Int. J. Food
Microbiol. 133, 38-47 (2009).

33. Wong, T. W. et al. Cluster of SARS among medical students exposed to single patient, Hong Kong. Emerging Infect. Dis. 10, 269-276
(2004).

34. Marks, P. J. et al. Evidence for airborne transmission of Norwalk-like virus (NLV) in a hotel restaurant. Epidemiol. Infect. 124,
481-487 (2000).

35. Hayden, M. K. et al. Risk of hand or glove contamination after contact with patients colonized with vancomycin-resistant
enterococcus or the colonized patients’ environment. Infect. Control Hosp. Epidemiol. 29, 149-154 (2008).

36. Sehulster, L. & Chinn, R. Y. W. Guidelines for environmental infection control in health-care facilities: Recommendations of the
CDC and the Healthcare Infection Control Practices Advisory Committee (HICPAC). MMWR Recomm Rep. 52(RR-10), 1-42
(2003).

37. Bogusz, A. et al. How quickly do hospital surfaces become contaminated after detergent cleaning? Healthc. Infect. 18, 3 (2013).

38. Newman M. Networks: An introduction (Oxford University Press, (2010).

39. Nazaroff, W. W. Indoor particle dynamics. Indoor Air 14, 175-183 (2004).

Author Contributions

Y.L. conceived the research. H.L. wrote the computer model and performed all simulations with input from Y.L.,
$X,XY,CL,SN,DW,ZH,andSJ., HL, YL, SX, XY, C.L, S.N,, D.W,, Z.H., and S.J. met monthly and
discussed the project over a two-year period. Y.L. and H.L. wrote the main manuscript. $.X., X.Y., CL., S.N., D.W,
Z.H., and S.J. reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-13840-z.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS | 7: 14826 | DOI:10.1038/541598-017-13840-z 10


http://dx.doi.org/10.1038/s41598-017-13840-z
http://creativecommons.org/licenses/by/4.0/

	Logistic growth of a surface contamination network and its role in disease spread

	Environmental setting. 
	Characteristics of the surface contamination network. 
	Logistic growth of the number of contaminated surfaces. 
	The aisle passengers had the highest fomite exposure risk. 
	Discussion

	Methods Summary

	Theoretical study of the growth of contaminated surfaces. 
	Computer simulation of surface contamination network in air cabin. 
	Bench-top experiment study of surface contamination networks. 
	Statistics. 
	Data availability. 

	Figure 1 Illustration of how surfaces are connected to the root surface by hand touching.
	﻿Figure 2 Part of the surface contamination network in one simulation of the GII 737 outbreak.
	Figure 3 Growth of the number of contaminated surfaces (a).
	Figure 4 (a) Average simulated infection risk of 100 simulations (b) simulated infection risk in one chosen simulation and (c) reported spatial distribution of cases in the norovirus GII 737 outbreak.
	Figure 5 Diagram of the surface contact network and fomite route exposure model.
	Figure 6 The laboratory table set up for the surface contamination network studies.
	Table 1 Properties of the aisle seatback surface contamination network and surface contamination network in the aircraft cabins in the GII 737 and GI 747 outbreaks.
	Table 2 Reported27,28 and simulated infection risks overall, and for aisles seats only and non-aisle seats only.




