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Abstract

Rationale for the review: Air travel may be associated with viruses spread via infected passengers and potentially
through in-flight transmission. Given the novelty of the Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) virus, transmission associated with air travel is based on transmission dynamics of other respiratory viruses.
Our objective was to provide a rapid summary and evaluation of relevant data on SARS-CoV-2 transmission aboard
aircraft, report policy implications and to highlight research gaps requiring urgent attention.

Methods: We searched four electronic databases (1 February 2020-27 January 2021) and included studies on
SARS-CoV-2 transmission aboard aircraft. We assessed study quality based on five criteria and reported important
findings.

Key findings: We included 18 studies on in-flight SARS-CoV-2 transmission (130 unique flights) and 2 studies on
wastewater from aircraft. The quality of evidence from most published studies was low. Two wastewater studies
reported PCR-positive samples with high cycle threshold values (33-39). Index case definition was heterogeneous
across studies. The proportion of contacts traced ranged from 0.68 to 100%. Authors traced 2800/19 729 passengers,
140/180 crew members and 8/8 medical staff. Altogether, 273 index cases were reported, with 64 secondary cases.
Three studies, each investigating one flight, reported no secondary cases. Secondary attack rate among studies
following up >80% of passengers and crew (including data on 10 flights) varied between 0 and 8.2%. The studies
reported on the possibility of SARS-CoV-2 transmission from asymptomatic, pre-symptomatic and symptomatic
individuals. Two studies performed viral cultures with 10 positive results. Genomic sequencing and phylogenetic
analysis were performed in individuals from four flights.

Conclusion: Current evidence suggests SARS-CoV-2 can be transmitted during aircraft travel, but published data do
not permit any conclusive assessment of likelihood and extent. The variation in design and methodology restricts
the comparison of findings across studies. Standardized guidelines for conducting and reporting future studies of
transmission on aircraft should be developed.
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Introduction

SARS-CoV-2 is a new coronavirus strain that spreads rapidly.
The World Health Organization (WHO), national governments
and public health officials have been working to coordinate
the response and rapid development of prevention, control and
management measures on several fronts. The overarching aim
is to control COVID-19 by suppressing the transmission of the
virus and to prevent associated illness and death.! However, the
transmission of the SARS-CoV-2 virus and the many facets of the
illness it causes are incompletely understood, and public health
measures for restricting transmission are based on best available
information.”

Air travel may be associated with the spread of viruses via
infected passengers and potentially through in-flight transmis-
sion. The high number of passengers, frequently in close proxim-
ity to each other, increases the likelihood of transmitting infec-
tious diseases via micro-organisms which may be spread through
multiple routes of transmission. As in other closed/semi-closed
settings, the on-board transmission of viruses can be facilitated
by direct person-to-person contact, contact with contaminated
surfaces’™* and droplet transmission. The risk of transmission of
infections depends on contact among passengers at the departure
gate, proximity to an index case, passengers, crew movement and
fomites.®’

The WHO and the European Centre for Disease Prevention
and Control (ECDC) have elaborated specific guidance recom-
mendations for case management in air transport for several
pathogens.’*

Given the novelty of SARS-CoV-2, air travel transmission
models of spread are based on what is known of the dynamics
of other respiratory infections, especially those due to other
coronaviruses and influenza. One of the most important aspects
of models of spread is the uncertainty regarding the modes and
circumstances of transmission of newly identified agents. Conse-
quently, research is ongoing to understand SARS-CoV-2 modes of
transmission, with a continuous array of new publications. As a
result, there is a need to continuously and systematically conduct
reviews of available studies with the latest knowledge to inform
recommendations using the most up-to-date information.

Objectives

Our objectives were to provide a rapid summary and evaluation
of relevant data on the transmission of SARS-CoV-2 aboard air-
craft, report important policy implications and highlight research
areas urgently needed. This transmission area includes airborne,
contact and droplet, fomite and orofecal.

Methods

The present work is an open evidence review on the transmission
of SARS-CoV-2 in aircraft. The protocol (Supplementary
Material S1 available as Supplementary data at JTM online) was
developed based on a previous protocol for a series of systematic
reviews on the evidence on transmission dynamics of COVID-
19 (Supplementary Material S2 available as Supplementary
data at JTM online)
synthesis/transmission-dynamics-of-covid-19/ for the original

(see https://www.cebm.net/evidence-

protocol).

For this review, we conducted searches in the following
electronic databases: LitCovid, medRxiv, Google Scholar and
the WHO Covid-19 database up to 27 January 2021. Search
terms were Covid-19, SARS-CoV-2, transmission and airplane
appropriate synonyms (Supplementary Material S3 available as
Supplementary data at JTM online). In addition, we screened for
additional studies the reference lists of relevant articles, including
reviews and the systematic review on close contact transmission
of SARS-CoV-2.” We did not impose any language restrictions.

We included studies reporting on the on-board transmission
of SARS-CoV-2 from passengers and crew to passengers or
crew. We considered any potential transmission mode, including
droplet, airborne, fomite, fecal-oral or other. We included studies
of any design, except predictive or modelling studies.

