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Abstract

The aim of this study is to evaluate the infection risk of aircraft passengers seated within and
beyond two rows of the index case(s) of the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), influenza A(H1N1)pdm09 virus, and SARS-CoV-1. PubMed databases were
searched for articles containing information on air travel–related transmission of SARS-CoV-2,
influenza A(H1N1)pdm09 virus, and SARS-CoV-1 infections.We performed ameta-analysis of
inflight infection data. In the eight flights where the attack rate could be calculated, the inflight
SARS-CoV-2 attack rates ranged from 2.6% to 16.1%. The risk ratios of infection for passengers
seated within and outside the two rows of the index cases were 5.64 (95% confidence interval
(CI):1.94–16.40) in SARS-CoV-2 outbreaks, 4.26 (95%CI:1.08–16.81) in the influenza A(H1N1)
pdm09 virus outbreaks, and 1.91 (95% CI:0.80–4.55) in SARS-CoV-1 outbreaks. Furthermore,
we found no significant difference between the attack rates of SARS-CoV-2 in flights where the
passengers were wearing masks and those where they were not (p = 0.22). The spatial distribu-
tion of inflight SARS-CoV-2 outbreaks was more similar to that of the influenza A(H1N1)
pdm09 virus outbreaks than to that of SARS-CoV-1. Given the high proportion of asymptomatic
or pre-symptomatic infection in SARS-CoV-2 transmission, we hypothesised that the proximity
transmission, especially short-range airborne route, might play an important role in the inflight
SARS-CoV-2 transmission.

Introduction

Since the worldwide pandemic of the severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2), as of April 26, 2023, there have been more than 764 million confirmed cases and 6.91
million deaths globally [1]. Airplane cabins can be a high-risk environment for respiratory virus
transmission because of their high occupant density and relatively long exposure times [2]. Air
travel has contributed to the transmission of the coronavirus disease 2019 (COVID-19)
[3]. Although rarely reported and hard to accurately assess, inflight transmission of diseases
has caught much attention.

Aircraft cabins have several characteristics that may facilitate the spread of infection, such
as an enclosed space, finite ventilation, re-circulating air, and long exposure times. On the
other hand, these characteristics make the airplane cabin an ideal place for exploring the
transmission routes of infections. Due to the fixed seating arrangement in the airplane cabin,
the spatial distribution of secondary cases can be clearly retraced after the outbreak. At the
same time, the temporal and spatial variations of airplane cabins are more stable than other
environments.

At present, the three routes of airborne, droplet, and fomite transmission are considered to
be the main modes of transmission of respiratory infectious diseases [4]. Infected individuals
release droplets containing pathogens from the mouth, mainly through respiratory activities
such as breathing, talking, and coughing. Susceptible individuals can inhale small-diameter
aerosol or droplet nuclei (<30 μm) to cause infection (airborne transmission) [5, 6]. Larger-
diameter droplets (>100 μm) can splash and deposit on the facial mucosa of susceptible
individuals and cause infection (droplet transmission) [7]. Additionally, susceptible individ-
uals can contract the infection by touching contaminated surfaces and subsequently touching
their facial mucous membranes (fomite transmission) [8]. However, the relative importance of
the three routes, which is fundamental to developing effective preventive strategies, remains
controversial.

Recently, SARS-CoV-2 has been compared with some influenza viruses in terms of patho-
genesis, host response, and pandemic pattern [9]. Although SARS-CoV-2 is a type of coronavirus,
its transmission speed, scope, and characteristics are similar to the influenza A(H1N1)pdm09
virus in contrast to the severe acute respiratory syndrome virus (SARS-CoV-1). To test the
hypothesis that SARS-CoV-2 has a transmission route like the influenza A(H1N1)pdm09 virus,
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rather than SARS-CoV-1, we conducted a comparative analysis of
flight outbreaks of the three viruses, calculating the infection risk
for passengers seated within and beyond two rows of the index
patient(s), to explore the dominant transmission route of the three
viruses during flight.

