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Risk	of	Airborne	Transmission	During	Home	Isolation:	A	Modeling	Study
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Objective:	The	worldwide	pandemic	of	SARS-CoV-2	and	its	B.1.1.529	variant,	Omicron,	remain	a	threat	to	
health.	In	Japan,	self-isolation	in	a	room	at	home	has	been	recommended	in	some	prefectures	to	reduce	the	
burden	on	hospitals.	With	the	aim	of	preventing	the	infection	of	family	members	in	other	rooms,	this	study	
quantified	the	risk	of	 infection	by	airborne	transmission	to	mask-wearing,	non-infected	members	of	the	
household.
Methods:	A	mathematical	modeling	approach	was	used	to	estimate	the	risk	of	airborne	infection.
Results:	For	pre-SARS-CoV-2	variants	of	concern	(VOC),	the	risk	of	infection	of	non-mask-wearing	family	
members	had	an	LN	distribution	with	GM	of	0.11,	GD	of	5.38,	and	median	of	0.11;	whereas	that	of	mask-wear-
ing	members	had	an	LN	distribution	with	GM	of	0.05,	GD	of	5.46,	and	median	of	0.05.	For	Delta	variant,	the	
risk	of	infection	of	non-mask-wearing	family	members	had	an	LN	distribution	with	GM	of	0.39,	GD	of	76.30,	
and	median	of	0.40,	and	that	of	mask-wearing	members	had	an	LN	distribution	with	GM	of	0.18,	GD	of	76.30,	
and	median	of	0.18.	The	difference	of	these	medians	was	0.22,	which	suggests	that	family	members	wearing	
masks	is	effective	for	preventing	infection,	even	for	highly	infectious	variants.
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INTRODUCTION

Japan has suffered six waves of outbreak of 
SARS-CoV-2, between mid-January 2020 and early 
March 2022, and the Ministry of Health, Labour 
and Welfare’s (MHLW) pandemic advisory board 
announced on 18 February 2022 that the sixth wave 
of infection in Japan was considered to have passed its 
peak [1]. During late 2020, the emergence of variants 
that posed an increased risk to global public health 
prompted the characterization of specific variants of 
concern (VOCs). The Delta VOC (B.1.617.2) was the 
dominant strain during the fifth wave in the summer 
of 2021, whereas the Omicron VOC (B.1.1.529) was 
the dominant strain in the 6th wave, from December 
2021 [2]. On 5 January 2022, the MHLW of Japan 
notified local governments that if local medical systems 
became strained, people infected with Omicron could 
isolate at home instead of being hospitalized [3]. It has 
been reported that at the end of January 2022, more 
than 70,000 residents of Tokyo infected with Omicron 
were self-isolating at home [4].

Regarding the routes of transmission of SARS-
CoV-2, early in the pandemic the emphasis was on 
direct-contact and indirect-contact modes of transmis-
sion [5], and the long-range airborne route has only 
recently been recognized as a modality of transmission 
[6-9].

The purpose of this study was to estimate the risk of 
infection of other family members from a self-isolating 
member with COVID-19, using the model developed 
by Buonanno et al. [10, 11] and Rothamer et al. [12]. It 
is well known that face masks are effective barriers to 

transmission when family members have contact with 
an infected case, but few studies have investigated the 
infection route via air leakage from an isolation room 
[13]. Therefore, this study quantified the risk of in-
fection to family members from another self-isolating 
member infected with a COVID-19 variant, based on 
data that are currently available.

MATERIALS	AND	METHODS

Model	framework
The Wells–Riley equation (Riley, Murphy, and Riley 

[14]) predicts the probability of infection P of a sus-
ceptible individual who inhales an infectious quantum 
dose, Dq, during an infectious period as follows:

P = 1 - exp (-Dq).

A single infectious quantum is related to the num-
ber of bioaerosol particles containing numerous viable 
virus copies that are inhaled and cause disease in 63% 
of exposed susceptible subjects. Thus, the probability 
of infection is expressed as follows:

P = 1 - exp (-1) = 63.2%.