From the included studies, we extracted the following infor-
mation: publication details (authors, year and country); study
type; flight characteristics (origin and destination of the air-
craft, flight duration, technical specifications of the airplane,
ground delays and information on ventilation systems); data
on the index cases (number, age, gender, country of residence
or nationality, seating, whether they wore masks, symptoms
during the flight and laboratory confirmation of diagnosis);
details on contact-tracing (definition of contact, secondary cases
demographic data, symptoms, laboratory confirmation, contact-
tracing strategy, methods used to identify contacts, methods
used for contacting contacts, total number of contacts identified,
the total number of successfully traced contacts, the seating of
contacts in relation to the index case, immunological status and
if they wore or not masks); exposure of primary and secondary
cases (before, during and after the flight); conclusion on disease
transmission (the number of cases/number of contacted passen-
gers and crew excluding index cases); interventions used; and
source of funding for the study. One reviewer (E.C.R.) extracted
data from the included studies, and these were independently
checked by a second reviewer (C.H.).

We assessed the quality of included human studies on a
modified QUADAS-2 tool using five criteria: (i) a clearly defined
setting (aircraft details, location of index cases and secondary
cases); (ii) demographic characteristics (age and gender), sam-
pling procedures adequately described with the day of the sam-
pling procedure and data on symptoms (with onset day); (iii)
follow-up duration sufficient for the outcomes; (iv) the trans-
mission outcomes assessed adequately (including demographic,
clinical and paraclinical data); (v) main biases that are threats to
validity taken into consideration (follow up >80% of individu-
als, alternative exposures excluded) (Supplementary Material S1
available as Supplementary data at JTM online). For non-human
studies, we used the modified QUADAS-2 tool to assess the
following aspects: (i) description of methods with sufficient
detail to replicate, (ii) sample sources clear, (iii) analysis and
reporting appropriate, (iv) bias assessment and (v) applicability
(Supplementary Material S1 available as Supplementary data at
JTM online).

The QUADAS-2 tool was adapted because the included stud-
ies were not primarily designed as diagnostic accuracy stud-
ies. One reviewer (E.C.R.) assessed the reporting quality of
included studies and these were independently checked by a
second reviewer (E.A.S.). Disagreements were resolved by con-
sensus.
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For studies that generated hypothesis testing of on-board
COVID-19 transmission, we also assessed the strength of evi-
dence of each study depending on the methods used to inves-
tigate the SARS-CoV-2 transmission.!” We presented the results
in tabular format. We reported results of specific subgroups
of studies where relevant. The included studies showed sub-
stantial heterogeneity; therefore, we considered meta-analyses
inappropriate.

Results

Our searches identified 753 studies out of which 20 were
considered eligible (Supplementary Material S4 available as
Supplementary data at JTM online). We assessed in full
text 25 studies. We excluded five studies: two narrative
reviews, two modeling studies and one preprint version of
an included study (Supplementary Material S5 available as
Supplementary data at JTM online). In total, we included 20
studies: two studies on the wastewater from aircrafts'-'* and 18
studies considering in-flight transmission of SARS-CoV-213-%¢
(Supplementary Material S6 available as Supplementary data at
JTM online). The main characteristics of the included studies are
presented in Tables 1 and 2.

In the present review, we included two studies that were very
likely based on the same flight and published independently
of each other."*** Despite our efforts to clarify this issue (e.g.
contacting the authors and the editors of the journals), we could
not ascertain with certainty whether both studies report the
same flight. Although there are many similarities between the
results of the studies, there are also some minor discrepancies,
including the number of passengers (335 vs. 325), the number
of index cases (15 vs.1) and the arrival time (9:40 p.m. vs.
10:00 p.m.). We considered it to be highly unusual to have
two flights arriving within 20 min of each other with full
passenger loads with the same departure and arrival sites. What
is most important is one investigation reported 15 cases and
suggested in-flight transmission and the other suggested that the
cases were incubating SARS-CoV-2 from community acquisition.
Given it is likely the same flight, our findings illustrate how
dramatically different conclusions were reached between the two
investigations. A detailed comparison of the data extracted from
the studies is presented in Supplementary Material S7 available
as Supplementary data at JTM online.

Quality of included studies

None of the included studies reported a published protocol. The
risk of bias assessment of the included studies is presented in
Tables 3 and 4.

For the two studies on wastewater,'!>!*

the description of
methods with sufficient detail to replicate the findings was
considered adequate. The sample sources were clear, the analysis
and reporting were considered appropriate and there were no
concerns about their applicability. However, we considered no
studies adequately addressed the potential biases (Table 4).
Regarding the in-flight transmission studies, 12/130 flights
(9.2%) presented a clearly defined setting, and 1/130 flights
(0.77%) adequately described demographic characteristics and
sampling procedures. In 6/130 (4.6%) flights, the strategy and
duration of follow-up were found sufficient for the outcome

assessments. The transmission outcomes were considered to
be adequately assessed for only 1/130 (0.77%) flights, and
data validity concerns were taken into consideration for 2/130
(1.54%) flights (Table 3). The overall quality of the latter cate-
gory of studies was considered to be low (Figure 1).

Wastewater studies

One study investigated the wastewater from three commercial
passenger aircrafts.'"' The results showed positive SARS-CoV-
2 RNA in the samples processed though concentrations were
close to the limit of detection [quantification cycle (Cq) values
ranged from 36 to 39] (Table 2). The second study'? investigated
the wastewater of 198 commercial aircrafts from 59 airport
destinations from all six continents. The percentage of positive
SARS-CoV-2 RNA was 13.6%, with cycle threshold (Ct) values
ranging from 33 to 36 (Table 2).

