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A B S T R A C T

Background: Flushing a toilet generates aerosols potentially containing microorganisms, serving as a transmission 
route for pathogens, notably gastrointestinal and respiratory infections. Despite identification of aerosols and 
positive microbial sampling, there is a lack of quantitative assessments linking aerosol generation to infection 
risk in toilet settings.
Methods: We develop a framework to evaluate the infection risk to a second susceptible individual using a shared 
toilet following faecal shedding and flush aerosolisation by an infected individual. Experimental measurements 
of particle concentrations from a toilet flush in a controlled chamber are combined with a model using Quan-
titative Microbial Risk Assessment (QMRA) methods. We demonstrate the approach for SARS-CoV-2 and nor-
ovirus, examining model sensitivity and how adding cubicle space and varying occupancy times affect risk.
Results: The model suggests non-negligible infection risk from the toilet plume, particularly for pathogens with 
higher concentrations in faeces. The model suggests norovirus could have a 2 times greater maximum infection 
risk than SARS-CoV-2. Mean and median risks for all scenarios decreased when the second individual entered 
60 s post-flush compared to 0 s. Occupancy times had less impact on risk compared to the timing of entry post- 
flush.
Conclusion: To mitigate infection risk from shared toilets, ventilating the room before entering is crucial. 
Allowing time between toilet usages may be more effective compared to reducing occupancy times. Models 
provide valuable insights into relative impacts of measures and comparison between pathogens, but improved 
quantitative data is needed, particularly in higher risk scenarios (e.g. hospitals, public events), to quantify ab-
solute risks.

1. Introduction

Droplets and aerosols are produced through the act of flushing the 
toilet, known as the toilet plume. They can contain microorganisms as 
large as bacteria, and their particle sizes are capable of penetrating the 
lower respiratory tract [1–3]. Such bioaerosols can remain viable and 
airborne for extended periods of time, with one study showing bacteria 
could be cultured after 4–6 hours [4]. They can migrate well away from 
the toilet facility and settle on surfaces throughout a bathroom, 
contaminating the surfaces [1,4]. One study found that up to 145,000 

aerosols can be produced per flush, with the majority of measured 
particles having diameter less than 5 μm [5].

This has implications for pathogens transmitted via the faecal-oral 
route, and potentially for respiratory viruses if they are shed in faeces. 
This is of particular concern in settings where people are more vulner-
able; a point-prevalence survey of healthcare-associated infections 
(HAIs) in European acute care hospitals found respiratory infections and 
gastrointestinal infections to account for 25.7 % and 8.9 % of HAIs 
respectively [6]. In addition, toilet facilities in UK healthcare settings do 
not usually have lids. There are varying views on whether toilet lids 
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influence transmission via the toilet plume. One study suggested that 
lidless toilets increase airborne and surface contamination, finding an 
increased risk for C. difficile for a lidless toilet [7]. Another recent study 
reported that closing the lid before flushing a toilet filled with a bacte-
riophage MS2 solution did not reduce the viral contamination of bath-
room surfaces [8].

When people enter a shared toilet facility, they may be exposed to 
pathogens dispersed via the toilet plume from a previous occupant in 
several ways: airborne, surface and close-range exposure. For airborne 
exposure, droplets typically less than 100 μm evaporate rapidly, to 
create droplet nuclei [9,10]. The droplet nuclei can potentially contain 
infectious pathogens, remain airborne for minutes or hours and may be 
inhaled. Surface exposure occurs when surfaces become contaminated 
either by i) larger droplets (> 100 μm) that travel ballistically due to 
gravity or ii) smaller droplets (< 100 μm) that impact surfaces due to 
external airflows (i.e., ventilation) before full evaporation. A person may 
then touch the surface and subsequently touch their nose, mouth or eyes 
and become infected. Close-range exposure happens when an individual 
is infected at close proximity to a source and can be a combination of 
inhaled small aerosols or ballistic droplets that strike the mouth, nose or 
eyes of an individual [11].

There are multiple epidemiological studies showing evidence for 
airborne transmission of viruses in toilet facilities and bathroom set-
tings. A healthcare outbreak of COVID-19 in Korea in 2020 was linked to 
airborne transmission, possibly due to a poor ventilation system and an 
unintended positive air pressure in the bathroom [12], though it is not 
clear whether aerosols from a toilet or a respiratory source were 
involved. In 2003, an outbreak of SARS1 at a Hong Kong residential 
complex, Amoy Gardens, led to 341 cases and resulted in 42 deaths [13]. 
This was most probably due to a defective U-trap in the building sani-
tation system. It was hypothesised, through both spatial and temporal 
analyses and Computational Fluid Dynamics (CFD) analyses, that aero-
solisation of pathogens released via faeces in the sanitary plumbing 
system led to the infection of individuals in separate apartments to that 
of the infected individual. A similar, but smaller scale, outbreak 
happened during the COVID-19 pandemic in 2020 where there was 
evidence for aerosol transmission of faecal matter in a high-rise building 
in China [14]. This outbreak saw nine people becoming infected, and 
again it was likely due to aerosolisation of faecal matter which entered 
apartments through vents. A norovirus outbreak occurred on board a 
flight from London to Philadelphia in 2002 [15], where 8 of 14 flight 
members had experienced vomiting or diarrhoea in-flight, with no cases 
reported in those who didn’t use the bathroom. Passengers who became 
infected had visited the toilet facility more often, suggesting the possi-
bility of aerosol or surface transmission. In 1988, an outbreak of viral 
gastroenteritis aboard a transatlantic cruise ship occurred [16]. Twice as 
many people infected had used a shared bathroom in comparison to 
those with a private bathroom.

