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Size distribution of virus laden
droplets from expiratory ejecta
of infected subjects

S.Anand“? &Y. S. Mayya®™

For rebooting economic activities in the ongoing COVID-19 pandemic scenario, it is important to

pay detailed attention to infection transfer mechanisms during interaction of people in enclosed
environments. Utmost concern is the possibility of aerosol mediated infection transfer, which is largely
governed by the size distributions of virus laden droplets, termed as virusols in this work, ejected
from humans. We expand on the well-known theory of Poisson fluctuations which acts as statistical
barrier against formation of virusols. Analysis suggests that for viral loads <2 x 10° RNA copies/mL,
often corresponding to mild-to-moderate cases of COVID-19, droplets of diameter <20 pm at the time
of emission (equivalent to ~ 10 pm desiccated residue diameter) are unlikely to be of consequence in
carrying infections. Cut-off diameters below which droplets will be practically free of contamination,
are presented as a function of viral loading. The median diameters of virus laden polydisperse droplet
distributions will be 1.5 to 20 times higher depending upon the geometric standard deviation. The
studies have implications to risk assessment as well as residence time estimates of airborne infections
in indoor environments. Additionally, it will be also helpful for performance evaluation of sanitization
and control technologies to mitigate infection risks in workplaces.

The outbreak of Coronavirus disease (COVID-19) has spread to more than 200 countries in the world, causing
global health emergency as the number of confirmed cases reached 45,25,497 including 3,07,395 deaths world-
wide as of May 17, 2020". The contagion of COVID-19 is identified as severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2)2 Recognized routes®™ of virus transmission from an infected person are, (1) surface/
contact transmission, (2) direct droplet transmission, and (3) aerosol transmission. It is presumed that the first
two modes of transmission pose the greatest risk, and have formed the backbone of instituting of intervention
measures and strategies, such as social distancing, lock down, sanitization, wearing of masks etc. The airborne
transmission risk, or the aerosol risk received prominence following a publication by Morawska and Milton®, in
which special attention was drawn to certain superspreading events such as choir practice, restaurant, etc. As a
result, WHO?” and CDC? issued scientific brief indicating that airborne transmission is possible under special
circumstances like enclosed spaces with inadequate ventilation and prolonged exposure from a severely infected
person. Nevertheless, there are many other critical data such as minimum infectious dose for SARS-CoV-2,
relationship of disease severity with viral load, proportion of infections acquired through airborne transmission,
etc. which need to be known to answer the significance of airborne transmission. The problem is particularly
relevant when transfer by severe symptomatic or asymptomatic individuals is considered. In spite of masks
which would suppress direct transmission due to sneezing or coughing, it is still possible that viruses from an
asymptomatic person might escape into air space through uncontrolled leaks. Recent studies®!® show that the
speech droplets are also potential in the virus transmission and the very recent case of COVID-19 outbreak in
an air-conditioned restaurant suggests that virus-laden aerosol droplets could have remained in air and travelled
long distances before infecting the others’.

Several publications>*!"1? have appeared over the past decade as well as recently on airborne risk, and Tellier
et al.® provide an excellent review on the subject. It has been found that significant (42-63%) portion of droplets
containing virus causing influenza are in the respirable size range'>"'* and support the hypothesis that influenza
could be transmitted by the airborne route. The potential for airborne risk has a strong implication for the post
lock down rebooting of business and office activities. This is because, in enclosed and indoor environments,
such as public transport, offices, work places and schools, even a possibility of leaks from ill-fitting masks will
be perceived as posing a risk of high consequence and will form a deterrent to a minimal level of interpersonal
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interaction. This can only be countered by building confidence through the deployment of adequate mitigation/
sanitization technologies to stall aerosol route of transmission. The size distribution of airborne contaminants
plays a crucial role in their risk potential, inhalability, site of deposition in the respiratory tract, transport in air
and removal characteristics by intervention technologies.