Studies on the in-flight transmission of
SARS-CoV-2

Flight details. The total number of flights (2 =130) exceeded the
number of the included studies (7 =18). Four studies reported
multiple flights (see Supplementary Material S8 available as
Supplementary data at J/TM online): 2 flights,"”*° 18 flights**
and 94 flights.”” The aircraft type was reported for 11
flights,'#:15:17:22:26.27.29 and the flight numbers were provided for 6
flights.'®-'?-23-3° No technical specifications data on the airplanes
were mentioned for 113 flights. The flight duration was reported
in 15 studies, ranging from ~2 to 18 h. Nine flights were long
duration, lasting >7 h; one flight was short-haul, lasting ~2 h,
and five flights had a medium duration, between 3 and 5 h.
Flight time was not specified in 115 flights. Ground delays were
not reported by any study except for one where the aircraft
had a refueling stop of 2 h, and the auxiliary power unit was
inoperative for ~30 min, with inoperative ventilation.?” Data on
the ventilation system were provided for only three flights. Two

17,29

studies reported on the airflow in the cabin, and one study

described the ventilation system.*

Case definitions: index cases, contacts and
secondary cases

The definition of index case varied across the studies (see
Supplementary Material S8 available as Supplementary data at
JTM online) and included asymptomatic, pre-symptomatic and
symptomatic individuals. A clear definition of the index cases
was not provided for 103 flights, and the contact definitions
differed between studies. Two studies, including 95 flights, did
not provide any information on contacts. The case definitions for
secondary infections were also variable, including asymptomatic
and symptomatic passengers or crew.

Study types and contact-tracing strategies

The majority of included studies presented retrospective follow-
up of passengers and crew after identifying one or more
index cases (Table 1, Supplementary Material S8 available as
Supplementary data at JTM online). Some authors also used
travel and airline information data, medical records from


https://academic.oup.com/jtm/article-lookup/doi/10.1093/jtm/taab133#supplementary-data
https://academic.oup.com/jtm/article-lookup/doi/10.1093/jtm/taab133#supplementary-data
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https://academic.oup.com/jtm/article-lookup/doi/10.1093/jtm/taab133#supplementary-data
https://academic.oup.com/jtm/article-lookup/doi/10.1093/jtm/taab133#supplementary-data
https://academic.oup.com/jtm/article-lookup/doi/10.1093/jtm/taab133#supplementary-data

Table 1. In-flight transmission studies

Study Year Country  Number of Number of Number of passengers Number of Attack rate Number of Number of Strength of evidence
passengers and index cases and crew traced (%) secondary cases (%) secondary cases secondary cases
crew identified (%) within two rows outside the area
(%) of two rows (%)
Bae 2020 South 299 px; 10 6 px 299 px; 10 crew; 8 1 px 1/311 0 1 RT-PCR, no data
Korea crew; 8 medical medical staff (100%) (0.32%) on Ct
staff
Chen 2020 China 335 px; 11 15 px 335 px; 11 crew (100%) 1 px 1/331 1 0 RT-PCR, no data
crew (0.30%) on Ct
Choi 2020 China 294 px; 2 px 2 crew (only 2 crew N/A N/A N/A RT-PCR, no data
unknown no of symptomatic COVID-19 on Ct, GS
crew members cases and known
contacts of those and
other cases were
identified and traced)
(1.36%)
Eldin 2020 France Not specified 1 px 3 px 1 px N/A Not specified Not specified RT-PCR, no data
on Ct
Hoehl 2020 Germany 102 px 7 px 71 px (69.60%) 2 px 2/71. 2 px 0 RT-PCR, no data
on Ct; SARS-CoV-2
IgG
Khanh 2020 Vietnam 201 px; 16 1 px 168 px; 16 crew 14px; 1 crew 15/184 11 px 1 px; 1 crew RT-PCR, no data
crew (83.40%) (8.15%) on Ct
Kong—flight 1 2021 China 59 px 1 px 58 px (98.3%) 3 px (unclear) N/A 0 3 px RT-PCR, no data
on Ct
Kong—flight 2 2021 China 232 px Unspecified 232 px (100%) 2 px N/A Not specified Not specified Symptomatic,
exposure to
COVID-19;
RT-PCR negative,
no data on Ct
Murphy 2020 Ireland 49 px; 12 crew Unknown 37 px (60.65%) 4to12 4/41 Not specified Not specified GS 5/13 px
(1t07) (9.8%) to
12/48
(25%)
Ng 2020 Singapore 94 px 2 px 92 px (96.66%) 1(1.08%) 1/92 Not specified Not specified RT-PCR, no data
(1.08%) on Ct
Nir-Paz 2020 Israel 11 px 2 px 11 px 0 0 0 0 Index

cases—RT-PCR
positive (Ct 34 and
Ct 24), positive
viral cultures

Continued
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Table 1. Continued

