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Abstract

Background It is not yet fully understood to what extent in-flight transmission contributed to the spread of Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). This study aimed to determine the occurrence and extent
of SARS-CoV-2 transmission in-flight and assess factors associated with transmission risk to inform future control
strategies.

Methods Retrospective cohort study using data obtained from contact tracing of international flights arriving in
England between 02/08/2021-15/10/2021. Transmission risk was estimated by calculating the secondary attack rate
(SAR). Univariable and multivariable analyses of the SAR by specific risk factors was undertaken, including: number of
in-flight index cases; number of symptomatic index cases; contact vaccination status; flight duration; proximity to the
index case(s); contact age.

Results 11,307 index cases linked to 667,849 contacts with 5,289 secondary cases reported. In-flight SAR was 0.79%
(95% Cl: 0.77-0.81). Increasing numbers of symptomatic cases (when >4 index cases compared to one index case aOR
1.85;95% Cl: 1.40-2.44) and seating proximity to an index case (seated within compared to outside of two rows OR
1.82;95% Cl: 1.50-2.22) were associated with increased risk of secondary cases. Full vaccination history was protective
(aOR 0.52; 95% Cl: 0.47-0.57).

Conclusions This study confirms that in-flight transmission of SARS-CoV-2 occurred. There are factors associated
with increased risk of infection. Contact tracing identified exposed persons who subsequently developed infection. A
targeted approach to contact tracing passengers with the highest exposure risk could be an effective use of limited
public health resources.
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Background

Following the emergence of Severe Acute Respiratory
Syndrome Coronavirus 2 in December 2019 the virus
rapidly spread globally, facilitated by international travel
[1]. Travel-related interventions including contact tracing
had previously been recognised as an important tool in
limiting global transmission of other infectious diseases
[2], leading to their implementation in many countries as
a response to this new threat [1]. In the United Kingdom
(UK), non-pharmaceutical interventions aiming to miti-
gate importation of cases through air travel included pre-
and post-flight SARS-CoV-2 testing, contact tracing, and
quarantine [3-5]. However, risk of transmission in-flight
remained unclear [6], as did effective mitigation mea-
sures for airlines and other places of enhanced transmis-
sion risk [7], while the social and economic implications
of some of the interventions on individuals and societies
were highlighted [8].

Contact tracing was a key component of efforts to limit
onward transmission of SARS-CoV-2. However, inter-
national strategies varied [1], drawing on the limited
evidence from other infectious diseases [2, 9]. Contact
tracing can be effective in reducing onward transmission
of SARS-CoV-2 acquired in-flight [9], though timeliness
and completeness are likely to be imperative to success
[10-12]. To date, estimates of the risk of covid-19 trans-
mission on international flights are based on small stud-
ies with findings that vary from no evidence of secondary
transmission [6, 13], or low risk of transmission [3, 14—
16], to high transmission risk [17]. Evidence from sys-
tematic reviews suggests closer seat proximity to index
case, increasing number of index cases on flight, and
non-complete vaccination status are factors positively
associated with transmission risk, but also highlight the
heterogeneity of findings [18—21] and over-reliance upon
small samples which are more susceptible to bias and
confounding.

Challenges to the public health response to the pan-
demic were encountered including in areas such as cross-
border travel policy [5, 22]. Learning from the experience
is required to inform the future response to new and
emerging infectious diseases. In this retrospective study,
we utilised a large national contact tracing dataset to
determine the occurrence and extent of SARS-CoV-2
transmission on passenger aircraft and factors associated
with transmission risk. We assess the utility of available
genomic data to support inferences on transmission and
describe contact tracing efforts to inform future public
health control measures and policy.

Methods

Study population and data sources

This was a retrospective cohort study conducted using
operational data collected in a standardised manner by
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Public Health England (PHE) and National Health Ser-
vice (NHS) Test and Trace on COVID-19 cases who
travelled on international flights during the study period
and their contacts. The study considers a 74-day period
of international flights arriving in England (02/08/2021
to 15/10/2021) with uniform data collection starting at
the point when one data entry system was implemented,
ending when passenger locator form data was no longer
available to support contact tracing efforts. The study
period also covers a time of recovering international
travel [23], moderate background covid-19 incidence
[24], and stable restrictions on passengers and airlines
[25].