The expiratory activities (breathing, speaking, coughing, sneezing, vomiting, etc.) of infected human subjects
generate aerosol droplets of different characteristics in terms of their size and initial speed. The airborne droplet
with sizes varying from 0.05 to 500 um>'"!%, consist of sub-micron droplets directly emitted due to respira-
tory activities and the droplet nuclei formed from the evaporation of super-micron droplets contain viruses
of size (0.02-0.3) um'“. These droplets are formed through atomization process of respiratory fluids (sputum/
saliva)'"*"1® having a wide range of viral load (10% to 10'!) copies/mL'*-?". The droplets contain soluble nonvola-
tile materials (Na+, K+, Cl-, Lactate, Glycoprotein)* up to about 0.71% mole fraction. A rough but reasonable
estimate?? shows that the respiratory droplet’s initial diameter is reduced by one-half to form droplet nuclei.
The droplets of sizes less than about 20 um (equivalent to ~ 10 pm desiccated residue diameter), which are of
importance from airborne risk perspective would dry up within a few seconds to form nonvolatile residues of
size approximately half the droplet size??. In a recent paper by Stadnytskyi et al.’’, a factor of 1/3 has also been
used for the dehydrated residue sizes. The SARS-CoV-2 virus particles of size (100-200) nm will be incorporated
into these residues which will then vector them across the indoor air space.

Another important aspect of size distribution relevant to airborne risk arises from the well-known theory of
atomization of suspensions and radioactive aerosol activation mechanisms?-%°. Due to the discrete nature of the
virus (RNA copies), statistical fluctuations become very important for viral incorporation into droplet-residue
system during their formation in human ejecta®. The studies by Fuchs and Sutugin® and Raabe?* showed that
particles contained in droplets produced by atomizing suspensions, are distributed according to Poisson distribu-
tion which makes allowance for the probability of occurrence of blank droplets with no viral copy. Alonso et al.?,
in their experimental study indicated that the viral loading is higher in bigger particles than in smaller ones.
Fernandez et al.”® demonstrated that the probability of number of bacterial cells in an aerosol droplet increases
with bacterial solution concentration, and the probability follows Poisson distribution. Zuo et al.* found that
the virus loading of droplets follows a power law with exponent >3, and they showed that the virus laden droplet
size distribution shift towards larger particles. Although the work of Shindle and Galily* raised doubts on the
Poissonian assumption through their spray drying experiments, the assumption is still widely used for want of
an alternative formulation. In a very recent work, Madas et al.>! have used Poisson distribution to estimate the
probability of an airborne particle carrying at least one virus copy for modeling the deposition distribution of the
SARS-CoV-2 virus in the human airways. As a result of the fluctuations, significant part of the ejected droplets
would dry up to form blank residues carrying no RNA copies, thereby becoming unviable and harmless from
the point of view of infection transfer. This situation is at variance with the assumption of virus distribution in
the aerosol as being “proportional to droplet volume™*"”.

Stadnytskyi et al.'® estimated that for viral load of 7 x 10° RNA copies/mL, less than 0.01% of 3 um, 0.37% of
10 pum, 37% of 50 um droplets (prior to dehydration) will carry one or more virus and the remaining fraction
will not carry any virus. Although they did not mention the basis of their calculations, a quick comparison with
the formula [Eq. (3)] in this paper confirms that they have made use of Poisson fluctuations for their estimates.
For polydisperse droplets, the size dependent nature of the Poisson incorporation probabilities renders the size
distribution of droplets carrying virions at variance with that of the original droplet (or residue) size distribu-
tions. In view of the huge significance of the infection carrying droplets and particles during a pandemic, it may
be useful to distinguish them from normal aerosols by a separate nomenclature, and we suggest a terminology,
“virusols” to convey virus incorporation. We feel that this coinage will help in focussing on the virus-laden, rather
than generic, aerosol size spectrum. The purpose of this note is to provide quantitative estimates of the salient
distinguishing features of the virusol systems as a function of an appropriately defined propensity parameter.
This provides backup rationale for the assessment of airborne risk as a function of emitted viral load from the
infected person.

Methods

If C, is the average concentration (RNA copies/mL) of the virus in the biological fluids/samples (sputum/saliva/
respiratory fluids), then the strength of incorporation into a droplet of diameter (d),) will be proportional to the
mean expected number (i) of the viral copies in the droplet, expressed as

T
n= gdgcv (1)

The quantity u may also be recognized as the “propensity parameter” for the formation of the virus-laden
particles, or virusols. The probability P, that a droplet will actually contain # viral copies follows from the one
parameter Poisson distribution, having mean 1 and standard deviation \/j1:

_ (Wexp(=p)

p, .
n!

)
whence it follows that the probability of containing no virus at all (n = 0) will be e™*.