Evidence for secondary pathogen transmission in households has 
been documented [17–20]. For SARS-CoV-2, secondary attack rates in 
households have been estimated to be 5 – 10 times greater than in 
non-household settings [21]. With toilet facilities being a main feature 
in many households, this may be a particularly important environment 
to consider when assessing secondary transmission risks in households.

While substantial evidence exists detecting viral SARS-CoV-2 RNA 
copies in faecal matter, there is less evidence to confirm whether this 
corresponds to infectious virus. Although limited, there are studies 
which have cultured infectious virus from the stool or rectum of humans 
and animals. A systematic review on faecal-oral transmission of SARS- 
CoV-2 [22] identified 13 studies reporting successful infection when 
inoculating cells, tissues, organoids, or animals in vivo with faecal 
SARS-CoV-2. Of these, 2/13 studies used rectal swabs [23,24] and 11/13 
used faecal matter [25–35], with 9/13 using human samples [25–28,30, 
32–35], and 4/13 [23,24,29,31] using samples from various animal 
species. However, there is no evidence to date of viable SARS-CoV-2 
persisting in wastewater, leaving the associated risk uncertain. Based 

on the current evidence, this potential risk cannot be disregarded and 
has been accounted for in this study.

The toilet plume exists and has been illustrated visually using laser 
imaging techniques [36]. However, despite identification of aerosols 
and positive sampling for microorganisms there has not been any prior 
attempt to quantitatively relate the amount of aerosol generated to the 
subsequent risk of infection. Here, we aim to develop a framework to 
quantify the relative risk of infection for different scenarios associated 
with the toilet plume using experimental measurements. The relative 
risk posed to a second susceptible individual using a toilet cubicle after 
faecal shedding and flush aerosolisation by an infected individual was 
evaluated as a case study for the methodology. This was carried out 
through a series of experimental measurements of particles released 
from a toilet flush, with the lid open, in a controlled chamber setting 
together with a mathematical modelling approach based on Quantita-
tive Microbial Risk Assessment (QMRA) methods. The case study in-
vestigates how introducing the confined cubicle space and changing the 
ventilation rate affects relative risk, and also investigates the role played 
by different male and female toilet facility occupancy times. Findings 
are applicable to shared toilet facility settings such as hospitals, work-
places and social spaces, including public events (e.g. concerts, confer-
ences, festivals).

2. Methods

2.1. Experimental methods

Experiments were performed in a mechanically ventilated chamber 
measuring 4.26 × 3.35 × 2.26 m. The air, filtered using a high-efficiency 
particulate air (HEPA) filter, was supplied through a high-level diffuser. 
Although HEPA filters are not common in toilet facilities, one was used 
here to eliminate the influence of particles external to the chamber on 
the particle concentration results. The air was extracted from a low-level 
diffuser positioned diagonally opposite to the inlet. Three ventilation 
rates were investigated: 1.5, 3 and 6 air changes per hour (ACH). These 
rates were selected based on guidance from the National Health Service 
(NHS) England which recommends 3 ACH for single room toilet facilities 
and 6 ACH for communal ward toilet facilities [37]. A rate of 1.5 ACH 
was then chosen to represent a poor ventilation scenario. The low-level 
outlet was set to a mass flow rate corresponding to the required venti-
lation rate and the high-level inlet was set so that the room operated at a 
negative pressure.

The toilet (Portland Close Coupled Toilet Pan, Cistern & Seat, 
Wickes) was typical of bathrooms in the United Kingdom, with a low- 
flow flush. The cistern had a maximum capacity of 6 L and was manu-
ally filled with water before each experiment. The toilet seat and lid 
were placed in the upright position. The toilet bowl was filled initially 
with 1 L of a 5 % NaCl solution in water. This created a safe aerosol, and 
salt solutions have previously been shown to behave in a similar way to 
microbial aerosols in air [38,39]. A flexible pipe was attached to the 
toilet waste pipe leading into a sealed bucket, allowing the wastewater 
to be collected after flushing and disposed of. To facilitate flushing, the 
toilet was mounted on a plinth to allow the wastewater to flow under 
gravity into the bucket, with a cable attached to the flushing mechanism. 
The cable led to the outside of the chamber so that it could be flushed 
remotely. Two optical particle counters (Handheld Particle Counter 
3889, Kanomax) were used, supported by tripods, measuring particles 
with diameters of 0.3, 0.5, 1, 3, 5, and 10 μm. Temperature and relative 
humidity were monitored using an indoor air quality monitor (AirVisual 
Pro, IQAir).

Two scenarios were considered, described in Table I and illustrated 
in Fig. 1.

In scenario 2 (2 C), the cubicles were constructed using lab scaf-
folding and plastic sheet, with dimensions informed by British Standards 
[40]. However, it is important to note that cubicle design standards vary 
internationally. The particle counter locations and dimensions of the 
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cubicles can be seen in Fig. 2a) and b), respectively. A small gap existed 
below the cubicle of 0.11 m and a gap above the cubicle of 0.31 m.

Each experiment measured particle concentrations in the air during a 
single flush scenario. At the beginning of the experiment, the particle 
counters were set to run with a 10 s sample interval time, measuring the 
average concentration of particles over this period. The room was then 
vacated and left to ventilate at 11 ACH for 30 minutes, aimed at 
removing any particles generated during the process of entering the 
room and filling the toilet. The required ventilation rate for the exper-
iment was set and left for 45 minutes, allowing the room to reach a 
steady state background level of particles. The toilet was flushed 
remotely from outside the room and, after 10 minutes, the particle 
counters were stopped. Experiments were performed in triplicate for 
each ventilation rate.

The experimental data were extracted from the particle counters and 

Table I 
Details of scenario 1 (NC) and scenario 2 (2 C) used for the experimental work.