To travel to England in this period, passengers had to
show a negative SARS-CoV-2 Polymerase Chain Reac-
tion (PCR) test result (typically required within 72 h of
their flight, though rules varied) prior to boarding and
book PCR tests at days two and eight after landing. Posi-
tive tests were reported by laboratories to NHS Test and
Trace. Completion rates for day two and eight tests were
not available. Testing additional to those mandated at
day two and eight also occurred, potentially in response
to symptoms or for other individual reasons. Reports of
positive test results prior to air travel are possible as pas-
sengers only had to show a negative test to board their
plane. Index cases were defined as passengers with reg-
istered date of onset of symptoms or positive PCR test
result between seven days before and two days after their
international flight, implying these cases flew during
their infectious period.

All included cases of COVID-19 had undergone con-
tact tracing by NHS Test and Trace using a standardised
questionnaire. Cases with a history of international flight
travel were requested to provide flight details. If two or
fewer positive cases in the same cabin (the section of an
aircraft in which passengers travel) of a flight were iden-
tified in post-flight testing all passengers in that cabin
were identified as contacts [26]. If more than two cases
were on a flight, all passengers in the flight were defined
as contacts. The study population includes all passengers
defined as contacts on international flights arriving in
England during the study period, and for whom contact
tracing was undertaken. Contact tracing occurred in the
same way as community contacts [27], though flight con-
tacts were handled by a dedicated International Travel
Contact Tracing (ITCT) team. Contact tracing would not
have been undertaken if insufficient contact details were
provided or their referral to the ITCT was not reached
within the 24-hour cut off period for discarding referrals.
Secondary cases were flight contacts with date of onset of
symptoms or first positive SARS-CoV-2 PCR from three
to 14 days after their flight exposure.

Datasets were an extract of international travel event
data now held securely by the UK Health Security Agency
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(UKHSA). Genomic sequence data was linked where
available from Covid-19 Genomic UK Consortium data
also available from UKHSA using shared unique identi-
fiers. Genomic sequencing from Pillar 2 (community)
testing at the time followed near-random sampling from
each region to the maximum coverage allowed by labora-
tory capacity [28]. During the study period roughly 15%
of SARS-CoV-2 PCR positive samples were sequenced
[28]. The dominant circulating variant of covid-19 during
this time was Delta [28].

Inclusion and exclusion criteria
Inclusion criteria

« all passengers and crew arriving by flight in England
during the study period held on the international
travel contact tracing datasets, having met case or
flight contact definitions above.

Exclusion criteria:

«+ duplicate entry as defined by same flight number and
same arrival date;

« sharing both Unique Property Reference Number
(UPRN, a unique identifier for every addressable
location in the UK) and genomic data between index
and secondary case, as household transmission
is more likely (if given UPRNs match, household
sharing was assumed during infectious period);

+ missing or void free-text data entry rendering data
cleaning and linkage impossible.

Data analysis

Transmission of covid-19 was quantified by calculating
secondary attack rate (SAR) overall and for individual
flights. The secondary attack rate is the probability of

Table 1 missing data summary for key characteristics in
datasets. Contacts only column does not contain secondary
cases for ease of comparison. UPRN = Unique Property Reference
Number

Exposure variable Index cases  Contactsonly Second-
n=11,307 n=662,560 ary cases
n=5,289

Missing data, n = (%)