Methods

Literature search and study selection

According to the guidelines of the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) [10], we sys-
tematically searched the PubMed database for articles containing
information on the transmission of SARS-CoV-2 infection asso-
ciated with air travel between 1 January 2020 and 2 July 2022. The
search strategy is described in the Supplementary Material. Two
authors (H.L. and S.X.) independently screened the titles and
abstracts of all the articles and reviewed the full text of relevant
articles. Studies investigating the spread of SARS-CoV-2 in flights
were included. Studies on aircraft carriers, reporting the same
outbreaks, summarising multiple flight transmissions, or missing
key information were excluded. The data of the influenza
A(H1N1)pdm09 virus and SARS-CoV-1 outbreaks were obtained
from systematic literature reviews [4, 11].

Data extraction

Three authors (H.L., S.X., and Y.Luo) independently extracted
relevant data from the publications and cross-checked them. Dis-
crepancies were resolved through joint reading and comprehensive
discussions of the study among the three authors. The summary
table recorded the extracted data that included the first authors of
publications, flight departure dates, flight durations, the numbers
of passengers aboard, passengers traced, index cases, secondary
cases, attack rates, and use ofmasks. Furthermore, we conducted an
evaluation of the level of evidence in the included studies. The
assessment primarily relied on the confirmation method employed
for index cases and secondary cases. Studies that employed epi-
demiological investigations and whole-genome sequencing to con-
firm both index cases and secondary cases were assigned a high
level of evidence, indicating the highest level of credibility. Studies
with a medium level of evidence had clear index cases and relied on
epidemiological investigations to confirm secondary cases. Studies
that involved suspected index cases were assigned a low level of
evidence. Since the distance between each row of seats in the tourist
class of an airplane is about 0.8 meters, the distance between two
rows of passengers is just within the exposure range of droplet
transmission. Thus, this study explored secondary cases within two
rows and the attack rates of passengers within two rows.

Case definitions

The index case was defined as a passenger who presented with
COVID-19 symptoms or a positive laboratory test for SARS-CoV-2
RNA within 14 days before the flight or on arrival. The secondary
case was defined as a passenger who did not present with
laboratory-confirmed COVID-19 before the flight but developed
it within 14 days after the flight or whose specimen yielded a
viral genomic sequence close to the strain of the index case(s).
Case definitions of the influenza A(H1N1)pdm09 virus and

SARS-CoV-1 are provided in detail in the studies by Lei et al. [4]
and Browne et al. [11].

Data analysis

We defined the passengers seated in two rows of the front and back
of the index case as the exposure group and the passengers outside
the two rows as the control group. The overall attack rate of all
flights was calculated by dividing the total number of secondary
cases by the total number of susceptible passengers or the number
of traced susceptible passengers when the total number of flight
passengers was unknown. The attack rate for the exposure group
was calculated as the number of secondary cases within two rows
divided by the total number of susceptible passengers within two
rows or the number of traced susceptible passengers within two
rows. Additionally, we used a two-sided chi-squared test to deter-
mine whether there was a difference in SARS-CoV-2 attack rates
between flights where passengers were wearing masks and flights
where they were not.

Finally, we compared the infection risk of passengers inside and
outside two rows of the index case in flight outbreaks of SARS-CoV-
2, influenza A (H1N1)pdm09 virus, and SARS-CoV-1 by meta-
analysis. Considering the heterogeneity among the included studies
of SARS-CoV-2 (I2 > 50%), a random effects model was chosen to
calculate the combined effect value.

Results

Literature search and study selection

Figure 1 illustrates the search process. We searched for 994 related
articles based on the search criteria, and 35 articles were retained
after title and abstract screening. We excluded 1 article reporting
the inflight SARS-CoV-2 infection of the aircraft carrier plane,
4 articles reporting the same outbreaks, 13 articles summarising
transmissions in multiple flights, and 9 articles missing key infor-
mation. The search results included eight inflight outbreaks [2, 12–
18] occurring from 24 January 2020 to 9 June 2021. Table 1
provides detailed information about the eight flight outbreaks. In
addition, the summary of the influenza A(H1N1)pdm09 virus and
SARS-CoV-1 inflight outbreaks are shown in Supplementary
Tables S1 and S2.