Study Year Country  Number of Number of Number of passengers Number of Attack rate Number of Number of Strength of evidence
passengers and index cases and crew traced (%) secondary cases (%) secondary cases secondary cases
crew identified (%) within two rows outside the area
(%) of two rows (%)
Park 2020 Korea Not specified 30 px Not specified 1 crew N/A N/A N/A RT-PCR positive,
Ct <40
Pavli—flight 1 2020 Greece 164px; 6 crew 2 px 163 px, 6 crew 4 px, 1 crew 51167 4 px, 1 crew 0 RT-PCR, no data
(99.41%) (2.99%) on Ct
Pavli—flights 2 2020 Greece 2203px, 110 21 px 870px, 90 crew 4 px, 1 crew 5/960 4 px, 1 crew 0 RT-PCR, no data
crew (41.50%) on Ct
Schwartz 2020 Canada  approx. 350 1 Unclear 0 N/A 0 0 RT-PCR, no data
px, unspecified on Ct
number of crew
Speake 2020 Australia 241 px 18 px 46 px (19.8%) 8 px 8/223 5 px 3 px RT-PCR; no data
on Ct. GS; viral
cultures
Swadi 2021 New 86 px 2 px 86 px (100%) 4 px 4/84 4 0 RT-PCR, with Ct
Zealand (4.76%) data; GS
Yang 2020 China 325 px 1 px 9 px, 9 crew (5.53%) 9 px N/A Not specified Not specified RT-PCR, no data
on Ct
Zhang 2020 China Unspecified 2 px 8 px, 1 crew 0 px N/A 0 0 Epidemiologic data;
XA—flight 1 RT-PCR negative in
1 px; RT-PCR not
done in
asymptomatic cases
(Spx, 1 crew); no
data on Ct
Zhang 2020 China 343 px, 21 Unclear; 325 px, 11 crew Unclear, max 7 N/A Not specified Not specified RT-PCR, no data
XA—flight 2 crew minimum (92.3%) px on Ct
3 px
Zhang ] 2020 China 14505 159 px 161 px (1.10%) 2 px 0.14 %o Not specified Not specified RT-PCR, no data

on Ct

Abbreviations: px, passengers.
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Table 2. Non-human studies (wastewater studies)

Study Setting Methods Sample source Sample n/d Live cultures Notes

Ahmed 2020  Commercial Observational; seven samples were concentrated using the Wastewater; 3 The results N/A Cq values of SARS-CoV-2
passenger aircrafts;  adsorption—extraction method and three samples were concentrated wastewater samples (11 showed positive in RT-qPCR positive
(i) Los using Amicon® Ultra-15 centrifugal filter (Merck Millipore Ltd). RNA each) were collected SARS-CoV-2 samples were near the
Angeles—Brisbane was directly extracted from the electronegative membrane using a from a valve at the signals though assay limit of detection
(arrival on 26 combination of two kits (RNeasy PowerWater Kit and RNeasy bottom of the concentrations ALOD (i.e. amplified
April 2020; 117 px  PowerMicrobiome Kit; Qiagen, Hilden, Germany). The authors used five ~ vacuum-truck that were close to the between 37 and
plus crew; different RT qPCR assays (targeting different regions of RNA from collects the wastewater limit of detection 40 cycles). The RT-qPCR
duration 13 h and SARS-CoV-2 genome) tanks of the aircraft amplifications were not
52 min); (ii) Hong immediately after consistent for all
Kong-Brisbane landing. The tanks of RT-qPCR replicates; Cq
(arrival on 07 May the aircraft and the values of the positive
2020; 19 px plus vacuum trucks were samples ranged from 36.3
crew; duration 8 h emptied but not cleaned to 39. 0 It is possible that
and 10 min; (iii) between flights the SARS-CoV-2 RNA
New Delhi-Sydney detected could be carried
(arrival on 10 May over from other flights or
2020; 185 residuals left in the
passengers plus vacuum truck
crew; duration
11 h and 23 min

Albastaki 198 commercial Observational; viral RNA was concentrated following a modified Wastewater. A dedicated  Percentage of N/A Ct=33-36.10/16 flights

2020 aircrafts from 59 method, with an initial step of pipetting 10 ml of the wastewater sample ~ team from Dubai positive signals coming from Pakistan

airport
destinations from
all six continents

through 11-pm pore size, 125-mm diameter cellulose filter (Z240095;
Whatman®), followed by centrifuging 1.5 ml of the filtered sample at
4750 g for 30 min. Without disturbing the pellet, 400 pl of the
supernatant was later centrifuged at 3500 g for 15 min through MB Spin
Column from the DNeasy PowerSoil Kit® (12888-100; Qiagen,
Germany), the eluted sample was collected for extraction. Viral RNA
was extracted using MagMax Viral/Pathogen Kit (A42352;
ThermoFisher Scientific™, MA, US) following the manufacturer manual
using KingFisher™ Flex Purification System (5400 610, ThermoFisher
Scientific™, Massachusetts, US). The presence of SARS-CoV-2 RNA was
tested using RT-PCR by the detection of three different genes specific to
this virus; ORFlab, N gene and S gene. The adopted qPCR methodology
followed TagPath™ Covid-19 RT-PCR Kit (A48067; ThermoFisher
Scientific™, Massachusetts, US), using the manufacturer’s protocol. MS2
is used as an internal standard, and nuclease free water as a negative
control. Samples were prepared and set accordingly with the total
volume of 25 pl. The reactions were carried out using QuantStudio™ §
Real-Time PCR System (A34322; ThermoFisher Scientific™,
Massachusetts, US). The results were analyzed as instructed in the
manual

Airports collected
samples from arriving
aircrafts directly from
the excretory valve
beneath the airplane,
using a big bucket. The
wastewater was then
transferred into1000-ml
LDPE bottles
(BNH1000BULK;
Azlon®, Staffordshire,
UK) and stored at room
temperature waiting for
processing

showed to be
13.6%; Ct values
that ranged from
33to 36

were found to be positive
for SARS-CoV-2 RNA
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Table 3. Quality assessment of included studies: in-flight transmission studies

