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1. Viral load and viability

The viability of the airborne virions encapsulated in aerosols of respira-
tory fluid decreases over time through various biological processes. Respi-
ratory fluid is a complex composition of proteins, salts and surfactants and
the evaporation of the droplet results in an increase in concentration of these
components, which may have an impact on the viability of any encapsulated
virions [1]. Biological decay will consider the half-life of the infectivity of
the virion containing aerosols which has been measured in the laboratory
with median estimates of approximately 1.1 to 1.2hours and 95% credible

intervals of 0.64 to 2.64 for SARS-CoV-2 [2].

2. Aerosol size, breathing rate and viral load of respiratory fluid

Larger droplets produced by expiratory activities, associated with close-
proximity direct virus transfer or fomite transmission, or which can become
resuspended in air at a later point in time, are not considered in this aerosol
airborne transmission model.

The model considers small droplets and droplet nuclei < 5pm that can
become entrained in air flows and remain airborne for several hours.

Several studies have measured the range of aerosol sizes emitted during
various expiratory activities, although primarily coughs and sneezes, using
a range of methodologies [3, 4, 5, 6] and compared by Vuorinen et al. [7].
There is a wide variation between individuals taking part in the studies in
terms of volumes of aerosols generated through speaking; suggesting a high

degree of variability amongst individuals and could in part be related to
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the concept of superspreaders, contagious individuals who appear to infect a
greater number of secondary individuals, but it is not confirmed.

Recently, the growing availability of higher temporal and spatial visu-
alization methods using high-speed cameras [8], particle image velocimetry
[5] and, above all, increasingly accurate particle counters [9] has allowed the
detailed characterization and quantification of droplets expelled during vari-
ous forms of human respiratory exhalation flows (e.g. breathing, whispering,
speaking, coughing). This knowledge can be used to estimate the viral load
emitted by someone shedding RNA copies into an indoor setting.

Many of the studies on droplet and aerosol expiration have focused on
coughs and sneezes. However, as the purpose of this study is to consider
asymptomatic and presymptomatic infective individuals, the aerosol gen-
eration rate of breathing and talking is of more interest. As most of the
aerosols generated by breathing are sub 5 ym, the model uses data produced
by Morawska et al. which not only measured the volume of sub 5 um aerosols
recorded during breathing but also compared with other expiratory activities
that may be conducted by an asymptomatic or pre-symptomatic individual;
namely talking and vocalisation (singing an “aaah”) which was observed to
produce more than 3 and 11 times the number of droplets as produced by
mouth breathing, respectively [9]. A 5 pum droplet of pure water evaporates
in 0.8 seconds, thus it is assumed that the droplets achieve their equilibrium
size before reaching the measurement probe. The aerosols expelled at the
mouth could be up to 5 times larger than the measured aerosol, representa-
tive of aerosols with an original diameter of up to 27.5 um and an original

volume 125 times greater than the measured aerosol [9, 10].



49 The number of aerosols are recorded per cm? of expired air. To establish
so a rate of RNA copies emitted by an infector Adams et al. will be used as a
si source of average inhalation rates under various activities [11].

52 The viral load of respiratory fluid is an important risk factor. A small
53 study recently found the average RNA concentration in sputum of COVID-
s« 19 patients to be 7.00 x 108 copies perml, but with a maximum of 2.35 x
s 10° copiesperml. During the first week of virus collection 83% of sputum
ss samples were shown to contain viable virus in plaque assays [12]. Miller et al.
7 suggest that the RNA concentration could be as high as 1.00x 10! copies per ml
ss calculated from RNA copies measured in the air a COVID-19 patient in Sin-
o gapore [13, 14]. This is a very wide range, of several orders of magnitude.

60 Using Morawska et al. data a total volume of respiratory fluid emitted
&1 per cubic metre of exhaled air is calculated. The volume is then used to
s generate a weighted average droplet diameter which is used in the model,

s along with the total number of droplets emitted.