Scenario Abbreviation Details Particle counter 
locations

1 NC (no 
cubicle)

Toilet inside the chamber, 
against one wall.

A: directly above 
toilet, horizontally. 
B: next to the toilet, 
vertically.

2 2 C (two 
cubicles)

Toilet in the same location 
as scenario 1 (NC), but 
with the addition of two 
cubicles. One cubicle 
surrounded the toilet, the 
other was the same size 
and adjacent to the first 
cubicle.

A: inside toilet 
cubicle, directly 
above toilet, 
horizontally. 
B: inside toilet 
cubicle, next to the 
toilet, vertically.

Fig. 1. The experimental arrangement for a) scenario 1 (NC) and b) scenario 2 (2 C).

Fig. 2. a) Particle counter locations relative to the toilet mount and b) the dimensions of the toilet cubicle.
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analysed using R (R version 4.3.2, run using RStudio 2023.12.0). A time 
series for the particle concentrations was generated by averaging the 
concentrations over the three replicate experiments. The standard error 
was included as a shaded range in plots, calculated from the standard 
deviation of experimental replicates.

2.2. Quantitative Microbial Risk Assessment (QMRA) model

Experimental data from scenarios 1 (NC) and 2 (2 C) at particle 
counter A were combined with published data on viral concentrations in 
faecal matter, toilet facility occupancy times, and understanding of 
aerosol physics to develop a QMRA model. This model was applied using 
data for two viruses, SARS-CoV-2, and norovirus. Specifically, it aimed 
to show how the framework could be used to compare the probability for 
a second individual becoming infected after entering the toilet facility 
following a flushing event by an infected individual, and to explore the 
behavioural and environmental factors that could affect this risk.

2.2.1. Gender-specific occupancy times
The infection risk was considered for both male and female cubicle 

occupancy times, tdur [s], shown in Fig. 3, under various cubicle and 
ventilation scenarios observed in the experiments. The occupancy times 
used were from data in a shopping plaza during Autumn 1972 and 
Spring 1973 in Canada [41]. Although more recent empirical studies 
exist detailing bathroom occupancy times (a public bathroom study in 
1988 [42], an airport bathroom study in 2016 [43] and a college study 
in 2009 [44]), these studies only detail the occupancy time of the 
bathroom as opposed to time spent in the cubicle. These studies include 
handwashing and drying, an act which varies between genders [45]. 
Another study of office buildings in 1976 only included the raw data for 
female cubicle occupancy times [46]. As we were interested in the time 
spent in the cubicle for both genders, as opposed to handwashing time, 
the data from the shopping plaza during Autumn 1972 and Spring 1973 
was selected. Here, the model considered the second person entering the 
toilet facility immediately (0 s), 60 s and 240 s after the flush, using the 
appropriate particle concentration from the experimental data at this 
time. For each of the tenter times, there were N = 999 (333 random 
values of tdur sampled from Fig. 3 for each of the 3 replicates) 
simulations.

2.2.2. Uniformly distributed occupancy times
It was recognised that gender-specific bathroom behaviours 

measured in the Canadian study are a limited data set for a particular 
setting and period in time, with cubicle occupancy times potentially 
varying. To account for this, a sensitivity analysis was also performed. In 

particular, the relationship between toilet facility occupancy time, tdur 
[s], the time for a second individual to enter the toilet facility post-flush, 
tenter [s], and corresponding normalised infection risk was investigated. 
For this part of the study, the cubicle occupancy time was sampled from 
a uniform distribution between [1, 900] s in a 1 s interval (i.e., 900 
values). These occupancy times were simulated with, tenter ∈ [0, 599] s 
in a 1 s interval (i.e., 600 values). This corresponded to 540,000 (900 ×

600) values of normalised infection risk. This investigation was there-
fore independent of the observational occupancy times in Fig. 3, with 
the sensitivity to all occupancy times studied instead.

2.2.3. Exposure modelling
The model framework used a stochastic Monte Carlo approach to 

calculate exposure by selecting parameters from realistic ranges and 
running multiple simulations to evaluate the range of risk. The number 
of particles inhaled by the second individual was first calculated and 
then the viral load of these particles was estimated to determine the 
likely exposure. Parameters and their distributions used for this QMRA 
model are detailed in Table II.

The concentrations of SARS-CoV-2 and norovirus in faecal matter, as 
shown in Table II, were derived from hospitalised cases. SARS-CoV-2 
concentrations were based on samples collected on the first day of 
hospitalisation, while norovirus concentrations were based on samples 
from individuals hospitalised with gastroenteritis, with stool samples 
collected within 96 hours of symptom onset. Individuals at this stage of 
illness are unlikely to use shared public toilet facilities, which may lead 
to an overestimation of concentrations in this model. Those with mild 
symptoms who are not hospitalised are likely to shed lower concentra-
tions of the viruses. For SARS-CoV-2, the peak concentration in faeces 
has been estimated to occur at 0.34 days post-symptom onset [58] while 
for norovirus, peak concentrations are observed within a few days of 
infection onset [59]. For both viruses, there is a large temporal variation 
in the concentration in faeces between people, which could result in 
either overestimation or underestimation of concentrations in the 
model.

For a given ventilation rate, particle size i, and experimental repli-
cate j, the increase in concentration above background levels over time 
associated with flushing, ci,j,t [# / m3] was calculated as 

ci,j,t = ci,j,t
raw − ci,j

background, (1) 

where
ci,j,t

raw [# / m3] – average concentration returned by the particle 
counter over the 10 s sampling period and

ci,j
background [# / m3] – median measured particle concentration 

Fig. 3. Cubicle occupancy times for a) females and b) males for an enclosed mall-type suburban shopping plaza during Autumn of 1972 and Spring of 1973. Ob-
servations were made on Thursday and Friday evenings and during the day on Saturdays (i.e. the busiest times of the week). The figure has been generated based on 
observational data reported in [41].
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across the 5 minutes prior to flushing.
If ci,j,t , was returned as a negative value, it was set to zero. This 

analysis enabled the relative change in concentration over time, due to 
the flush, to be determined, while accounting for the background con-
centration measured before the flush.