The quanta emission rate (ERq, quanta/h) of a 
SARS-CoV-2 infected subject is expressed as

ERq = cv · ci · IR ·Vd = cv ·               · IR ·Vd, (1)
cRNA · cPFU

1

where cv is the viral load in the sputum (RNA copies/
mL), ci is a conversion factor (quanta/RNA copies) 
defined as the ratio between one infectious quantum 
and the infectious dose (RNA copies), IR is the inha-
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lation rate (m3/h), and Vd is the droplet volume con-
centration expelled by the infectious person (mL/m3). 
In addition, cPFU is the quanta-to-plaque forming unit 
(PFU) conversion parameter (PFU/quanta), and cRNA is 
the number of infectious virus particles (RNA copies) 
needed to initiate the infection (RNA copies/PFU).

Under the condition that ERq is small (i.e. ERq ≤
0.2) and assuming a steady-state value of quanta in the 
room, the probability of infection P is approximated as 
[12]

(2)P ≈            (1 -ηf, Minh)(1 -ηf, Mexh),λVr
ERq

td

where λ is the loss rate, including the mechanism for 
particle removal and a loss term for virus inactivation; 
Vr is the room volume shared by the family members; 
td is the duration of exposure; and 1 -ηf, Minh and 1 -η
f, Mexh represent mask penetration values for inhalation 
by susceptible individuals and for exhalation by the 
infector, respectively.

The overall risk of infection was calculated using 
the Monte Carlo simulation with probability distri-
butions for the input parameters, with a total of 
10,000 simulations conducted. All analyses were per-
formed using Microsoft Excel 2010 (Microsoft Corp., 
Redmond, WA) and Crystal BallTM, software (Oracle 
Corp., Redwood Shores, CA). The Anderson–Darling 
statistic was used as a test of fit for the distributions.

Parameters
Regarding the value of cv for the non-VOC ancestral 

strain, log-transformed cv had a normal distribution 
with mean of 7.0 and standard deviation (SD) of 0.71 
log10 (RNA copies/mL) [11], and log-transformed cv 
for the Delta strain had a normal distribution with 
median of 7.83 and range from 6.3 to 8.8 log10 (RNA 
copies/mL) [15].

The value of Vd had a normal distribution with 
mean 2×10 -3 and SD 5×10 -4 mL/m3 for oral 
breathing [11, 16], and the value of IR was 0.54 m3/h 
for the scenario that the activity level of the susceptible 
subject was either sitting or standing [11, 17]. The 
value of cPFU had a normal distribution with mean 2.1
×102 PFU/quanta and SD equal to 2.1×101 PFU/

quanta [18], and the value of cRNA with mean 1.3×
102 RNA copies/PFU and SD equal to 1.3×101 RNA 
copies/PFU according to the results of Fears et al. 
[19]. The values of these parameters are summarized 
in Table and parts of the values are explained in the 
Appendix.

Simulation	scenarios
In this study, the estimated risk of infection for one 

day was calculated for the condition of one infector 
isolated in a room of volume 5 m3, and other family 
members in a nearby room of volume 10 m3. It was 
assumed that there was leakage of air between the two 
rooms.

Yamanaka [13] investigated the local cumulative 
dose [LCD] of quanta [quanta·h/m3] in two rooms of 
volumes 5 m3 and 10 m3. He assumed that the infector 
was isolated in a room of volume 5 m3, and that each 
room had natural airflow ventilation of 30 m3/h be-
tween the room and outside, and airflow of 30 m3/h 
between the two rooms. As he also reported LCD ratio 
of 1:2 between two rooms; isolation room and common 
room, in the present calculations 1/2·ERq was used 
instead of ERq in equation (2).

RESULTS	AND	DISCUSSION

In this study, the risks of infection were compared 
between mask-wearing and non-mask-wearing suscep-
tible family members in the home, and risks of infec-
tion were calculated for cases of infection with the pre-
VOC and Delta variant strains.

In the case of infection with pre-VOC, the estimated 
value of the quanta emission rate ERq of the infector 
had a log-normal (LN) distribution with geometric 
mean (GM) of 0.39, geometric deviation (GD) of 5.41, 
and the median value was 0.40. The risk of infection 
in non-mask-wearing family members had an LN 
distribution with GM of 0.11, GD of 5.38, and median 
of 0.11, and the risk in mask-wearing family members 
had an LN distribution with GM of 0.05, GD of 5.46, 
and median of 0.05. The difference in median values 
between these groups was 0.11 - 0.05 = 0.06.