Whether symptomatic 0(0) Not applicable ~ Not

or not required
Age 0(0) 0(0) 0(0)
Vaccination status 1,316 (12) 262,354 (40) 2,145 (47)
Sex 6,849 (61) 575,179 (87) 4,424 (84)
Seat number 1,757 (16) 662,560 (100) 2,619 (50)
Flight duration Not required 599,275 (90) 4,897 (93)
Genomic data 8,379 (74) Not applicable 4,526 (86)
UPRN 2,559 (23) 114,341 (22) 1,003 (19)
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an infection occurring in a susceptible exposed group of
people and can give an indication of how different risk
factors or groupings relate to transmission risk. Genomic
data was analysed for matches between flight-linked
index and secondary case suggesting in-flight transmis-
sion. Only Single Nucleotide Polymorphism (0 SNP)
matches were considered. Descriptive summary statis-
tics were calculated, and we undertook univariable and
multivariable logistic regression analyses using RStudio
version 2202.02.0 to examine the relationship between
transmission of SARS-CoV-2 (a binary yes/no outcome
variable) risk and risk factors identified a priori. Expo-
sure variables were categorised into clinically relevant
groupings for number of index cases, (self-reported) vac-
cination status and age group, or as binary variables for
seating proximity (within or outwith two seat rows of
index case) and flight duration (less than or equal to two
hours and greater than two hours). Symptomatic cases
were defined by self-reported yes/no answer only.

Missing data [Table 1] was maintained, with the anal-
ysis using complete case analysis and no imputation.
Exposure variables were sorted by percentage missing
overall and stratified by key variables such as age, sex,
and vaccination status. Upon visual inspection of the
proportion missing by each characteristic, there was no
obvious differential bias in missingness, and data were
considered to be missing at random. Data on seat num-
bers was available for 2,670 secondary cases, most index
cases, and no contacts. For this seating-known cohort,
excluding instances of flights with more than one index
case (leaving n=1,553 secondary cases), we interrogated
how many secondary cases were observed as sat within
two rows of an index case. This was compared to how
many might be expected to be sat within two rows if we
assume random seating distribution on a plane of either
the 3x3 or 3x4x3 seating configurations common to
commercial flights. In the 3x3 configuration, an indi-
vidual sat at random on a plane would be expected to be
within two rows of a single index case 12.2% of the time.
With the 3x4x3’ configuration common to longer haul
flights, 8.1% of randomly sat individuals would expect to
be sat within two rows of a single index case. These esti-
mated figures of seating proximity were compared to the
observed data for how often secondary cases were sat
next to index cases to calculate odds ratios.

Complex survey design using the survey package (ver-
sion 4.2-1) in RStudio accounted for clustering of data
by flight instance using flight number and date of travel
to generate date-specific flight numbers. The impact of
clustering of data was assessed for both univariable and
multivariable logistic regressions and is presented in
the results with robust standard errors. Variables’ con-
tributions to the regression models were assessed using
chi-squared test, improvement in Akaike Information
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Criterion, and likelihood ratio tests. The inclusion of both
the number of index cases and the number of symptom-
atic cases on flights improved the fit of the model (Chi-
squared 17.8, p<0.001) with only moderate co-linearity,
as measured by variance inflation factor, for number of
index cases and number of symptomatic cases [29]. Inter-
actions between variables were considered by sequential

25,036 index cases
identified

13,616 did not
complete contact
tracing

113 duplicates

11,307 (45%) index
cases included in the
analysis

667,865 contacts
identified

16 excluded due to
likelihood of:
household
transmission

667,849 contacts
included in the
analysis

5,305 secondary cases
identified

16 excluded as likely
household
transmisison

5,289 included in the

analysis

Fig.1 Flow diagram showing population of cases, their contacts, and sec-
ondary cases used in the study
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addition to the model; only age of contacts was consid-
ered a confounding variable.

Results

Descriptive epidemiology

Index case dataset initially included 25,036 individuals
flying during study period [flow diagram Fig. 1]. Screen-
ing removed 13,616 (54%) who were not contact traced
and 113 duplicates, leaving n=11,307. These index cases
arose from 7,831 different flights. The total number of
flights arriving in England in that period is not publicly
available. Index case distribution on individual flights
was positively skewed: median number of index cases on
a flight was n=1 (mean=1.3, range=1-18). Most index
cases tested positive on the day of flight or within two
days after [Fig. 2].