For each experimental replicate j, the number of particles of size i, i ∈
{0.3, 0.5, 1, 3, 5, 10} μm, inhaled by a second susceptible individual, Ni,j, 
was estimated as 

Ni,j =

∫tenter+tdur

tenter

ci,j,t Bdt, (2) 

where
B [m3 / sec] – breathing rate.
In practice, Eq. (2) was implemented as a summation, as ci,j,t was a 

piecewise function.
In the experiments, it was assumed that particles measured just 

above the toilet after flushing had fully evaporated, possibly leading to a 
smaller measured diameter, di

measured which corresponded to an initial 
larger diameter, di when released. The model incorporated an initial 
droplet size derived from the measured droplet size, relative humidity, 
and the distance between the water in the bowl and the toilet surface. An 
approximation of the time dependent radius of an evaporating droplet 
[60], R(t) [m], is given by 

R(t) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R0
2 − θ(1 − RH)t

√
(3) 

where
R0 [m] – initial radius,
RH – relative humidity and
θ [m2 s− 1] – 1.1 x 10− 9.
The speed of the droplet at the surface of the bowl, vsurface, was 

assumed to be 1 – 2 m / s [36], and the distance between the water in the 
bowl and the surface of the bowl was measured to be 0.2 m. Using ki-
nematics equations, with the droplet accelerating downwards due to 
gravity, the time for the droplets to reach the surface of the toilet bowl 
was assumed to be 0.083 – 0.124 s. The relative humidity in the room 
was assumed 40 – 50 %, based on experimental measurements. For each 
experiment, a relative humidity and vsurface was randomly sampled from 
a uniform distribution between 0.4 and 0.5 and 1 – 2 m / s respectively. 
Table III summarises the maximum and minimum estimated initial 
droplet diameters using this method for each measured diameter.

The initial droplet size was then used to calculate the initial volume 
of droplets and hence the amount of virus that it potentially could carry 

before evaporation. The droplets were assumed to be spherical, with 
their volume, Vi

droplet [L], calculated as 

Vi
droplet =

π
6
di

3
× 1000. (4) 

The factor of 1000 accounted for the change of units (m3 to L). To 
estimate the exposure dose, the droplet volume was used with data on 
virus in faecal matter and the results of Ni,j from Eq. (2) to calculate the 
number of plaque forming units (PFU) carried by each droplet.

The dose in terms of genome copies for each replicate j, Dj
gc [gc], 

was equal to 

Dj
gc =

∑

i
Ni,j × Vi

droplet ×
Vfaeces

Vbowl + Vfaeces
×

ρpathogen

f
, (5) 

where
Vfaeces [L] – volume of faecal matter per bowel movement,
Vbowl [L] – volume of water in the toilet bowl (1 L) and
ρpathogen [gc / L] – density of genome copies.
The corresponding dose in terms of infectious virus, Dj

PFU, was 

Dj
PFU =

Dj
gc

f
(6) 

where
f [gc / PFU] – ratio of genome copies to infectious pathogen.
Eq. (5) assumes that the entire faecal matter was evenly distributed 

throughout the bowl, resulting in a consistent ratio of faecal matter to 
bowl water across the entire volume. This assumption might hold true 
for diarrhoea, which has a more liquid consistency, but solid matter 
would likely settle at the bottom of the bowl. Still, this assumption in Eq. 
(5) was based on a study where a toilet was flushed with E. coli in the 
bowl, and saw no appreciable difference in bacteria generation between 
flushing a solid stool and a homogenised stool [4]. It was also assumed 

Table II 
Parameters used for the quantitative microbial risk assessment (QMRA) exposure model.

Parameter Symbol Unit Distribution Parameters Source

Inhalation rate1 B m3 / s Normal 
(truncated)

μ = 2.00 × 10− 4; 
σ = 4.17 × 10− 5; 
min = 9.26 × 10− 5; 
max = 2.69 × 10− 4

[47–49]

SARS-CoV− 2 concentration in faeces ρSARS− CoV− 2 gc / L Hockey-stick min = 5.00 x 106; 
median = 1.3 × 108; 
max = 3.98 × 1010

[50–53]

Norovirus concentration in faeces2 ρnorovirus gc / L Hockey- stick min = 2.30 x 109; 
median = 9.02 × 1011; 
max = 6.10 × 1014

[51,52,54,55]

Ratio of genome copies corresponding to infectious virus f gc / PFU Uniform min = 100; 
max = 1000 [56]

Volume of faecal matter3 Vfaeces L Normal 
(left-truncated at zero)

μ = 1.84 × 10− 1; 
σ = 1.51 × 10− 1 [57]

1 Men and women combined breathing rate for short exposure. Normal distribution assumed and standard deviation estimated by halve the difference of the 95th 
percentile and mean. Divided by 60 for volume per second.

2 Density of faecal matter, 1.06 × 103 g / L multiplied by viral load per gram.
3 Mean diarrheal stool volume divided by number of stools for placebo group. Standard error propagated and standard deviation found using n = 11 placebo group 

participants.

Table III 
The estimated range of diameters of the initial droplet for each measured 
diameter using the extreme values for RH and vsurface.

Measured diameter (μm) Estimated initial diameter range (μm)

0.3 13.5 – 18.1
0.5 13.5 – 18.1
1 13.5 – 18.1
3 13.9 – 18.4
5 14.4 – 18.8
10 16.8 – 20.7
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that the virus is uniformly distributed by volume within the initial 
droplet size. While studies have shown the potential for viral enrichment 
in certain aerosol sizes [10], there is no data available that would be 
appropriate to use in this scenario.