Study Study type Clearly Demographic Follow-up strategy and The transmission Main threats to validity Notes
defined setting ~ characteristics/sampling  duration sufficient for outcomes assessed taken into
procedures adequately the outcomes adequately consideration?
described
Bae 2020 Cobhort, Yes Unclear Yes Unclear Yes No data on Ct
prospective
Chen 2020 Cohort, Yes Unclear Yes Unclear Unclear No data on Ct; case ascertainment, alternative
prospective exposures, recall bias
Choi 2020 Retrospective,  Yes Unclear No Unclear No No data on Ct; alternative exposures;
case series asymptomatic px may be missed; use of GISAID
Eldin 2020 Retrospective, No Unclear No Unclear No No data on Ct; no comprehensive
case study contact-tracing (<20%); use of a database
(which may be incomplete); alternative
exposures
Hoehl 2020 Cobhort, Yes Unclear No Unclear No No data on Ct; use of other laboratory measures
retrospective (IgG); tested only symptomatic px; >20% of px
were not tested
Khanh 2020 Cohort, Yes Unclear Yes Unclear Yes No data on Ct
retrospective
Kong Cobhort, Yes Unclear No Unclear No No data on Ct; asymptomatic cases may be
2021—flight retrospective missed; recall bias; alternative exposures; unclear
1 number of secondary cases
Kong Cobhort, Yes Unclear No Unclear No No data on Ct; asymptomatic cases may be
2021—flight  retrospective missed; recall bias; alternative exposures
2
Murphy 2020  Cohort, Yes No No Unclear No Unclear number/data of index cases and
retrospective secondary cases; no data on Ct; tracing
—60.65%; alternative exposures; GS in 5/13
Ng 2020 Cohort No Unclear Yes Unclear No No data on Ct; alternative exposure
Nir-Paz 2020  Cohort Yes No Yes Unclear Unclear Ct—34 (1 px, with no viral vultures); no data on
crew
Park 2020 Cobhort, No No No Unclear No Index cases: upper respiratory tract (7=23)
retrospective Ct=27.0 (22.1-32.0); Lower respiratory tract
(n=27) Ct=26.4 (22.7-28.8); secondary case:
Ct <40. no comprehensive tracing strategy;
alternative exposures
Pavly Cobhort, No Unclear No Unclear No No data on Ct; tracing strategy—within two
2020—flight  retrospective seats; recall bias, alternative exposures

1

Continued
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Table 3. Continued

Study Study type Clearly Demographic Follow-up strategy and The transmission Main threats to validity ~ Notes
defined setting  characteristics/sampling  duration sufficient for outcomes assessed taken into
procedures adequately the outcomes adequately consideration?
described
Pavli Cohort, No Unclear No Unclear No No data on Ct; tracing strategy—within two
2020—all retrospective seats, recall bias
flights
Schwartz Cobhort, No Unclear No Unclear No No data on Ct; asymptomatic cases could be
2020 retrospective missed; alternative exposures; no date of
symptoms onset or RT-PCR
Speake 2020 Cohort Yes Unclear No Unclear No No data on Ct; alternative exposures;
asymptomatic cases could be missed; recall bias;
use of GISAID
Swadi 2021 Cohort, Yes Yes Yes Yes No Use of GISAID; some Ct > 25; alternative
retrospective exposures
Yang 2020 Case series, No Unclear No Unclear No No data on Ct; follow-up < 20%; alternative
retrospective exposure, case ascertainment
Zhang XA Case series, No Unclear No Unclear No No data on Ct; follow-up — within 2 rows;
2020—flight  retrospective asymptomatic cases were not tested; alternative
1 exposure
Zhang XA Cobhort, Yes Unclear No Unclear No No data on Ct; follow-up -asymptomatic cases
2020—flight  retrospective were not tested; alternative exposure
2
Zhang J 2020  Cohort, No Unclear No Unclear No No data on Ct; follow-up <20%; no data on
retrospective RT-PCR date; no data on the date of the

symptom’s onset, asymptomatic cases were not
tested, selection bias
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Table 4. Quality assessment of included studies: wastewater studies

Study Study type Description of methods ~ Sample Analysis and reporting  Is bias dealt Applicability ~ Notes
with sufficient detail to  sources clear appropriate with?
replicate
Ahmed 2020  Observational  Yes Yes Yes No Yes Cq values of the
positive samples
ranged from
36.3 to 39.0.
Albastaki Observational ~ Yes Yes Yes No Yes Ct of the
2020 positive

samples = 33-36

Main threats to validity taken into
consideration

Transmission outcomes assessed I
adequately

Follow-up strategy and duration sufficient
for the outcomes

Demographic characteristics/ sampling I
procedures adequately described

Cleary defined setting. |

0%

mYes

20% 40% 60% 80% 100%

Percent of flights

Unclear mNo

Figure 1. Risk of bias graph in studies on in-flight transmission of SARS-CoV-2.

hospitals, telephone interviews or a notifiable disease database.
A prospective study with the immediate quarantine of all the
passengers was done for two flights.'>*! Active daily contact
monitoring was done in one study,” and active surveillance with
quarantine of >80% of the passengers and crew was reported
for one flight.*® The time span for initiating follow-up ranged
between the day of arrival and several months. The follow-up
strategies focused on passengers seated within two rows or 2
m of the index case, passengers in the same section or class or
used a comprehensive approach. In addition, crew members of
25 flights were followed up for possible transmission of SARS-
CoV-2. The proportion of contacts that were identified and
traced ranged from 0.68" to 100%."-"