Table 1: Number of aerosols in each bin per cm? of air in upper respiratory tract.

diameter (pum) 0.800 1.800 3.500 5.500 TOTAL
voiced counting | 0.236 0.068 0.007 0.011  0.322
whisper counting | 0.110 0.014 0.004 0.002  0.130

vocalisation 0.751 0.139 0.139 0.059  1.088
whisper 0.636 0.037 0.000 0.000  0.673
mouth breathing | 0.084 0.009 0.003 0.002  0.098
cough 0.567 0.093 0.012 0.006  0.678




Table 2: Volume (m?) of respiratory fluid aerosol in each bin per m? of exhaled air

x 10714,
Diameter (um) 0.8 1.8 3.5 5.5 TOTAL
voiced counting 6.33 20.76 15.71  95.83 138.63
whisper counting | 2.95  4.28 8.98 17.42 33.63
vocalisation 20.13 4245 312.05 513.97 888.59
whisper 17.05 11.30  0.00 0.00 28.35
mouth breathing | 2.25  2.75 6.73 17.42 29.16
cough 15.20 2840 26.94 52.27  122.81

Table 3: Weighted average diameter of aerosols for each respiratory activity (um).

voiced counting  2.02
whisper counting 1.70
vocalisation 2.50
whisper 0.93
mouth breathing 1.78
cough 1.51

Table 4: Viral genomes exhaled assuming a viral load of 3 x 10° RNA copies per ml
respiratory fluid of infector and a breathing rate of 0.558 m3 per hour.

Activity per m? exhaled air per hour per minute ratio to breathing
voiced counting 519866 290085 4835 4.75
whisper counting 126099 70363 1173 1.15
vocalisation 3332230 1859385 30990 30.48
whisper 106307 59319 989 0.97
mouth breathing 109341 61012 1017 1.00
cough 460524 256972 4283 4.21
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Using Tables 1—4, the generated weighted average diameter of droplets
for mouth breathing is 1.78 x 107m. The number of droplets per m?® of
exhaled breath is 983000 (0.098 per cm?) for breathing.

The volume of fluid in respiratory aerosols is 98000 x the volume of
weighted aerosols. The sedentary breathing rate for a male [11] is 0.558 m?
per hour.

Assuming an RNA load of 3 x 10° copies per ml (at the high range from
Wolfel et al. [12]), we multiply this by 5% = 125 on the basis that the mea-
sured diameter of the droplets by Morawska et al. could be 5 times smaller
then the original droplets (i.e. they evaporate on their journey between
the mouth and the counting instrument) and therefore the original number
of RNA copies in the droplet will be 125 times greater. Stadnytskyiet al.
[10, 9] give a value of 3.75 x 10'” RNA copies per m? of respiratory fluid.

109341 RNA per m? exhaled air x 0.558 m? per hour = 61012 RNA copies
per hour (1017 RNA copies emitted per minute).

This is comparable with Ma et al. who estimate between 1000-100,000 RNA
copies per minute when breathing (although this is in full range of droplets,
so assume 100,000 per minute, 1% of total expired volume in aerosols = 1000
per minute) [15].

In contrast Miller et al. assumes 1000-10,000 infectious virions per hour
(assume 1 virion per 1000 RNA copies) = 105-10” RNA copies per hour
(16,667—166,667 RNA copies per minute), although this RNA load is repre-

sentative of a superspreader [13].
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3. RNA concentration in respiratory fluid