2.2.4. Dose-response model
A quantitative microbial dose-response relationship was then used to 

estimate the probability of infection for the second individual for a given 
dose. Such models are typically derived from human outbreak or animal 
data and are widely used for evaluating infection risks in air, water and 
food exposures [61]. For SARS-CoV-2, Pinfection

(
DPFU), an exponential 

model [62] was used such that 

Pinfection
(
DPFU) = 1 − exp

(
− k × DPFU), (7) 

where k = 5.39 × 10− 2 [PFU− 1].
For norovirus, a Beta-Poisson model is more commonly applied [63, 

64], and this was used such that 

Pinfection(Dgc) = 1 −

(

1 +
λ × Dgc

β

)− α

, (8) 

where α = 0.104 and β = 32.3 [gc] are the fitted Beta-Poisson pa-
rameters. Unlike the SARS-CoV-2 dose-response model, the dose here is 
expressed in genome copies as opposed to PFU. A reduction factor, λ, is 
included in Eq. (8) to account for the assumption that particles are 
captured in the upper respiratory tract, subsequently removed by ciliary 
action, and passed to the digestive tract via the pharynx. A range of 
10–50 % was applied for λ, informed by previous work [65]. This range 
was implemented using Monte Carlo simulations.

It was recognised that there was uncertainty in these estimates, both 
through the experimental measurements and the distributions selected 
for parameters. Infection risk was therefore calculated as a normalised 
infection risk, to allow comparison between scenarios.

For the gender-specific occupancy times (using the tdur distributions 
in Fig. 3), a normalised infection risk was plotted as separate violin plot 
for tenter ∈ {0, 60, 240} s for each scenario and air change rate. The 
normalisation factor used was the maximum infection risk across both 
viruses, scenarios, ventilation rate and entry time. This allowed com-
parison of infection risk between the two virus types.

For the uniformly distributed occupancy times, a normalised infec-
tion risk as a function of both tenter and tdur was plotted as a heat map. 
The normalisation factor used was the median infection risk, ̃Pinfection, for 
each virus, across the two scenarios and ventilation rates. Bivariate 
Spearman rank correlation coefficients were used to assess the mono-
tonic relationship between the parameters and the infection risk. This 
was implemented using the R package cor(). Correlation coefficients 
between infection risk and tenter and tdur respectively were calculated for 
two subsets of infection risk: i) 0 min < tenter ≤ 1 min and ii) 1 min 

< tenter ≤ 10 min. The strength of the correlation associated with the 
Spearman correlation coefficients is defined in Table IV.

3. Results and discussion

3.1. Particle concentration time-series

The mean measured particle concentrations (with the background 
concentration removed) for particle counter locations A and B are 
depicted in Figs. 4 and 5, respectively.

At particle counter location A, there was an initial rapid increase in 
particle concentrations across all particle sizes. This increase in con-
centration decayed to background levels as the particles released, due to 
the flush, were dispersed inside the room and were subsequently 
removed by ventilation. Following the initial decay, there were fluctu-
ations in concentrations observed above zero particles per m3, which 
depicted variations in concentration around the background concen-
tration. The time series was positively skewed due to concentrations 
below this background level being set to zero.

During the initial 10 seconds of flushing, larger concentrations were 
observed in scenario 1 (NC) compared to scenario 2 (2 C) for ventilation 
rates of 1.5 and 6 ACH. However, for 3 ACH, the concentrations were 
similar between scenarios. The variation in concentrations across 
different ventilation rates could be attributed to airflow patterns within 
the room, potentially leading to increased aerosolisation of particles in 
this specific region.

For particle counter location B, the initial spike in concentration was 
not observed. Although a spike occurred when close to the source for 
particle counter A, any increase at particle counter B remained below 
the limit of detection due to fluctuations in background levels. Thus, 
particles were dispersed within the room, resulting in a less noticeable 
increase. Because of this, a QMRA model was not performed using the 
data from particle counter B. For particles with diameters 3 and 5 μm, 
there was a small spike at 1 minute in Fig. 5a) and at 2.5 minutes in 
Fig. 5c). These increases in concentrations were again attributed to 
airflow patterns. These may be significant, as if an individual had been 
in the toilet facility during these specific times, they could inhale a large 
quantity of particles.

3.2. Quantitative Microbial Risk Assessment results

3.2.1. Gender-specific occupancy times
The normalised infection risk for the two scenarios for a susceptible 

individual entering the toilet facility after an individual infected with 
norovirus or SARS-CoV-2 flushed the toilet is illustrated in Fig. 6. Sup-
plementary Table I gives the absolute mean and median infection risk 
values found for each of these scenarios for reference. The times indi-
cated refer to the moment when the susceptible individual was exposed 

Table IV 
The strength of the correlation associated with the Spearman correlation coefficients.
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to the aerosols after the toilet had been flushed, tenter. This will be used as 
the time at which the second individual enters the toilet facility. It is 
worth noting that zero seconds may be considered as an unrealistic entry 
time but was provided for comparison purposes.

Across the two scenarios, virus types and tenter = {0, 60, 240} s, the 
estimated absolute infection risk ranged from 1.4 × 10− 7% to 73.6 %. 
These minimum and maximum values represent extreme cases, with the 
low density indicating their lower likelihood. High risk values corre-
spond to the highest inhaled doses, which, as per Eqs. (2) and (5), 
depended on various factors such as time spent in the toilet facility and 
breathing rate. There may be an overestimation in the stated infection 
risks, as any positive variation above the background concentration in 
the experimental data was considered to contain infectious particles. In 
reality, these non-zero concentrations may have stemmed from positive 
fluctuations in background levels around the background count rather 
than particles that have originated from the flush. This was especially 

true for smaller-sized particles, which exhibited greater fluctuations in 
background concentration in absolute terms.