Flight attack rate and infection risk

As shown in Table 1, a total of 40 index cases infected 102 of the
1,348 passengers, with an overall attack rate of 7.6%. In the eight
flights, the inflight SARS-CoV-2 attack rates ranged from 2.6% to
16.1%. Among the 102 secondary cases of COVID-19, 67 (66%)
cases were within two rows of the index cases. The risk of SARS-
CoV-2 infection among passengers in the exposure group was 5.6
times that of passengers in the control group (risk ratio 5.64, 95%
confidence interval (CI):1.94–16.40), as shown in Figure 2a. The
heterogeneity test results showed that I2 was 81%, suggesting
significant heterogeneity between studies. The funnel plot
(Supplementary Figure S1) showed that the heterogeneity was
mainly derived from the three studies of Khanh et al. [12], Speake
et al. [14], and Lv et al. [16]. The results of the sensitivity analysis
(Supplementary Figure S2) indicated that the risk ratios remained
significant after the deletion of any study. One inflight COVID-19
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outbreak reported by Lv et al. [16] occurred in 2021, when some
passengers might have been vaccinated. After deleting this study,
passengers in the exposure group had an increased infection risk
compared to passengers in the control group (risk ratio 7.32, 95%
CI:2.33–23.03).

In 15 influenza A(H1N1)pdm09 virus inflight outbreaks, the
attack rates were 0%–5.8% (Supplementary Table S1). The infec-
tion risk of the influenza A(H1N1)pdm09 virus among passengers
in the exposure group was 4.2 times that of passengers in the
control group (risk ratio 4.26, 95%CI:1.08–16.81), as shown in
Figure 2b.

In the four flights with SARS-CoV-1 outbreaks, only one had
secondary cases. The attack rate for this flight was 16.2%. The risk
ratio of SARS-CoV-1 infectionwas 1.91 (95%CI:0.80–4.55), but this
was not statistically significant (Figure 2c).

Face mask against SARS-CoV-2 transmission

In the eight reported inflight outbreaks, due to a lack of data on
mask-wearing in some studies or unclear data in this part, we used
those studies with relatively complete information on mask-
wearing for comparison. We found that in the two flights with

Figure 1. Flow diagram of the literature review of inflight SARS-CoV-2 transmission.

Table 1. Summary of inflight SARS-CoV-2 transmission from the literature

First author
Departure
date

Flight
duration

Passengers
aboard

Passengers
traced

Index
cases

Secondary
cases

identified
Attack
rate (%)

Secondary
cases within 2

rows

Attack rate
in 2

rows (%)
Wearing
mask

Evidence
level

Chen [2] Jan 24, 2020 4 h 50 m 335 332 3 13 3.9 8 14.3 Yesa Low

Khanh [12] Mar 1, 2020 10 h 201 167 1 14 7 12 80 Nob Medium

Hoehl [13] Mar 9, 2020 4 h 40 m 102 95 7 2 2.6 2 8.3 NA Low

Speake [14] Mar 19, 2020 5 h 241 64 18 11 4.9 8 5 Noc High

Swadi [15] Sep 29, 2020 18 h 2 m 86 84 2 4 4.8 4 30.8 Partlyd High

Lv [16] Jun 9, 2021 NA 203 197 6 29 14.7 19 16.4 Yese High

Toyokawa [17] Mar 23, 2020 2 h 142 122 1 14 10 7 30.4 Yesf High

Ngeh [18] Jul 1, 2020 10 h 95 93 2 15 16.1 7 28.0 Mostlyg High

Total 1,154 40 102 7.6 67 15.5

NA, not available; months are abbreviated using the first three letters.
aPassengers removed masks when they ate food or drank water.
bMasks were not widely used on airplanes in early March, particularly among the European travellers.
cMask use was rare.
dMask use was not peremptory; Passengers D and F reported mask use but C and E did not.
e87.3% (172/197) of passengers had taken off their masks during flight.
fMost passengers used masks all times, while the index cases did not.
gAmong the 71 passengers interviewed, most of them (68) wore masks, and only three did not.
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mask use (Chen et al. [2], Lv et al. [16]), the mean SARS-CoV-2
attack rate was 7.94% (42/529). In the flights without mask use
(Khanh et al. [12], Speake et al. [14]), the mean attack rate was
5.91% (25/423), which was not significantly different from the
flights with mask use (p = 0.22).

Discussion

To the best of our knowledge, this is the first literature review that
focused on exploring the transmission routes of SARS-CoV-2.
Although there have been some literature reviews of inflight

SARS-CoV-2 transmission, these have mainly studied the attack
rate of SARS-CoV-2 or the protective effect of masks [19]. This is
also the first comparative analysis of the inflight transmission of
SARS-CoV-2, SARS-CoV-1, and influenza A(H1N1) pdm09 virus
to explore the potential transmission routes of SARS-CoV-2.