It may be remarked here that Buonanno et al.** introduced the concept of Poisson fluctuations at the level
of exposure calculation post-inhalation of droplet from an infected person. This is different from assigning
Poisson fluctuations at the level of droplets as we have done here which we believe, possesses greater versatility
for developing risk transfer models by making allowance for potential fluctuations in the number of inhaled
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References Number/Type of sampl Number of individuals and category | Median Concentration, copies/mL | Remarks
Hirose et al. (2016)" - 22 Sputum—2.4 x 107 (mean value) Range—8.9x 10%-2.7 x 10® copies/mL
23
13—mild Initial—1.3x 10° Range—10°-3.2x 107 copies/mL
To et al. (2020)* 173 samples Peak—2.0x 10° Initial concentration of 3 patients
o—evere Initial—1.5 x 106 were 10 copies/mL
Peak—8.1x 10°
Throat—7.6 x 10* .
21 . 2 11
Pan et al. (2020) 110 samples 80 Sputum-7.52x 10° Range—6.4x10°-1.3x 10" copies/mL
96
Zheng et al. (2020)* é?;l:li;eas)p iratory samples (sputum 22—mild 10* Range—102-107 copies/mL
74—severe 10°
18 .
) 1—asymptomatic Asymptomatic case
Zou et al. (2020)* Nasal and throat samples 3_severe Peak—~10° (Nasal—~ 10°-107 copies/mL;
_ B o
14—mild-to-moderate Throat 10° copies/mL)
Wolfel et al. (2020)* | Sputum samples 9 7x10° Maximum-2.4 x 10° copies/mL

Table 1. Virus load in various biological fluids among various categories.

droplets. The complementary probability that the droplet will contain at least one virus will be the probability
of formation of a virusol, given by

P,=1—¢* 3)

From Eq. (3), it is seen that P,, the fraction of virus-laden droplets, would be closer to unity (i.e. all ejected
droplets are contaminated) only when propensity parameter exceeds the order of unity. In most practical situa-
tions of interest to airborne infections, this would be unlikely, as may be seen below.

The viral load in the infectious subjects varies over a wide range due to many factors and infection time!"*2,
Table 1 shows compilation of viral load data from the literature. Most of the data comes from recent studies
associated with SARS-CoV-2 and hence have significant topical relevance. The study of Zheng et al.* is com-
prehensive and shows a broad range between (10?-107) RNA copies/mL. There is a general conformity between
all the reported data regarding the range, and an atypical high value of 1.3x 10" RNA copies/mL is reported
by Pan et al.?! from sputum sample of a patient. The propensity parameter corresponding to ~ 108 RNA copies/
mL will be close to unity for a droplet diameter of ~20 pm. One can expect that droplets below this size will be
increasingly blank.

Given the sparsity of data and the fact that the numbers would vary from patient to patient, and from time
to time, no empirical correlation seems to have been established between viral concentrations and the sever-
ity of symptoms. In a recent study, Liu et al.** concluded that severe cases have distinctly higher viral loading
as compared to milder cases. Also, from Table 1, it is clear that on an average, patients with severe symptoms
show higher viral load as compared to patients with mild symptoms®**. Broadly speaking, mild cases fall in the
category median of <2 x 10° RNA copies/mL as compared to the levels of >10% RNA copies/mL for those with
severe symptoms®>**. With this empirical understanding, we tentatively classify viral load into the following
two categories:

(a) Mild-to-moderate cases: 10?/mL < C, < 2 x 10°/mL
(b) Severe cases: C, > 2 x 10°/mL

In a few recent studies®*>¢, asymptomatic cases have been found to carry viral load similar to mild cases with one

case of exceptionally high load (Table 1). We presume that this is an unlikely scenario in general, and consider
asymptomatic situation as falling within mild-to-moderate loading. It may be noted that severe cases are very
unlikely to be found in public indoor spaces, as they are likely to have gone for medical attention or quarantining.

The data on droplet size distributions, obtained in a few earlier studies in respect of ejecta droplets is presented
in Tables 2 and 3. While Table 2 consists of information on mean sizes, and geometric standard deviations, Table 3
is a special study by Morawska et al.*” in which droplet concentration data is presented for a few size classes.

Results and discussion
The results presented here consider the cases of airborne droplets prior to evaporation, just released due to expira-
tory processes such as coughing, speaking, etc. Due to inevitable evaporation process, the droplet diameters are
reduced to ~50% of their original value®® in a very short time (in few seconds and less). For all practical purposes,
a susceptible person will be exposed to inhalation of dried droplets. In view of the fact that virusols > 10 pm are
unlikely to reach the pulmonary region, and cause risks, they are not considered from the risk perspectives?.
From the droplet perspective, this amounts to a cut-off diameter of 20 um and it’s required to examine the virus
carrying potential (virusol potential) of droplets lower than 20 pm.