Breathing and respiratory fluid RNA measurements from COVID-19 pa-
tients [12, 15] are used to estimate Crya. The literature shows a high vari-
ability in the concentration of SARS-CoV-2RNA in respiratory secretions
ranging from 7.00 x 10 to 1.00 x 10" RNA copies perml [10, 12, 13]. In the
paper we assume an RNA concentration of 3 x 10° RNA copies per ml, which
is equivalent to emitting 16.5 RNA copies per second by breathing. This value
is comparable with the lower values of 17 to 1667 RNA copies per second given
by Ma et al. [15] and the 4.6 RNA copies per second estimated by Miller et al.
[13] and Chia et al. [14] from airborne RNA copies sampled from infected
patients in Singapore. We assume that the concentration of RNA copies per
ml in respiratory aerosols is 125 times greater to account for evaporation,
which reduces the diameter of the exhaled droplets up to five-fold when es-
timating the total number of RNA copies modelled in aerosols of 5.5 yum and
smaller [10]. The size distribution data was measured by Morawska et al.
to be sufficiently far away from the respiring source to have allowed time
for evaporation, thus the measured 5.5 um diameter aerosols are assumed to

have been 27.5 ym at source.

4. Why ventilation flow should be measure in volume per time

The figures in this section highlight why using common ventilation termi-
nology of Air Changes per Hour (h™!) or flow per person per unit time (e.g
11s7! per person) are not suitable when providing guidance on ventilation

rates to minimise the Relative Exposure Index of a space.
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4.1. Air changes per hour

If we consider a case with the same attributes as the Reference Scenario
classroom, but with 1h~! and a variable volume, Figure 1 shows that 1h~!
is insufficient in small volume spaces, and over sufficient in very large spaces
— because the flow rate per unit time is what drives the ventilation dilution

of airborne pollutant.

1200

—e— Novel emission count

Reference RRI

Number RNA copiesinhaled

200 400 600 800 1000 1200 1400 1600 1800 2000

Space Volume m?

Figure 1: Number of RNA inhaled in spaces, equivalent to the Reference Case, of varying
volume with ventilation flow rate of 1Th™!.

4.2. Ventilation flow per person per unit time

If we consider a case with the same attributes as the Reference Case class-
room, but with varying occupancy and a ventilation flow of 10,1s~! per per-
son Figure 2 shows that 101s~! per person is insufficient to reduce the REI
when occupancy is low because the total flow rate per unit time is what

drives the ventilation dilution of airborne pollutant.
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Figure 2: Number of RNA inhaled in Reference Spaces with varying occupancy and a
ventilation flow rate of 101s~! per person.

In the reference case (discussed in the paper), the flow rate required for

an REI = 1.00 a flow rate of 1601s~! is required.

4.8. Respiratory activities effect on REI

Considering the reference case scenario we consider the index case infector
either breathing, talking or vocalisation for the duration of the occupancy
period. It is clear that the respiratory activity

Note for vocalisation we have not modelled the increase in breathing rate
that would be likely (up to 165% increase suggested by Bernardi et al. [16])

so the inhaled RNA copies would be even greater.
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Figure 3: Number of RNA inhaled in Reference Space ventilated at 51/s/person with the
infector undertaking different respiratory activities for the duration of the occupied time.

4.4. Viral load

The viral load in the respiratory fluid of an infector can vary over several
orders of magnitude [13, 12]. Figure 4 shows how the inhaled RNA copies is
dependent upon the RNA copies load in the respiratory fluid of the infector.
The reference case assumes a relatively high load of 3 x 109 RNA copies per
ml, however, although the load does not affect the REI, it does affect the
inhaled dose of RNA copies and therefore the potential for inhaling infective
virions. If the infector RNA load is in the order of 10° then in the reference
case the inhaled RNA copies is < 1.00 and far field airborne transmission
is therefore unlikely. As the RNA load in the respiratory fluid increases, so
does the probability of airborne transmission. It is likely that in 1000 RNA
copies there may only be 1 viable virion so the probability of infection is

exacerbated by the REI [17]. Even with very low REI values it is likely that

10
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a superspreader will result in sufficient airborne RNA to be inhaled to lead
to infection, but such persons are rare, and therefore using the REI to drive
down the risk of an indoor space and activity will result in reducing secondary

transmissions, keeping the population R(t) value as low as possible.