In total, the authors identified 19 729 passengers, 180 crew
members and 8 medical staff. Among them, they successfully
traced 2.800 passengers, 140 crew members and 8 medical staff.
Three studies did not report the number of passengers or crew

members on the aircraft board.!®?3:3°

On-board transmission

Overall, 273 index cases were reported across 18 studies. How-
ever, three studies did not clearly report the number of index

cases, and therefore, we considered the minimum number of
index cases in each report.!®:20-3

In the index cases, laboratory diagnosis was based on real-
time reverse transcription—polymerase chain reaction (RT-PCR)
in all 18 studies (Supplementary Material S8 available as Supple-
mentary data at JTM online). The RT-PCR timing varied from
the day of arrival to Day 11 after the flight, and passengers were
reported as pre-symptomatic, symptomatic or asymptomatic. Fif-
teen studies report a binary result (positive/negative) for passen-
gers or crew from 127 flights, including 239 cases.!3-21:24-26,28-30
The RT-PCR Ct was reported for 34 index cases from three
flights.?>23-27

Only three index cases reported in two studies had a positive
RT-PCR test at a Ct value <25.2»%” One study reported that
among the 30 index cases, 23 upper respiratory samples were
positive at a median Ct of 27 (interquartile range: 22.1-32.0),
and 27 lower respiratory tract samples were positive at a median
Ct of 26.4 (interquartile range: 22.7-28.8).2

In total, 64 secondary cases were reported (59 passengers
and 5 crew members). The number of secondary cases was not
clear in 3 reports.!”***" Three studies, each investigating one
flight, reported no secondary cases.”>**>** The secondary attack


https://academic.oup.com/jtm/article-lookup/doi/10.1093/jtm/taab133#supplementary-data

10

Journal of Travel Medicine

rate (number of secondary cases/all successfully traced persons)
among the studies that followed-up >80% of the passengers
and crew,!®1418:19,21,22,24.27.30 yaried between 0> and 8.2%.'*
However, genome sequencing (GS) was performed only in one
study that reported a secondary attack rate of 4.76%.”

The secondary cases were asymptomatic or symptomatic
individuals. The symptom onset day ranged from the 1st day
after arrival to the 24th day after arrival. They presented an RT-
PCR test positive for SARS-CoV-2. The sample collection timing
ranged from the 2nd to the 16th day after arrival. In one study,"”
the diagnosis of secondary infection was based on SARS-CoV-2
IgG antibodies, performed on Week 7 or Week 9 after the flight.

The seating position of secondary cases in relation to
the index cases was specified for 24 flights across eight

13,14,17-19,24,26,27

studies, with 27 passengers seated within 2 rows

14,17,18,24,26,27 and with one crew member who served the

or2m
index cases,** and four studies reported eight passengers seated
outside of two rows (or presumed 2 m) from the index cases and

one crew.'?:18:19,26

The seating position of the secondary cases
was not specified in eight studies for 102 flights.'>-!¢-20:21.23,
The location of the passengers in the aircraft, as presented by
the study authors, is displayed in the Supplementary Material S9
available as Supplementary data at JTM online. Nonetheless,
the images should be interpreted with caution, considering the
potential risk of bias of each study. In addition, the seating plans
do not account for passenger or crew movements and activities
such as visiting the toilet that occur during the flight.

Regarding the use of masks, one study reported the use
of N95 masks,'® one study reported the use of FFP2 masks,”
while seven studies did not report on masking of passengers or
crew.'s:16:18,19,23.24,

Alternative exposures were not fully assessed in 13 studies
including for 32 flights.!#-16:19-21,23-2830 Eyrthermore, in three
studies including 21 flights, some secondary cases were family
members.?!*4-30

In eleven studies, asymptomatic passengers or crew mem-
bers from 106 flights were not tested for SARS-CoV-2 infec-

tion, 15-17:19,21,23,25,26,28-30

GS and phylogenetic analysis

GS and phylogenic analysis were performed in individuals from
four flights.'?*2¢27 The methods used for performing these
investigations were essentially similar across the studies (see
Supplementary Material S10 available as Supplementary data
at JTM online). The completeness of coverage of the positive
samples ranged from 81 to 100% across the studies. The phylo-
genetic analysis showed >99% similarity across the entire viral
genomes.

One study investigating the near full-length genomes from
two index cases and two secondary cases found that they were
100% identical and phylogenetically grouped to the same clade;
all deduced sequences had a minimum coverage of 100."*

In another study, the authors performed GS in 5 of the 13
flight-associated cases of SARS-CoV-2 infection. They found
99% homology across the entire virus genome in all 5 cases.?

A third study®® reported that sufficient viral RNA was avail-
able to generate an adequate sequence for 25 of the 29 sam-
ples that were RT-PCR-positive. The authors obtained 100%
coverage for 21 and partial coverage (81-99%) for 4 samples.