Based on the results of the meta-analysis, we found that the
inflight transmission feature of SARS-CoV-2 was similar to the
influenza A(H1N1)pdm09 virus, rather than SARS-CoV-1. In both
SARS-CoV-2 and influenza A(H1N1)pdm09 virus inflight out-
breaks, there was significant case clustering proximity to index
cases, while in the SARS-CoV-1 outbreak, this was not observed.

Figure 2. The infection risk ratio of passengers within and beyond two rows of the index case(s) in flights which carried. (a) SARS-CoV-2 cases; (b) influenza A(H1N1) pdm09 virus
cases; (c) SARS-CoV-1 cases.
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It showed that both SARS-CoV-2 and influenza A(H1N1)pdm09
virus infections in the airplane cabins were mainly proximity
infections, which occurred within 2 meters of the source of infec-
tion. Proximity infection has always been considered evidence of
droplet transmission routes. Liu et al. [20] found that when a
susceptible person is within 1.5 meters of the source of infection,
the exposure to droplet nuclei is greatly increased, which is called
the proximity effect. However, a modeling study suggested that the
short-range airborne route (airborne transmission that occurs close
to the source of infection) is mainly the exposure mode of respira-
tory infection during close contact [7]. Thus, both droplet routes
and short-range airborne routes can result in proximity infection.

In the droplet route, infected passengers mainly excrete large
droplets containing viruses. However, owing to size and weight
limitations, large droplets may fall on surfaces within 2 meters of
the infected person [7] or be blocked by seats and other structures.
Therefore, the transmission of droplets is mainly limited to within
2meters of the index case, and passengers outside of two rows of the
index case are less likely to be infected in the aircraft cabins. Thus,
the infection risk of passengers inside and outside the two rows is
very high. For the short-range airborne route, passengers who were
infected can produce aerosols containing viral particles [21], and
susceptible individuals will be infected after inhaling these aerosols.
Therefore, all passengers in the same airplane cabinmight be at risk
of infection. Owing to the influence of aerosol deposition, air
movement, ventilation, and other factors, the closer to the infected
person, the greater the risk of infection. However, owing to the
special air circulation mode in the aircraft cabin, the supply air is
released through air supply ports located on the sides and top of the
cabin, leading to the formation of two circulating vortices above the
seats. Subsequently, the recirculated air is discharged through
the air outlets positioned beneath the cabin seats. Consequently,
the airflow is mainly restricted to circulate within the same row of
seats [22]. Moreover, the air change rate in air cabins can range
from 15 to 20 per hour due to small volume [23], and the high-
efficiency particulate air filter used in the airplanes can remove
99.97% of the particles with a radius larger than 0.3 μm [24], so the
exhaled droplets can be removed fairly easily. Long-range airborne
transmission (airborne transmission that occurs at a greater dis-
tance from the source of infection), which is susceptible to venti-
lation, is less likely to occur in the aircraft cabin than short-range

airborne transmission. Passengers within the two rows were more
at risk of infection than those outside the two rows. Therefore, both
droplet routes and short-range airborne routes might be the main
transmission routes of SARS-CoV-2 and influenza A(H1N1)
pdm09 virus inflight infection.

Since particle size plays a key role in the relative importance of
different routes of respiratory infection transmission, we calculated
the distribution of the number and volume of exhaled droplets
during different respiratory activities based on the studies of Mor-
awska et al. [25] and Chen et al. [7]. The results are shown in
Figure 3. Compared with the particles exhaled from sneezing,
coughing, and talking, the volume of particles exhaled from breath-
ing is much smaller. Thus, if virus-containing droplets are mainly
exhaled from breathing, the airborne route may play an important
role. On the other hand, if virus-containing droplets are mainly
exhaled from coughing or sneezing, droplet or fomite routes may
become important.