10000.0

1000.0

100.0
10.0 I s Reference case RRI=1.00
1.0 . — .

0.1

Number RMNA copiesinhaled

106 / mi 1047/ ml 1048/ ml 109/ ml 10%10/m 10%11/ml
RMNA copies per ml of respiratory fluid of infector

Figure 4: Number of RNA inhaled in Reference Space with varying viral load of infector.
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Figure 5: Visualisation of the effect of Occupation Length, Ventilation, Room Volume
and Respiratory Activity on REI. Using the breathing rate of Children Sitting, this
image demonstrates how the REI changes with respect to increasing the occupation time
and with reduced ventilation and smaller room volumes. Values are rounded to nearest
whole number.
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Figure 6: Visualisation of the effect of Occupation Length, Ventilation, Room Volume
and Respiratory Activity on REI. Using the breathing rate of Male Sitting, this image
demonstrates how the RRI changes with respect to increasing the occupation time and
with reduced ventilation and smaller room volumes. Values are rounded to nearest whole
number. Note that RRI reference case is a junior classroom with child breathing rates,
hence the higher RRI for adult male sitting.
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5. Statistical framework

The sampling method follows that described by [18, 19, 20]. The model
requires input variates that are either specified deterministically or described
by continuous probability distributions to predict > n.

Deterministic inputs used by all simulations are given in Table 2 in the
paper. Five probabilistic inputs apply to all scenarios and their distribu-
tions and their governing statistics are given in Table 2 in the main paper.
Probabilistic inputs that vary by space type are given in Table 3 in the main
paper for each simulated scenario. The values of each probabilistic input
using Latin Hypercube Sampling (LHS) to improve the stratification of sam-
ples over the probability space [21] and reduces the number of simulations
required to reach convergence. They generate a value between 0 and 1 for
each input, which are then applied to their inverse cumulative distribution
functions (CDF) to generate an input.

Predictions of  n are obtained for a set of 1000 samples and a mean » | n
is obtained for each set. After 10 sets (10° samples), the means are tested
for normality using a one-sample Kolmogorov-Smirnov test, and sampling is
stopped when this test is found to be true (p-value < .01). Only 10 sets were
required to achieve normality in the distribution for all data sets described
herein.

For one-off deterministic calculations (see Section 3.1 in the main paper)
mean values are used for normally and log-normally distributed variables,
and central values are used for uniformly distributed variables.

A sensitivity analysis is used to test the dependence of Y n on the model

14
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inputs. Here, the method and code! [19] of Joneset al. is applied and
a full description is found in the reference. The method tests for linear
(Kendall’s 7, Pearson’s r, linear regression), monotonic (Spearman’s p, and
rank-transformed standardised variables), and non-monotonic (Kolmogorov—
Smirnov and Kruskal-Wallis quantile tests) relationships between inputs and
outputs. All inputs are ranked by the magnitude of the regression coefficient.
Reported p—values are used to determine variate statistical significant at a
5% level.

A fundamental requirement of a sensitivity analysis is that all tested
inputs are independent of one another, and so co-dependent variables should
combined. There are no co-depenent variable in this analysis, but there
could be in the future. For example, 7,, and G are both a function of droplet
diameter but the paucity of data for ,, means that it is not considered
independently of ~.

To quantify the magnitude of the differences between predicted ) n for
the reference space and other spaces, an effect size is used following Ferguson
[22] and using Cohen’s d. Thresholds are used to label the effects where
d< 0.2 corresponds to a negligible effect size, 0.2<d< 0.5 to a small effect
size, 0.5<d< 0.8 to medium effect size, 0.8<d< 1.3 to a large effect size, and

d> 1.3 corresponds to a very large effect size.

'The code was used under a creative commons license and obtained from DOI:
10.13140/RG.2.2.21670.88644
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