The normalised risk linked with exposure to norovirus was larger 
with the maximum infection risk 2 times greater for norovirus than the 
maximum infection risk for SARS-CoV-2. This was due to the difference 
in measured viral concentration of the pathogens in faeces used as a data 
input to the model [50,53–55] (see Table II) and the difference in the 
dose response model [62–64] (see Eqs. (7) and (8)). We acknowledge 
however, that knowledge of both viral load in faecal matter and the 
infectious dose for SARS-CoV-2 was more limited than for norovirus and 
therefore there was uncertainty in these estimates.

There were differences between male and female normalised infec-
tion risk in all scenarios. Recall, the difference in male and female oc-
cupancy times shown in Fig. 3 was based on observational data. The 
mean occupancy times in the model were 173 s for men and 95 s for 
women. In Fig. 6, for a given scenario, the normalised mean risk of 

Fig. 4. Particle concentrations at location A of the particle counter, with the background concentration removed (median concentration 5 minutes before flushing), 
during the 10 minutes post-flush for a) 1.5 ACH, b) 3 ACH, and c) 6 ACH. Shaded areas denote standard error across replicates.
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infection decreased as the time to enter the cubicle after flushing 
increased. For example, in the 1.5 ACH cubicle scenario (2 C) with 
norovirus as the modelled virus (Fig. 6b) the normalised mean infection 
risk across both genders saw a decrease of 41.03 % between tenter =

0 and 60 s and an 66.7 % decrease between tenter = 0 and 240 s. For the 
same scenario using SARS-CoV-2 as the modelled virus (Fig. 6a), the 
normalised mean infection risk saw a decrease of 85.0 % between tenter =

0 and 60 s and a 94.6 % decrease between tenter = 0 and 240 s. This 
indicated that allowing removal of aerosol by ventilation and deposition 
after flushing is likely to be crucial in reducing the risk of infection. 
Among the 36 cases depicted in Figs. 6, 72.2% (26/36) showed a higher 
normalised mean infection risk for men. However, the empirical data on 
toilet facility occupancy times across genders, originating from a sub-
urban shopping plaza in Canada, may not directly apply to other set-
tings, for example hospitals, public events or workplaces. Gathering 
additional behavioural data specific to individual scenarios and different 

groups of people is necessary for a better understanding of exposure 
risks.

For both viruses, at 3 ACH and for tenter = 0, 60 and 240 s, there was a 
greater estimated normalised mean infection risk for scenario 2 (2 C), 
compared to scenario 1 (NC). At 6 ACH, tenter = 60 and 240 s showed the 
same trend, but tenter = 0 s had a greater normalised mean infection risk 
for scenario 1 (NC). In these cases, the presence of a cubicle may 
potentially entrain more particles inside the cubicle, resulting in expo-
sure to a higher dose. At 1.5 ACH, scenario 2 (2 C) showed a lower mean 
risk of infection in all cases. Again, airflow patterns are significant here 
to understand the trajectory of these droplets.

The difference between male and female normalised mean infection 
risks was smaller in comparison to the effect of other variables, such as 
tenter. This may be due to the fact that the release of particles was seen to 
be a highly transient process and most particles were detected as a spike 
in the first 2 minutes as discussed in Section 3.1.

Fig. 5. Particle concentrations at location B of the particle counter, with the background concentration removed (median concentration 5 minutes before flushing), 
during the 10 minutes post-flush for a) 1.5 ACH, b) 3 ACH, and c) 6 ACH. Shaded areas denote standard error across replicates.
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3.2.2. Uniformly distributed occupancy times
Figs. 7 and 8 show how normalised SARS-CoV-2 and norovirus 

infection risk varied with tenter and tdur respectively. The normalised 
infection risk still retained a stochastic element due to the random se-
lection of the dose from the experimental replicates.

The red regions, indicating higher infection risk, are concentrated in 
areas where the entry time (tenter) was less than 60 s, and in some cases, 
even less than 30 s. This zone exhibited the highest relative risks. Even 
with shorter occupancy times, the risk remained significantly higher 
compared to areas where tenter exceeded a minute. Therefore, to mitigate 
risk more effectively, it may be more advantageous to increase tenter 
rather than solely reducing occupancy time. We recommend waiting at 
least 60 s before entering the toilet facility, based on a comparison of the 
normalised infection risks in the region tenter < 1 min and 1 min ≤ tenter 
< 10 min. For norovirus in scenario 1 (NC), 78.6 % of the normalised 
infection risks exceeded the norovirus median infection risk when 
tenter < 1 min and for scenario 2 (2 C), this was 89.0 %. In the region 
1 min ≤ tenter < 10 min, 46.8 % and 52.9 % of the risks exceeded the 
median infection risk for scenarios 1 (NC) and 2 (2 C), respectively. For 
SARS-CoV-2, 78.9 % of the normalised infection risks exceeded the 
SARS-CoV-2 median infection risk in scenario 1 (NC) when tenter < 1 min 
and 89.0 % in scenario 2 (2 C). In contrast, 46.8 % and 53.2 % exceed 
the median risk when 1 min ≤ tenter < 10 min in scenarios 1 (NC) and 2 
(2 C), respectively. Thus, increasing tenter significantly reduced the 
likelihood of having a higher infection risk. Providing sufficient toilet 
facilities and cubicles can help minimise the need to enter immediately 
after someone has flushed, helping to mitigate the risk of infection from 
the close exposure to the toilet plume. However, providing additional 
cubicles and toilet facilities incurs economic costs related to construc-
tion, planning, and the increased space requirements for accommoda-
ting more facilities.