There were 667,865 flight contacts of these cases iden-
tified. 16 were removed per exclusion criteria for sharing
both UPRN and genomic data with an index case, leaving
n=667,849 [Fig. 1]. Flights held a median of 83 contacts
(mean 85, range 1-343).

The secondary case dataset included 5,305 individuals
from the 667,849 contacts; 16 were removed after apply-
ing exclusion criteria, leaving n=5,289 [Fig. 1]. Distribu-
tion of secondary cases per flight was positively skewed,
median=0 (mean=0.7, range=0-13). The number of
days from when secondary cases testing positive since
flight followed a Poisson distribution, decreasing in rate
after the first few days [Fig. 3]. An increase is noted at day
eight, likely due to post-flight-testing rules.

Demographics
Contact traced and non-contact traced individuals (not
included in the analysis) were compared for difference
in characteristics to consider selection bias [Table 2].
Traced individuals were older than non-traced (mean age
41 vs. 38 years, t-test p<0.001) with a slightly higher ratio
of males to females in the traced group. Traced individu-
als were more likely to be fully vaccinated [Table 2].
Secondary cases differed from the contacts only group
[Table 2]. Secondary cases were older (mean age 46 vs.
44 years, t-test p<0.001), more likely to be unvaccinated
(11% vs. 7.6%), and less likely to have received two vac-
cinations against COVID-19, termed as ‘fully vaccinated’
for the time (45% vs. 50%, Chi-squared test for difference
between groups p<0.001).

In-flight transmission risk

The overall secondary attack rate (SAR) in our study
population was 0.79% (95% CIL: 0.77 to 0.81; 5,289 cases
from 667,849 contacts). Stratified by individual flight, the
mean SAR=0.80% (minimum 0%, median 0%, maximum
25%).
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Distribution of index cases by time around flight (at day = 0)
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Fig. 2 Distribution of SARS-COV-2 detection time (first positive PCR test of contact traced index cases) around flight (day zero)

Genomic data were available for 2,298 (26%) index
cases and 763 (14%) secondary cases. However, informa-
tion was available for cases linked by flight exposure with
available UPRN data in only 173 instances. Of these, 26
(15%) shared genomic data without a matching UPRN
number (indicating no household sharing but linked
transmission). There were four instances (2.3%) of shared
UPRN without genomic match and 143 (83%) with nei-
ther UPRN nor genomic match. The extent of this miss-
ing data meant that SAR was not calculated in this subset.

Exposure variable analysis

Flight duration information was present for 63,677 (9.6%)
contacts and 392 (7.4%) secondary cases. There was weak
evidence that the number of secondary cases was slightly
higher on longer flights of durations longer than two
hours against those less than or equal to two hours, odds
ratio (OR 1.19, 95% CI: 0.97 to 1.46; p=0.10) [Table 3].
More secondary cases were observed to be sat within
two rows of an index case than expected in a randomly
distributed sample in both seating scenarios: in “3x4x3’
seating configuration (OR 2.86, 95% CI: 2.29 to 3.56;
p<0.001) and in the ‘33’ seating configuration (OR 1.82,
95% CI: 1.50 to 2.22; p<0.001) [Table 3]. There was strong
evidence that the secondary cases were lower among
vaccinated individuals (OR 0.59, 95% CI: 0.54 to 0.65;

»<0.001) [Table 3]. The odds of finding secondary cases
were higher in older contact age groups: 40—64 years (OR
1.39, 95% CI: 1.27 to 1.53; p<0.001) and greater than 65
years (OR 1.32, 95% CI: 1.18 to 1.48; p<0.001), compared
to the youngest age group (0—24 years) [Table 3].