The phylogenetic tree for the 21 complete genomes revealed that
they belonged to either the A.2 (7=17) or B.1 (7 =4) sublineages
of SARS-CoV-2. All of the complete A.2 sequences belonged
to a distinct genomic cluster separated by <2 single-nucleotide
polymorphisms. The 4 B.1 viruses comprised 3 B.1.31 and 1
phylogenetically more distant B.1 strain. Of the four partial
sequences, three clustered with the A2 strains, and the other was
designated as B.1.1 and was phylogenetically close to the B.1.31
sequences.’®

On another flight, the authors demonstrated that the viral
sequences of the index cases and the secondary cases were
assigned to lineage B.1 and were genetically identical apart from
one mutation from the sample from one secondary case.?” Three
studies used databases [e.g. Global Initiative on Sharing All
Influenza Data (GISAID)] to identify the country of the source

of infection.!>-2¢:%7

Viral cultures

Two studies***¢ performed viral culture (Table 1, Supplementary

Materials S8 and S11 available as Supplementary data at JTM
online). One study** reported that one asymptomatic index case
presented positive viral cultures 4 days after arrival. No data was
provided on the methods used for the cultures. The Ct value of
RT-PCR, performed on the first day after arrival was 24. The
authors report that the passenger presented a RT-PCR positive
for 26 days, but the latter Ct values are not specified.”

26

In another study,* viral cultures were performed using Vero
E6 cells. Specimens were inspected for cytopathic effects daily for
up to 10 days. The authors attempted to culture 17 PCR-positive
specimens, 9 (53%) of which grew SARS-CoV-2. Of note, 4/11
persons who were infectious on the flight had culture-positive

specimens collected the next day.

Discussion

Summary of main findings

We identified 18 studies assessing the in-flight transmission of
SARS-CoV-2 and 2 studies investigating the presence of the virus
in the wastewater of aircrafts. The evidence from the studies
reporting on the on-board transmission suggests that the risk of
infection could be higher in individuals seated within two rows of
the index cases. Nonetheless, identifying secondary cases seated
within a greater distance limits the evidence for restricting the
contact-tracing to this area.

Regarding the duration of the flight, there were short,
medium and long flights with a low or a high number of
secondary cases. For example, in one short flight, of ~2 h, the
authors reported two index cases and five secondary cases.”
Another study investigating a flight that lasted 18 h reported
two index cases and four secondary cases.”” The hypothesis
on the assumption that the risk of transmission increases with
the length of flight due to higher exposure postulated in other
airborne diseases® needs further investigation.

It is not clear whether the use of masks can prevent trans-
mission of SARS-CoV-2 in flights. The flights where some of
the passengers and crew used FFP2 masks” or N95 masks'
presented an attack rate of 0 and 0.32%, respectively. However,
the authors did not specify if a fit test” was performed to assess if


https://academic.oup.com/jtm/article-lookup/doi/10.1093/jtm/taab133#supplementary-data
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the mask fits and seals properly so that potentially contaminated
air cannot leak into the respirator. Furthermore, most of the
studies did not provide clear data on the masking of passengers
and crew.

The included studies reported on the possibility of SARS-
CoV-2 transmission from asymptomatic, pre-symptomatic or
symptomatic individuals. However, a major limitation of most
studies consisted of the possibility of asymptomatic index cases
transmitting the infection and of asymptomatic secondary cases
not being investigated due to lack of any symptoms, lowering the
quality of case ascertainment.

In addition, the number of studies that reported on Ct of RT-
PCR is limited; therefore, case ascertainments are likely to be
biased.'” The timeline of the sample collections also is suggestive
of bias in some studies.

The four studies that performed GS and phylogenetic analy-
15.20.26.27 report higher quality reliable evidence, indicating that
aircraft may be a setting associated with SARS-CoV-2 transmis-

sis

sion. The GS alone cannot prove the presence of infectious mate-
rials, as the amplicon-based methods now often used to assem-
ble SARS-CoV-2 genome sequences require only viral RNA.
Nor can amplification-based SARS-CoV-2 sequencing exclude
infections caused by other agents, such as rhinoviruses and
0OC43. However, such methods do provide secure phylogenetic
insights into the relationship between the putative index and
secondary cases. Nonetheless, the use of databases like GISAID
to ascertain transmission may induce bias. A recent review®
found that even though many developing countries have high
numbers of SARS-CoV-2 infected cases, they have few published
sequences. Such missing data could create bias in a phylogeo-
graphic analysis to elucidate the global transmission dynamics
of SARS-CoV-2. Substantial gaps in global sequencing data
may impede the accurate identification of a source of infec-
tion.

The positive results of viral cultures observed in two stud-
ies?>?® bring further evidence on aircraft transmission of SARS-
CoV-2. The positive viral cultures of index cases indicate that
infectious virus was present with potential for transmission to the
secondary cases. The transmission of the virus to the secondary
cases is documented by the evidence that the index case was
contaminated (i.e. Ct values <25) with infectious virus (i.e.
cultivatable virus); the spread is confirmed by genetic sequencing,
associated with the proof that they were clearly exposed to
the virus in the environment (i.e. the route of transmission).
It is noteworthy that samples from the environment were not
performed in any of the studies.

Nonetheless, the authors of one study** did not report on
the methods used for viral cultures, and they did not perform
GS. They report non-transmission of SARS-CoV-2 to the other
passengers of the flight, based on RT-PCR results, but the Ct
values of the other individuals are not provided.

The second study® had an elegant design with GS and viral
cultures. They did not provide Cts which would have provided
additional insights into the relative abundance of infectious
materials in the environment.

Similar to previous studies on aircraft transmission of
pathogens,’ the validity of many studies is limited by the
possibility of alternative exposures. Some common sites of
alternative exposures include sites before the flight (i.e. waiting

spaces), during flight (i.e. at the lavatory and movement of
passengers during flight) and after landing (i.e. lining up to
exit the aircraft, security checkpoints and documents check).