The values of the Spearman correlation coefficients for SARS-CoV-2 
and norovirus, calculated using the R package cor(), can be seen in 
Tables V and VI respectively. The associated strength of the correlation 
was described previously in Table IV. This analysis is used to explore the 
relative importance of different parameters in the model.

For the narrower range of 0 min < tenter ≤ 1 min, the relationship 
between infection risk and occupancy time (tdur) was negligible to weak, 
as infection risk during this period was primarily driven by tenter. The 
relationship between infection risk and the time the second individual 
entered the toilet facility (tenter) was strong, with one moderate case, 
within this 0 min to 1 min window. For 1 min < tenter ≤ 10 min, the 
influence of tenter on infection risk was negligible or, in two cases, 
moderate, whereas the relationship with occupancy time (tdur) was 
strong, or in one case moderate. This suggests that if the second indi-
vidual enters the toilet facility within the first 1 minute after flushing, 
the infection risk is heavily dependent on the time which they enter. 
Specifically, the negative relationship shows that the risk decreases as 
the delay in entry increases. During this early period, the risk was less 
dependent on how long they occupied the cubicle, indicating that 
reducing occupancy time would have minimal impact on reducing 
infection risk in this region. Conversely, if the second individual enters 
after the first 1 minute, the infection risk becomes strongly dependent 
on how long they remain in the toilet facility.

The relationship between infection risk and factors such as i) 
breathing rate, ii) relative humidity, and iii) the velocity of droplets at 
the toilet surface was negligible within the model. However, the volume 
of faecal matter (Vfaeces) showed a moderate to strong correlation with 
infection risk. The density of genome copies per litre of faecal matter (ρ), 
the ratio of genome copies corresponding to infectious virus (f) and the 
reduction factor λ, had a moderate to strong relationship, a moderate 
relationship and a weak relationship to infection risk respectively.

Fig. 6. Violin plots corresponding to the normalised risk associated with a) norovirus and b) SARS-CoV-2 for particle counter A. Infection risk was normalised by the 
maximum value across all virus, scenario and ventilation rates (this was obtained for norovirus, NC, tenter = 0 s, 1.5 ACH). The times referred to indicate the moment 
when the susceptible individual entered post-flush, tenter. NC and 2 C refer to scenarios as described in Table I. Horizontal lines represent the 25th, 50th, and 
75th quantiles.
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Given the data from the literature, these findings suggest that further 
research should focus on collecting data on the volume of faecal matter 
per bowel movement and the density of genome copies per litre of faecal 
matter, as these factors have the most significant impact on estimated 
infection risks.

3.3. Implications and limitations

This study primarily addresses the development of an approach for 
the quantification of airborne transmission risks from the toilet plume 
and the application to two viruses illustrates a risk that is likely to have 
considerable variation, but that cannot be considered negligible. Miti-
gations to reduce airborne exposures, such as ensuring effective venti-
lation and managing use of shared toilet facilities, particularly by people 
who are known to be infectious or are particularly vulnerable, are 
important. We only consider inhalation exposure, at a specific close 
distance to the toilet but in real-life situations, droplets will also settle on 
surfaces within the toilet environment. This could potentially lead to 
fomite transmission when individuals come into contact with surfaces 
such as door handles or toilet paper holders [66]. Such transmission 
routes are particularly significant for faecal-oral diseases like norovirus. 

In the case of respiratory diseases such as COVID-19, the exhalation of 
an infected individual into the cubicle could also release infectious virus, 
potentially resulting in a higher contamination than released from a 
discrete flush for some people.

Bacteria have been shown to be released during subsequent toilet 
flushes, though in decreasing numbers [1,67]. This suggests that the risk 
may extend beyond the first susceptible individual exposed after an 
infected individual, as residual pathogens in the bowl could still pose a 
hazard, albeit at lower concentrations. If multiple infected individuals 
use the same toilet throughout the day, the bowl could become consis-
tently contaminated, increasing the likelihood of exposure and infection 
for all susceptible individuals using the facility. The possible 
pre-contamination of the toilet bowl is not something that was consid-
ered here and could be included in further modelling.

After calculating the pathogen load of droplets, the distinction of 
droplet sizes was disregarded, and the stages of the respiratory tract 
were also not accounted for. Different sized particles, which vary be-
tween the toilet plume and exhaled breath, are deposited at different 
parts of the respiratory tract. For the same number of virions, a differ-
ence in droplet size can impact infection risk and severity of illness 
depending upon where the particle was deposited. The locations of the 

Fig. 7. Heat maps for a) scenario 1 (NC) and b) scenario 2 (2 C) showing the relationship between tenter, tdur and normalised SARS-CoV-2 risk infection. The particle 
counter was at location A and infection risk was normalised by the median value across the two scenarios and air change rates for SARS-CoV-2, P̃infection 
= 2.6 × 10− 5%.
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virus receptors also have an impact on whether deposition in the res-
piratory tract will initiate infection at all and if so the severity of the 
illness [68]. Dose-response models considering the probability of 
infection at different regions of the respiratory tract (upper vs lower) 
have been developed [69,70] and the Multiple-Path Particle Dosimetry 
Model (MPPD) can be used to model deposition in the respiratory tract 
[71]. This could be used in future work to adapt the model. In addition 
to this, the viral load was unlikely to be distributed proportionally to the 
volume as we have assumed. The virus distribution across droplet sizes 
will vary between exhaled breath and the toilet plume.