A higher number of index cases on a flight was asso-
ciated with increased risk of secondary cases. Taking
one index case as the reference, instances where two to
three index cases were reported had an OR of finding
secondary cases post flight of 1.29 (95% CI: 1.22 to 1.37;
p<0.001), and those with greater than four index cases an
OR 2.53 (95% CI: 2.31 to 2.77; p<0.001) [Table 3]. The
number of symptomatic index cases was also associated
with higher risk of secondary cases, and highest when
four or more cases had been reported (taking zero cases
as reference, OR 3.07, 95% CI: 2.73 to 3.45; p<0.001)
[Table 3].

Adjusted analysis [Table 3] showed strong evidence
that the number of symptomatic cases on the flight was
associated with increased risk of secondary cases after
adjusting for other independent predictors: with one
reported symptomatic case aOR 1.16 (95% CI: 1.07 to
1.26; p<0.001); with two to three symptomatic cases aOR
1.22 (95% CI: 1.06 to 1.40; p=0.004); and when more than
four symptomatic cases were reported aOR 1.85 (95% CI:
1.40 to 2.44; p<0.001).
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Distribution of secondary cases by time around flight (at day = 0)
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Fig. 3 Distribution SARS-COV-2 detection time (first positive PCR test of secondary cases) around flight (at day zero, not seen)

Table 2 Differences between traced and untraced index case populations and contact and secondary case populations for key
characteristics. Key: ' mean, median (IQR); 2 Welch two sample t-test, Pearson’s Chi-squared test

Characteristic Traced Not traced p value 2 Contacts only Secondary cases p
n=13,616 (%) n=11,307 (%) n=662,560 (%) n=5,289 (%) value 2

Age 38,37 (22,52) 41,43 (27,56)" <0.001 44,43 (30, 56)! 46,46 (33,57) <0.001
Sex <0.001 <0.001

Female 2,256 (17) 2,130 (19) 42,052 (6) 389 (7)

Male 2,408 (18) 2,328 (21) 45,329 (7) 476 (9)

Unknown 8,952 (66) 6,849 (61) 575,179 (87) 4,424 (84)
Number of <0.001 <0.001
vaccinations None 2414(18) 1,292 (11) 50,034 (7.6) 604 (11)

Partially (one) 850 (6.2) 398 (3.5) 18,725 (2.8) 166 (3.1)

Fully (two) 8,133 (60) 8,301 (73) 331,447 (50) 2,374 (45)

Unknown 2,219 (16) 1,316 (12) 262,354 (40) 2,145 (41)

Increasing number of index cases remained associated
with increasing secondary cases within the multivariable
model, with instances of greater than four index cases
having an aOR 1.59 (95% CI: 1.27 to 1.99; p<0.001) com-
pared to reference of one index case. Vaccination status
of contacts remained strongly associated with risk of
secondary cases, with partial vaccination conferring an
aOR of 0.75 (95% CI: 0.63 to 0.89; p<0.001) and full vac-
cination aOR 0.52 (95% CI: 0.47 to 0.57; p<0.001). Flight
duration and proximity reduced power of the model and
were removed. Calculation of robust standard errors to

account for the clustered nature of data by flight did not
change significance levels met for any variable.

Discussion

The overall in-flight secondary attack rate was 0.79%. This
attack rate is substantially lower than that reported in
the UK amongst household contacts of 10.8%, and non-
household contacts of 3.7% [30]. This may be explained
by differences in contact definition as well as other fac-
tors such as duration of contact and air quality mea-
sures in flights. This finding supports available literature
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regarding in-flight secondary attack rates [14, 18-20]
whilst strengthening previous results that may have been
underpowered due to small sample size [17].

Secondary cases were more likely to be identified with
increased number of index cases on a plane, particularly
if these are symptomatic. Vaccination was also a strong
protective factor of in-flight transmission. These asso-
ciations remain true after adjustment within the mul-
tivariable model for number of index cases, number
of symptomatic cases, vaccination status, and age, and
when accounting for clustering at flight level. Second-
ary cases were more likely to be found within two rows
of an index case. The findings are consistent with those
reported in other studies [14, 18—-20], and highlight the
importance of number of index cases, proximity, and vac-
cination status. Flight duration is shown in our data to
potentially be less significant a risk factor than in earlier
studies [14, 19], though a paucity of longer flights meant
that duration was not able to be measured in more gran-
ular detail. These studies consider earlier periods in the
pandemic, and the difference observed may be due to risk
mitigation strategies required to be brought in by airlines
by the time of our study including those aiming to reduce
passenger movement in-flight, changes in dominant vari-
ant, changes in use of personal protective measures, and
increased prevalence of vaccination [26].