Figure 1 shows a graphical representation of Eqs. (1) and (2) for the variation of the virus laden droplet (viru-
sol) fractions with respect to the emitted droplet diameter for different viral loading, which includes the cases
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Count median diameter (CMD)/ Geometric standard deviation Total number/number
References Remarks geometric mean (GM), pm (GSD) concentration
. . CMD—0.63 1.54-1.83
12 -3
Lindsley et al. (2012) Unimodal fit VMD—2.44 L66-2.31 16.8-29.6 # cm
Duguid’s cough data GM—14 2.6 5x10° #
Duguid’s sneeze data GM—8.1 23 1x10° #
Nicas et al. (2005)2 Lo!ldon and Robertss cough data— GM—24 8.4 47x10% #
unimodal fit
Loudon and Robertss cough data— | GM1—9.8 (71%) GSD1—9 47%10% #
bimodal fit GM2—160 (29%) GSD2—1.7 :
_ -3,
CMDI-1.6; GSD1—1.25; gﬁ;g‘g fom
Johnson et al. (2011)* Trimodal distribution CMD2-1.7; GSD2—1.68; . Y
Cn3-0.02 # cm™;
CMD3-123 GSD3—1.84 "3
Total—0.22 # cm

Table 2. Lognormal size distribution data.

Droplet number concentration, # cm™

Mid-point droplet diameter, um | Speaking | Breathing | Whispered counting | Voice counting
0.8 0.751 0.084 0.236 0.110
1.8 0.139 0.009 0.068 0.014
3.5 0.139 0.003 0.007 0.004
5.5 0.059 0.002 0.011 0.002

Table 3. Droplet size distribution data for different expiratory activities from Morawska et al. (2009)%.

Fraction of virus laden droplets

0.1 1 10 100

Original droplet diameter, a’p (um)

Figure 1. Fraction of virus-laden droplets formed from the ejected droplets, as a function of its size and viral
load in the fluid.

of Stadnytskyi et al.'’. Relationship between viral loading and severity of the disease is a matter of considerable
practical value. For viral loads of less than 10* RNA copies/mL, expected for mostly mild-to-moderate cases**,
the virusol fraction is less than 0.1% for droplets below 60 um; i.e. more than 99.9% of the droplets below 60 pm
will not be carrying any virus. As larger than 60 pm droplets are very unlikely to remain airborne for infecting
via aerosol route, this simple analysis leads to a conclusion that mild-to-moderate cases are least likely to infect
via aerosol route.

Figure 2 provides a summary representation of the viral load dependence of the cut-off diameters below which
the virus contaminated fractions of droplets will be lower than 0.01%, 0.1% and 1% respectively. From Tables 2
and 3, one may infer that if the total ejected droplets per forced ejection event that are likely to leak out from
masks and remain suspended in air, to be less than about 1000, then a level of 0.1% or less should be sufficiently
safe as it would imply less than about 1 virus carrying droplet per ejection event. From an infected personnel
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Figure 2. Smallest droplet diameter likely to be contaminated as a function of viral load in ejecta.

risk point of view, it appears from Fig. 2 that for mild-to-moderate cases with viral loading around 2 x 10° RNA
copies/mL, droplets less than 20 um are unlikely to carry any viral load. Thus, airborne contamination is most
likely to arise from severe patients only. The figures also show that even for ejections from infected subjects with
high viral load, the droplets <2 um (prior to evaporative water loss) are unlikely to be contaminated and carry
no risk. From Table 3, it is seen that most of the particles are generated in the size range of (0.8-1.8) pm for the
expiratory events such as speaking, singing, breathing, etc. with a maximum number concentration of ~1 cm™
(for speaking). The corresponding virus laden fraction (virusols) are in the range of 2 x 107°-4x 10~ even for
severe cases with viral load of 108 RNA copies/mL. In real indoor scenario, this would amount to risk of inhal-
ing less than one virus carrying droplet if a person stays for an hour in the room with the infected person. One
can therefore restrict attention on large droplets only for aerosolized risks, and the remaining fraction will be
just uncontaminated droplets.