The included studies in our review focused mainly on the
gate-to-gate transmission of SARS-CoV-2, relating to the air-
craft portion of the trip. Nonetheless, the curb-to-curb portion
of travel in the airport is also of significant importance for
transmission of SARS-CoV-2 as well. The curb-to-curb passen-
ger activities from the point at which a person arrives at the
airport terminal, curbside or entrance includes the check-in,
baggage drop-off, security screening, concessions, support facil-
ities (e.g. restaurants, shopping and restrooms) and departure
holding rooms at the gate area before entering the jetway to
board the aircraft. After landing, the curb-to-curb passenger’s
travel continues from disembarking and entering the terminal
building to passing through customs checkpoints, the baggage
claim area and leaving the terminal. Also, the use of buses,
trams or trains is included as part of the intra-airport (between
terminals and gates) activities; travel to and from the airport is
excluded.

The variations observed in the contact-tracing strategies, the
timeliness of contact-tracing, the proportion of passengers and
crew successfully traced, the use of different case definitions, the
testing strategy and case ascertainment also give rise to further
doubts about the validity of the overall findings.

Our review results are consistent with the suggestion that
transmission of SARS-CoV-2 can occur in aircrafts but is a
relatively rare event. Similar to the close contact transmission,’
the research shows evidence of positive virus cultures as well
as genomic evidence of on-board transmission in one study.*
However, definitive route(s) of transmission needs further inves-
tigation. For example, recent systematic reviews reported a lack
of positive viral cultures in studies on airborne* and fomite
transmission.’* Nonetheless, a recent study has reported on the
presence of significant amounts of infectious SARS-CoV-2 in
the environment by focusing on cultures in the early stages of
illness.>* Previous to this latter report, positive viral cultures were
demonstrated mainly in studies on orofecal transmission.*®

This review did not address a comparison of risk between
aircraft and non-aircraft settings. Furthermore, there is currently
little evidence on the risk for transmission within comparable,
non-aircraft settings (i.e. enclosed spaces like theaters or sub-
ways) with air exchange filtration system, mask wearing and
minimal movement once in place and with variable screening
strategies before entry.

To our knowledge, no other systematic review of the literature
has been undertaken to assess the evidence for transmission of
SARS-CoV-2 aboard aircraft. We performed an extensive search
of the literature for eligible studies, accounted for the quality
of included studies and have reported outcomes (GS and viral
cultures). We included results from one non-peer-reviewed study,
which may affect the reliability of the review results. However,
due to the ongoing pandemic, such studies could potentially be
of research benefit.

The limitations in this review are mainly related to the
quality of the included studies and the fact that we could not
ascertain with certainty if two papers were reporting on the same
flight."**® In addition, the data extraction was challenging due to
missing, incomplete or unclear descriptions of the investigations.
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Several reasons may explain the low quality of the published
literature found to date. First, the current lack of standardized
methodology and clear reporting criteria contribute to substan-
tial methodological variation in SARS-CoV-2 transmission stud-
ies.’” Other factors include several variables that should be taken
into account, like the technical specifications of the aircraft, flight
duration, the infectivity of the index case, passenger spacing,
movement and activities (i.e. eating or drinking, contact with
contaminated surfaces and use of lavatory), masking practices
on-board and pre-flight screening strategies.’®-** All these factors
have been previously presented in earlier narrative reviews.**:*
Nonetheless, in times of a pandemic, the opportunities for rigor-
ous studies have been challenging and are often lacking.*®

In addition, we may not have identified all relevant studies
examining the SARS-CoV-2 transmission of aircraft-associated
transmission events. We did not include in our review lists of
public health authorities from different countries. Public lists
contain over 1000 flights with documentation of retrospectively
known cases of SARS-COV-2 infection on-board, like the Hong
Kong database (described in a previous narrative review).*® Still,
analyses of these databases have not been published.*®

Our findings emphasize the need for a standardized approach
to investigation and reporting on the transmission of SARS-CoV-
2 aboard aircraft. Future studies should aim for comprehensive
assessment of passengers and crew, with a complete follow-
up strategy. Factors that may influence transmission, such as
infectivity of the index case (asymptomatic, pre-symptomatic or
symptomatic, with or without mask), the susceptibility of passen-
gers (previous COVID-19 infection or vaccination and wearing
or not of masks) and effectiveness of exposure (proximity to the
index case, duration of exposure, technical specifications of the
airplane and quality of cabin air) should be consistently assessed
across studies.

Research should include Ct values when reporting RT-PCR
results and should describe the timing and sample collection
methods. In addition, further studies, including virus isolation,
GS and phylogenetic analysis, should be conducted to strengthen
the current evidence. Therefore, standardization of research
reporting should be a priority. Furthermore, new studies should
take into account other factors that might impact transmission
patterns, including natural immunity and vaccination coverage.

Conclusion

Current evidence indicates that the risk of transmission of SARS-
CoV-2 aboard aircraft is low, but the published data do not
permit any conclusive assessment of the likelihood and extent
of the transmission. Furthermore, the quality of evidence from
most published studies is low. The variation in study design
and methodology restricts the analysis of findings across studies.
Standardized guidelines for the reporting of future research
should be developed.

Supplementary data

Supplementary data are available at JTM online.
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