Studies have shown that both influenza A(H1N1)pdm09 virus
and SARS-CoV-2 are mainly transmitted by asymptomatic/pre-
symptomatic infections. 45%–75% of the influenza A(H1N1)
pdm09 virus infections are transmitted by asymptomatic/pre-
symptomatic cases [26]. The mean proportion of asymptomatic/
pre-symptomatic SARS-CoV-2 was 57.5% [27]. In addition, the
peak viral shedding of the two viruses happened before or during
the onset of symptoms [28]. This implies that these patients may
shed many viral particles via ordinary respiratory activities such as
speaking or breathing. Normal breathing only produces aerosols of
less than 2 μm [21], and speaking mainly produces droplets of 1–
5 μm [25], which causes the virus to spread mainly through the air.
Therefore, the short-range airborne route is more appropriate to
explain the inflight outbreaks of SARS-CoV-2 and influenza
A(H1N1)pdm09 virus. In contrast, asymptomatic/pre-
symptomatic SARS-CoV-1 infections only contributed 13% [29],
and the peak viral shedding occurred several days after symptom
onset [30]. This shows that these patients usually shed many viral
particles via coughing and sneezing. Therefore, the droplet route is
likely to be the main transmission route of SARS-CoV-1 inflight
infection. However, since there are fewer studies on SARS-CoV-1
inflight infection and only one flight was included in this study, the
main route of SARS-CoV-1 inflight transmission could not be
confirmed.

Figure 3.Droplets exhaled frombreathing, talking (counting 1–100 once), and coughing per hour. (a) Droplet concentration at different sizes; (b) the total volume, by assuming that,
cough frequency was 12/h, and the talking time was about 100 seconds.
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In this study, the protective ability of masks to protect passen-
gers during flight was not significant. Surgical face masks can filter
more than 98% of the large droplets over 5 μm in diameter, while it
can only filter about 60% of airborne droplets [31]. We found that,
in the flights with mask use, the attack rates of SARS-CoV-2 were
not significantly different from those without (p = 0.22). Of course,
the results may be related to several factors, such as insufficient
sample size, incorrect methods of mask-wearing, inadequate time
of mask usage, and mask types.

Our study has some limitations, mainly related to the lack of key
data in the original study and the varying quality of the studies.
First, because there is currently no unified reporting standard for
studies reporting inflight transmission of SARS-CoV-2, many stud-
ies lack some key inflight infection data. For example, information
such as flight duration, aircraft type, seat map, and use of masks is
missing. Therefore, we could not perform subgroup analysis to
further improve the accuracy of the meta-analysis. Simultaneously,
theremay be publication bias in this study. As the analysis primarily
relied on published studies, it is plausible that studies featuring a
smaller number of infected passengers or those reporting non-
significant risk ratios may not have been published. This could
introduce a bias in the overall findings and conclusions drawn from
the study. Second, we assumed that the infection of the secondary
case occurred during the period when the passenger was sitting in
the seat after boarding, but it is possible that the infection occurred
outside the seat, such as in the departure lounge, during boarding
and disembarking, or when they leave their seats to go to the toilet
during the flight. If susceptible individuals are predominantly
infected in these areas, the distribution of secondary cases would
display a more random pattern rather than clustering around the
index case. This can be attributed to the randomised nature of
contact among unfamiliar passengers in both the departure and the
arrival halls, and passengers typically not strictly adhering to the
seating arrangement when boarding, disembarking, or moving in
the aircraft during the flight. Additionally, compared with subways
and buses, passengers on planes moved around less frequently and
stayed longer in their seats. Therefore, the passenger infection was
more likely to occur in the seat. Third, the possible improvement of
aircraft ventilation systems by airlines after the outbreak of
COVID-19 was not considered, which might influence the com-
parison between different viruses. However, this assumption had
less impact on our main conclusions, because ventilation mainly
affects long-range airborne transmission rather than short-range
airborne transmission. At last, we cannot deny the possibility that
passengers may be infected through exposure to fomites of the
index case in the cabin environment surface. Therefore, it is also
likely that some infections occurring outside the two rows were
caused by exposure to fomites produced in common areas by the
index case.

Conclusions

Based on the result of the meta-analysis, our study suggests that
SARS-CoV-2 has a similar transmission characteristic to the influ-
enza A(H1N1)pdm09 virus. The transmission of the two viruses on
an aircraft mainly occurs at a close range, and short-range airborne
transmission may play an important role in it. In the future, the
inflight infection of SARS-CoV-2 should be controlled mainly by
blocking the short-range airborne and droplet transmission route.
In addition, most published studies on SARS-CoV-2 on-board
transmission to date are of varying quality. For future research, a

unified standard reporting format should be developed to ensure
the integrity of information. At the same time, some quantitative
research is also needed, such as using CFD-related software to
simulate the movement of virus aerosols and quantify the infection
risk of susceptible individuals to obtain more definite conclusions.
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