The above arguments have a significant implication on the virusol size distributions in polydisperse droplet
systems. Most of the aerosol droplet’s size measurements, carried out with optical sizing instruments, are fitted
to lognormal distributions. The total aerosolized droplet concentration varies over a wide range from ~1 cm™
to 2.5x10° cm™ (Tables 2, 3). It must be admitted that the complete size distribution data are rather sparse,
especially on smaller droplets and further, no recent data from the ongoing pandemic situation, is available. The
presented data (Tables 2, 3) from different research groups show large variability in terms of number of modes,
median sizes as well as extent of dispersity. In the <20 pum size mode which is of interest from airborne point of
view, the modal values vary from 0.63 to 24 pum. There is also large variation in geometric standard deviations
(GSDs) and unusually high value of about 8.4 and 9 are also reported. GSD values more than 4 are generally
exceptional, those beyond 8 may not be acceptable as they would give rise to unphysical mass content from the
given number of droplets?. We thus ignore these cases and limit our analysis to distributions up to GSD =4 only.

For a lognormal distribution of aerosol droplets with volume median diameter (VMD, dg) (which is also
geometric mean volume diameter) having geometric standard deviation o, the fraction (F,) of droplets laden
with at least one virus, is given by,

(4)

1 /oc {lng—g}z %

Fr= NZata {l_exP<_%dgcvﬂexP  2n’o | dp

In analogy with radioactive tagging of aerosols, we can consider the present condition as viral tagging of
droplets, or as proposed in the introduction, as virusols. By using Eq. (4), results are presented in Fig. 3 for
different GSDs between 1.5 and 4. Figure 3 shows the variation of virusol fraction with respect to the median
propensity parameter, /1 defined as, Z dg,C,.

As seen in Fig. 3, less than 10% of the droplet spectrum is contaminated for g < 0.005 which would cover
all droplets below 20 pm size from mild-to-moderate patients (6 = 3). The graph shows an interesting cross
over point at ;1 = 0.6 wherein virusol fraction is 50% regardless of o (This point varies between 0.58 and 0.62).
Most of the measured GM and GSD data fall within the data domain for which viral contamination probability
is less than 1%. Figure 4 shows the normalized virusol size distributions as contrasted from the original airborne
droplets, for various viral loads and droplet mean size, captured by a single propensity parameter (tg). Plots
in Fig. 4 clearly shows a distinct shift in the virusol mode as compared to droplet aerosols for 6 = 2. The shift
will be more pronounced for higher . The plots illustrate how the lower end of the size spectrum, which will
contain large proportion of droplets, is hardly contaminated by virus.
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Figure 3. Virusol fraction of lognormally distributed ejecta droplets as a function of viral load in patients.
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Figure 4. Virusol size-distribution for different propensity parameter, ug = ZdgC,.

Finally, it would be useful to provide a prescription to convert droplet size distribution to virus-laden droplet
distribution. It must be admitted that the virusol distribution does not strictly satisfy lognormal form even if the
droplet aerosols are lognormally distributed: the deviation is higher for higher propensities. Nevertheless, one
can fit a single mode lognormal to obtain the set of virusol parameters that would reflect the median size and
dispersity parameters to a good approximation. This is achieved by conducting a series of apparent linear fits to
the cumulative lognormal data plotted on log-probability graph. The results are presented in Fig. 5, which shows
the variation of the ratio of the VMD of virusol and that of the original droplet, as a function of the median
propensity parameter ¢ for different 0. Increasing o brings in larger enhancement of the median size of the
virusol. The enhancement could be by a factor of 1.5 to 20 in the range of interest indicated. It is found that for
the data in the figure, the GSD values remain almost constant. For the droplet o values of 1.5, 2, 3, and 4, the
GSD of virusol distribution lies in the range of 1.48-1.52, 1.75-1.85, 2.25-2.5, and 2.2-3.3 respectively. Because
of a “statistical barrier” against viral incorporation into smaller droplets, the o of the virusol systems seem to
be smaller than that of the original droplet systems.
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Figure 5. Variation of median size of virus-laden droplets (Virusols) relative to the original droplets with
respect to propensity parameter () for different dispersity measure (o of droplets).