The transmission of norovirus via aerosolisation has been discussed 
in recent work [72] with more cases associated with vomiting, as 
opposed to diarrhoea. One suggestion of the study was the need for 
further research to investigate the role of diarrhoea and toilet flushing in 
the transmission of aerosols. Such research would contribute to this 
study and the applicability of norovirus as a chosen pathogen. We also 
modelled the exposure via inhalation with a reduction factor to account 
for ingestion. Respiratory activities are likely to play a part in ingestion, 
as particles deposited in the upper parts of the respiratory system may be 
ingested via mucus and saliva in the mouth, nose and throat. The actual 
mechanism for exposure to norovirus in the air will be much more 
complex than we are able to consider here, which could mean that the 

infection risks modelled may be an overestimate or underestimate. As 
knowledge of exposure routes for pathogens increase, models such as 
that presented here can be refined to incorporate more complex expo-
sure mechanisms. Recent modelling has determined where viruses pre-
dominantly deposit after inhalation, showing, for instance, that 
SARS-CoV-2 primarily deposits in the nasal region [68]. A similar 
approach could be applied to norovirus to estimate the proportion of 
inhaled virus depositing in the nasal region and subsequently ingested. 
This would refine the current study’s assumption of a uniform 10 – 50 % 
reduction factor

As discussed, a normalised risk was calculated to allow for compar-
isons of relative risks. Further work may focus on calibrating the model 
with data on virus concentrations produced from flushing the toilet and 
including factors such as the ratio of solid faeces to water. This would 
likely give more reliable absolute infection risk values. Such studies are 
essential but are challenging to carry out as they would require extensive 
experimental bioaerosol sampling using controlled seeding of a toilet 
under different realistic stool-water scenarios. These types of samples 
are difficult to obtain, as the transient nature of the flush and subsequent 
plume mean that the time evolution of viral particles in air happens 
quicker than the sample time for current bioaerosol sampling tech-
niques. Similarly, the dose-response models carry some uncertainty as 

Fig. 8. Heat maps for a) scenario 1 (NC) and b) scenario 2 (2 C) showing the relationship between tenter, tdur and normalised norovirus risk infection. The particle 
counter was at location A and infection risk was normalised by the median value across the two scenarios and air change rates for norovirus, P̃infection = 21.5 %.
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there is a lack of good data on infection risks for different exposure 
routes for many pathogens.

The model uses normalised risk values to compare infection risks 

across scenarios and pathogen types. With further calibration, it could 
provide more specific guidance on tenter based on the infectious dose of 
the pathogen. This would be particularly beneficial when the infector 

Table V 
Spearman correlation coefficients, rs, between respective parameters and SARS-CoV-2 infection risk.

Table VI 
Spearman correlation coefficients, rs, between respective parameters and norovirus infection risk.
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and pathogen type are known, especially if the susceptible individual 
has vulnerabilities. In cases where the infectious dose for a pathogen is 
particularly high, the maximum infection risk from the toilet plume may 
be negligible, and further efforts to reduce the infection risk may not be 
necessary.

The toilet occupancy times used were derived from a study in 1972. 
We recognise that there may be changes in human behaviour since 1972 
and the present day, such as smartphone use in a toilet facility which 
could increase the time spent in a toilet cubicle [73]. Further behav-
ioural data is needed to accurately describe contemporary cubicle oc-
cupancy. This could involve mock observational studies, though this 
may give an inaccurate representation of actual behaviour. Alterna-
tively, using automatic sensors on cubicle doors could provide more 
accurate, real-world measurements.

This study examines an idealised scenario featuring mechanical 
ventilation and considers only two specific arrangements of the toilet 
facility. It is worth noting that ventilation systems may not operate 
perfectly, and the layout of each toilet facility may differ from those 
analysed in this study. Toilet facilities typically do not use HEPA filters, 
as were used in this study, which may result in exposure to external 
contaminants. Further investigation using CFD analyses is planned to 
better discern the effects of airflow patterns within particular ventilation 
systems and how the cubicle influences this. This would provide insight 
into how these airflow dynamics affect the trajectory of droplets and 
aerosols released from the toilet plume.

4. Conclusion

This study presents a new quantitative framework for estimating the 
potential for infection risk following a toilet flush and exposure to vi-
ruses released in aerosol. The model is applied for two viruses, and 
several ventilation and occupancy scenarios, based on particle data from 
controlled chamber experiments. The QMRA framework can in future be 
applied to other experimental particle measurements looking at 
different scenarios, for example alternative bathroom arrangements, or 
studying the toilet lid closed as opposed to open. The results enable the 
following conclusions to be drawn: 

• The combined experimental and QMRA approach suggests that the 
infection risk from the toilet plume is highly variable but can be non- 
negligible. This may particularly be the case for certain pathogens, 
which have higher concentrations in faecal matter such as norovirus.

• The model framework allows exploration of factors that influence 
risk, and mitigating measures. Results suggest that when entering the 
toilet facility after an individual, it is important to allow the room to 
ventilate. Even waiting 60 s between occupants can decrease the risk 
of infection significantly.

• When considering adjustments to occupancy time (tdur) and time 
between toilet facility use after another individual has flushed 
(tenter), to mitigate risk we propose increasing tenter to a minimum of 
60 s as a more effective strategy compared to reducing occupancy 
time.

• Improved quantitative data is necessary to enhance the accuracy of 
the results and enable absolute risks to be determined. This includes 
toilet cubicle occupancy times especially concerning individual 
scenarios (e.g. hospitals, workplaces and public events), as well as 
data on virus concentrations in faeces, particle generation rates from 
different toilets and dose-response for different pathogens.
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[23] S. Barroso-Arévalo, B. Rivera, L. Domínguez, J.M. Sánchez-Vizcaíno, First detection 
of SARS-CoV-2 B.1.1.7 variant of concern in an asymptomatic dog in Spain, Viruses 
13 (2021) 1379, https://doi.org/10.3390/v13071379.
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