In the case of infection with Delta, the estimated 
value of the quanta emission rate ERq of the infector 

Table	 Values of parameters used in the simulation
Distribution Mean SD or Range Unit Source

log10 cv for non-VOC normal 7.0 0.71 RNA copies/mL [11]

log10 cv for Delta normal 4.1 [6.3 8.8] RNA copies/mL [15]

cRNA normal 1.3×102 1.3×102 RNA copies/PFU [19]

cPFU normal 2.1×102 2.1×101 PFU/quanta [18]

Vd normal 2×10-3 5×10-4 mL/m3 [11, 16]

Point value Unit
IR 0.54 m3/h [11, 17]

λ 1.98 /h Appendix

Vr 10 m3 The present study

td 24 h The present study

ηf, Minh 0.545 Appendix

ηf, Mexh 0.545 Appendix
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had an LN distribution with GM of 1.42, GD of 76.30, 
and median of 1.44. The risk of infection in non-
mask-wearing family members had an LN distribution 
with GM of 0.39, GD of 76.30, and median of 0.40, 
and the risk in mask-wearing family members had an 
LN distribution with GM of 0.18, GD of 76.30, and 
median of 0.18. The difference between the medians 
was 0.40 - 0.18 = 0.22.

The median of the estimated value of the quanta 
emission rate ERq was higher for Delta than for pre-
VOC, which indicates higher infectiousness. These re-
sults demonstrate that family members wearing masks 
is effective for preventing infection, even for a variant 
that is highly infectious.

Transmission within households is an important 
feature of SARS-CoV-2 infection, as has been observed 
in several previous studies [20-23]. The household 
secondary attack rate (SAR) was greater than that for 
infection by other contacts (OR = 10.72, 95%CI: 5.70-
20.17) [20]. Wang et al. [21] reported that the close-con-
tact infection rate was 38% for households with 1 
contact, 50% for households with 2 contacts, and 31% 
for households with 3 contacts. Madewell et al. [22] 
showed that increases in household SAR were more 
frequently caused by symptomatic index cases (18.0%) 
than asymptomatic index cases (0.7%), by adult con-
tacts (28.3%) than child contacts (16.8%), by spouses 
(37.8%) than other family contacts (17.8%), and in 
households with 1 contact (41.5%) than in households 
with 3 or more contacts (22.8%). The higher SAR as-
sociated with symptomatic index cases and households 
with 1 contact suggest the importance of the airborne 
infection route.

Wong et al. [24] reported intra-hotel transmission in 
a designated quarantine hotel and showed that infec-
tious aerosols that leaked from guest rooms to corri-
dors could be inhaled by guests in neighboring rooms 
when the doors were opened. Laumbach et al. [25] 
reported the first naturalistic observations of house-
hold air contamination with SARS-CoV-2 RNA by air 
sampling in an isolation room and a common room. 
They identified SARS-CoV-2 RNA in rooms (including 
a common room) other than the isolation room, and 
suggested that this is the most reasonable explanation 
for the high household attack rates. The risk of infec-
tion by airflow leakage between two rooms also existed 
in the present study, and the present results showed 
that other family members wearing masks reduced the 
risk of infection.

This study had some limitations. First, the mode of 
transmission for SARS-CoV-2 was limited to airborne 
infection, and valid parameters for estimating the 
risk of Omicron infection were not available. Second, 
vaccine-induced immunity was not considered in the 
model. Third, the actual airflow and environments are 
different from the values of parameters used in the 
present study.

New SARS-CoV-2 variants that are more highly 
infectious will result in a larger numbers of people 
isolating at home, and it will become increasingly 
important to prevent infection within the household. 
The importance of family members wearing masks 
will also be emphasized. Further studies are needed 
to gather stronger evidence for preventing household 
transmission of SARS-CoV-2 infection.
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APPENDIX

(1) λ is the loss rate, including the mechanism for 
particle removal and a loss term for virus inactivation. 
In this study, it was assumed that natural ventilation 
was 1.00/h (one air change per hour), particle settling 
loss rate was 0.35/h [26], and a loss term for virus 
inactivation was 0.63/h [12]. In total, λ, was 1.00 + 0.35 
+ 0.63 = 1.98/h.
(2) In this study, the mask that the infector and sus-
ceptible subjects wore was assumed to have similar 
effective filtration efficiency with the mask composed 
of three layers of spunbond polypropylene designed 
by the UW-Madison emergency operations committee. 
Thus, the mask was assumed to have 54.5% effective 
filtration efficiency through inhalation and exhalation 
[12] and the values of ηf, Minh and ηf, Mexh were both 0.545.
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