Conclusions

The virus-laden droplets of sizes of about 20 pm (equivalent to ~ 10 um desiccated residue diameter) or less
ejected from human ejecta of infected persons are matter of potential concern from the hazard perspective of
viral transmission by airborne route in confined environments. As we know, not all droplets carry viruses and this
fact has bearing on future intervention technologies which operate on size control basis. An important “statisti-
cal barrier” brought about by Poisson fluctuations limits viral incorporation into droplets during their ejection
from the infected subjects. The present analysis illustrates the impact of this reasoning on the formation of virus
laden droplet systems, termed herein as virusols, their size distributions and practically useful cut-off values.
By combining the available data from the current literature on viral loading in different patients with the recent
observation on its relationship with disease severity, it is argued that formation of virusols, which will remain
stable for certain length of time as well as which are inhalable by humans, (i.e. droplets less than 20 pm) is virtu-
ally inhibited in mild-to-moderate cases of patients. Virusol formation and consequent infection transfer could
be important for explicitly severe cases, that too for droplet sizes above 2 pm (prior to evaporation). Hence, for
an effective control measure using filtration based air cleaners, it may not be necessary to worry about ultrafine
particle filtration. This somewhat relaxes the constraint on the filtration efficiency as relatively coarser filters will
be efficient in capturing larger particles. As a result, flow resistances can be significantly lowered thereby enabling
higher Clean Air Delivery Rates. Furthermore, the finding of a significant upward shift in virusol sizes, implies
that their residence times in indoor spaces will be considerably lower than other droplets ejected from humans.
This will greatly help in providing a realistic assessment of air borne infection transfers in indoor environments.

Received: 19 May 2020; Accepted: 9 November 2020
Published online: 03 December 2020

References

1. https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200517-covid-19-sitrep-118.pdf?sfvrsn=21c0dafe_6

2. Gorbalenya, A. E. et al. The species severe acute respiratory syndrome-related coronavirus: classifying 2019-nCoV and naming it
SARS-CoV-2. Nat. Microbiol. 5, 536-544. https://doi.org/10.1038/s41564-020-0695-z (2020).

3. Liu, Y. et al. Aerodynamic analysis of SARS-CoV-2 in two Wuhan hospitals. Nature https://doi.org/10.1038/s41586-020-2271-3
(2020).

4. Atkinson, M. P. & Wein, L. M. Quantifying the routes of transmission for pandemic influenza. Bull. Math. Biol. 70, 820-867. https
://doi.org/10.1007/s11538-007-9281-2 (2008).

5. Tellier, R, Li, Y., Cowling, B. ]. & Tang, J. W. Recognition of aerosol transmission of infectious agents: a commentary. BMC Infect.
Dis. 19, 101. https://doi.org/10.1186/s12879-019-3707-y (2019).

6. Morawska, L. & Milton, D. K. It is time to address airborne transmission of COVID-19. Clin. Infect. Dis. https://doi.org/10.1093/
cid/ciaa939 (2020).

7. Transmission of SARS-CoV-2: implications for infection prevention precautions, Scientific Brief, 9 July 2020, WHO website.
(accessed 7 Oct 2020). https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infec
tion-prevention-precautions..

8. Scientific Brief: SARS-CoV-2 and Potential Airborne Transmission, 5 October 2020, CDC website. (accessed 7 Oct 2020). https
:/[www.cdc.gov/coronavirus/2019-ncov/more/scientific-brief-sars-cov-2.html.

9. Lu, J. et al. COVID-19 outbreak associated with air conditioning in restaurant, Guangzhou China. Emerg. Infect. Dis. https://doi.
0rg/10.3201/eid2607.200764 (2020).

10. Stadnytskyi, V., Bax, C. E., Bax, A. & Anfinrud, P. The airborne lifetime of small speech droplets and their potential importance
in SARS-CoV-2 transmission. Proc. Natl. Acad. Sci. https://doi.org/10.1073/pnas.2006874117 (2020).

Scientific Reports |

(2020) 10:21174 | https://doi.org/10.1038/s41598-020-78110-x nature research


https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200517-covid-19-sitrep-118.pdf?sfvrsn=21c0dafe_6
https://doi.org/10.1038/s41564-020-0695-z
https://doi.org/10.1038/s41586-020-2271-3
https://doi.org/10.1007/s11538-007-9281-2
https://doi.org/10.1007/s11538-007-9281-2
https://doi.org/10.1186/s12879-019-3707-y
https://doi.org/10.1093/cid/ciaa939
https://doi.org/10.1093/cid/ciaa939
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions.
https://www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-prevention-precautions.
https://www.cdc.gov/coronavirus/2019-ncov/more/scientific-brief-sars-cov-2.html
https://www.cdc.gov/coronavirus/2019-ncov/more/scientific-brief-sars-cov-2.html
https://doi.org/10.3201/eid2607.200764
https://doi.org/10.3201/eid2607.200764
https://doi.org/10.1073/pnas.2006874117

www.nature.com/scientificreports/

11. Buonanno, G., Stabile, L. & Morawska, L. Estimation of airborne viral emission: quanta emission rate of SARS-CoV-2 for infection
risk assessment. Environ. Int. 141, 105794 (2020).

12. Lindsley, W. G. et al. Quantity and size distribution of cough-generated aerosol particles produced by influenza patients during
and after illness. J. Occup. Environ. Hyg. 9(7), 443-449 (2012).

13. Milton, D. K., Fabian, M. P, Cowling, B. J., Grantham, M. L. & McDevitt, . J. Influenza virus aerosols in human exhaled breath:
particle size, culturability, and effect of surgical masks. PLoS Pathog. 9(3), €1003205. https://doi.org/10.1371/journal.ppat.10032
05 (2013).

14. Wei, J. & Li, Y. Airborne spread of infectious agents in the indoor environment. Am. J. Infect. Control 44(9 Suppl), S102-S108.
https://doi.org/10.1016/j.ajic.2016.06.003 (2016).

15. Gralton, J., Tovey, E., McLaws, M. & Rawlinson, W. The role of particle size in aerosolised pathogen transmission: a review. J. Infect.
62, 1-13 (2011).

16. Han, Z. Y., Weng, W. G. & Huang, Q. Y. Characterizations of particle size distribution of the droplets exhaled by sneeze. J. R. Soc.
Interface 10, 20130560. https://doi.org/10.1098/rsif.2013.0560 (2013).

17. Couch, R. B. et al. Preparation and properties of a small-particle aerosol of coxsackie A,;. Proc. Soc. Exp. Biol. Med. 118, 818 (1965).

18. Morawska, L. Droplet fate in indoor environments, or can we prevent the spread of infection?. Indoor Air 16, 335-347 (2006).

19. Hirose, R. et al. Long-term detection of seasonal influenza RNA in faeces and intestine. Clin. Microbiol. Infect. 22(813), e1-813.
e7. https://doi.org/10.1016/j.cmi.2016.06.015 (2016).

20. To, K.K.-W. et al. Temporal profiles of viral load in posterior oropharyngeal saliva samples and serum antibody responses dur-
ing infection by SARS-CoV-2: an observational cohort study. Lancet Infect. Dis. 20, 565-574. https://doi.org/10.1016/S1473
-3099(20)30196-1 (2020).

21. Pan, X. et al. Viral load of SARS-CoV-2 in clinical samples. Lancet Infect. Dis. 20, 411-412. https://doi.org/10.1016/S1473
-3099(20)30113-4 (2020).

22. Nicas, M., Nazaroff, W. W. & Hubbard, A. Toward understanding the risk of secondary airborne infection: emission of respirable
pathogens. J. Occup. Environ. Hyg. 2(3), 143-154. https://doi.org/10.1080/15459620590918466 (2005).

23. Fuchs, N. A. & Sutugin, A. G. Chapter. I. Generation and use of monodisperse aerosols. In Aerosol Science (ed. Davies, C. N.) 1-27
(Academic Press, London, 1966).

24. Raabe, O. G. The dilution of monodisperse suspensions for aerosolization. Am. Ind. Hyg. Assoc. J. 29(5), 439-443. https://doi.
0rg/10.1080/00028896809343031 (1968).

25. Dorrian, M.-D. Particle size distributions of radioactive aerosols in the environment. Radiat. Prot. Dosimetry 69(2), 117-132
(1997).

26. Duguid, J. P. The size and duration of air-carriage of respiratory droplets and droplet-nuclei. J. Hyg. 4, 471-480 (1946).

27. Alonso, C., Raynor, P. C., Davies, P. R. & Torremorell, M. Concentration, size distribution, and infectivity of airborne particles
carrying swine viruses. PLoS ONE 10(8), e0135675. https://doi.org/10.1371/journal.pone.0135675 (2015).

28. Fernandez, M. O. et al. Assessing the airborne survival of bacteria in populations of aerosol droplets with a novel technology. J. R.
Soc. Interface 16, 20180779. https://doi.org/10.1098/1sif.2018.0779 (2019).

29. Zuo, Z. et al. Association of airborne virus infectivity and survivability with its carrier particle size. Aerosol Sci. Technol. 47(4),
373-382 (2013).

30. Shindle, Z. & Gallily, I. On the applicability of the Poisson distribution to suspension spray-drying. J. Colloid Interface Sci. 52(3),
538-542 (1975).

31. Madas, B.G. et al. Deposition Distribution of the New Coronavirus (SARS-CoV-2) in the Human Airways Upon Exposure to Cough-
Generated Aerosol. Preprint at https://www.medrxiv.org/content/https://doi.org/10.1101/2020.05.13.20100057v1 (2020).

32. Buonanno, G., Morawska, L. & Stabile, L. Quantitative assessment of the risk of airborne transmission of SARS-CoV-2 infection:
prospective and retrospective applications. Environ. Int. 145, 106112 (2020).

33. Zheng, S. et al. Viral load dynamics and disease severity in patients infected with SARS-CoV-2 in Zhejiang province, China, Janu-
ary-March 2020: retrospective cohort study. BMJ 369, m1443. https://doi.org/10.1136/bmj.m1443 (2020).

34. Liu, Y. et al. Viral dynamics in mild and severe cases of COVID-19. Lancet Infect. Dis. 20(6), 656657 (2020).

35. Zou, L. et al. SARS-CoV-2 viral load in upper respiratory specimens of infected patients. N. Engl. J. Med. 382, 1177-1179. https://
doi.org/10.1056/NEJMc2001737 (2020).

36. He, X. et al. Temporal dynamics in viral shedding and transmissibility of COVID-19. Nat. Med. 26, 672-675. https://doi.
0rg/10.1038/s41591-020-0869-5 (2020).

37. Morawska, L. et al. Size distribution and sites of origin of droplets expelled from the human respiratory tract during expiratory
activities. J. Aerosol Sci. 40, 256-269 (2009).

38. Xie, X. et al. How far droplets can move in indoor environments—revisiting the Wells evaporation-falling curve. Indoor Air 17,
211-225 (2007).

39. Wolfel, R. et al. Virological assessment of hospitalized patients with COVID-2019. Nature 581, 465-469. https://doi.org/10.1038/
$41586-020-2196-x (2020).

40. Johnson, G. R. et al. Modality of human expired aerosol size distributions. J. Aerosol Sci. 42, 839-851 (2011).

Acknowledgements

Author (SA) would like to acknowledge Shri Kapil Deo Singh and Prof M S Kulkarni of Bhabha Atomic Research
Centre for their support and encouragement.

Author contributions

Y.S.M. initiated the study and suggested the research method; S.A. collected and analyzed data for the research
method; Y.S.M. performed calculations and prepared figures; S.A., and Y.S.M. wrote the manuscript. Both the
authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.S.M.

Reprints and permissions information is available at www.nature.com/reprints.

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

Scientific Reports |

(2020) 10:21174 | https://doi.org/10.1038/s41598-020-78110-x nature research


https://doi.org/10.1371/journal.ppat.1003205
https://doi.org/10.1371/journal.ppat.1003205
https://doi.org/10.1016/j.ajic.2016.06.003
https://doi.org/10.1098/rsif.2013.0560
https://doi.org/10.1016/j.cmi.2016.06.015
https://doi.org/10.1016/S1473-3099(20)30196-1
https://doi.org/10.1016/S1473-3099(20)30196-1
https://doi.org/10.1016/S1473-3099(20)30113-4
https://doi.org/10.1016/S1473-3099(20)30113-4
https://doi.org/10.1080/15459620590918466
https://doi.org/10.1080/00028896809343031
https://doi.org/10.1080/00028896809343031
https://doi.org/10.1371/journal.pone.0135675
https://doi.org/10.1098/rsif.2018.0779
https://doi.org/10.1101/2020.05.13.20100057v1
https://doi.org/10.1136/bmj.m1443
https://doi.org/10.1056/NEJMc2001737
https://doi.org/10.1056/NEJMc2001737
https://doi.org/10.1038/s41591-020-0869-5
https://doi.org/10.1038/s41591-020-0869-5
https://doi.org/10.1038/s41586-020-2196-x
https://doi.org/10.1038/s41586-020-2196-x
www.nature.com/reprints

www.nature.com/scientificreports/

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
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted 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 licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports|  (2020) 10:21174 | https://doi.org/10.1038/s41598-020-78110-x natureresearch


http://creativecommons.org/licenses/by/4.0/

	Size distribution of virus laden droplets from expiratory ejecta of infected subjects
	Methods
	Results and discussion
	Conclusions
	References
	Acknowledgements