Genomic sequencing data strongly confirmed the evi-
dence of SARS-CoV-2 transmission onboard flights,
by showing unrelated cases with genetically identical
sequences, and is a potentially powerful tool available
to public health policy makers. However, unfortunately,
despite the relatively high sequencing rates in the UK
[28], coverage, together with poor quality data on place of
residence, were not sufficient to assess transmission.

The strengths of this study lie in the unique national
dataset affording high power and multivariable analysis
of risk factors. However, contact tracing was completed
for only 45% (11,307/25,193) of the eligible index cases
in this cohort due to inadequate information provided by
travellers and the very high caseload of the team under-
taking contact tracing, which likely also induced the high
proportion of missingness for some variables. Although
public health advice was given to 679,172 identified cases
and contacts (11,307 index cases and 667,865 contacts), a
large proportion of the population at risk will have been
missed and not received additional advice or interven-
tion related to their flight exposure. The proportion of
booked PCR tests that were taken ineffectively or not
completed at all is unknown and the traced individuals in
our study tended to be older and more likely to be vac-
cinated (known protective factors), potentially under-
estimating the true SAR. Measurement bias in defining
the in-flight aspect of transmission was attempted to be
investigated using genomic data; however, data were not
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available to achieve this. Therefore, we assumed trans-
mission within this defined cohort occurred on flights,
though, in some cases, it could have occurred at another
time during the infectious period, from alternative index
cases. Although our study population is large, it occurred
over a short period, and behaviour and other changes at
different times during the pandemic would likely alter
some findings. Our study was not able to determine the
effect of flight duration, likely due to substantial missing
or free-text field input. The assessment of seating prox-
imity risk had limitations including assuming that in the
estimated comparator samples, individuals would be ran-
domly seated not clustered in groups, and in comparing
only to the observed cohort where a single index case
was observed on a flight. Missing data impacts the power
of our study but the effects of this are offset by the large
dataset. No systematic bias was observed in the distribu-
tion of missing data when stratified by key variables.

This study adds to the body of evidence of the value of
contact tracing of in-flight contacts and identifies factors
that may be used to develop a targeted approach to con-
tact tracing of flights to secure maximum public health
value particularly when resources are constrained. This
is likely to improve the effectiveness of contact tracing
while reducing any adverse impact of quarantining pas-
sengers with minimal or no risk of infection following
exposure. However, the analysis is context-specific as fac-
tors including covid-19 variant, background prevalence,
and enforced enhanced hygiene measures changed with
time and limit generalisation. Further work is required
to understand how transmission changed in association
with variation of these factors to provide further evi-
dence to inform future policy.

Conclusions

In conclusion, this study provides evidence of transmis-
sion of SARS-CoV-2 on international passenger flights
and identifies factors associated with increased risk of
secondary transmission. The large absolute number of
secondary cases observed during the study period indi-
cate this may be an important route of transmission
and public health interventions should be considered to
help control this in future epidemics. The scale of con-
tact tracing of flight contacts was unprecedented but
the effectiveness of contact tracing in the study period
was potentially limited by poor quality information and
lack of completeness in contacting potentially at-risk
individuals. Despite this, large numbers of contacts and
secondary cases were identified and isolated, there-
fore potentially limiting some onward spread. There-
fore, efforts should be made to improve the information
available to support contact tracing, such as through
improved data sharing with public health authorities. The
risk factors identified suggest that a targeted approach to
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contact tracing may be effective, particularly where pub-
lic health capacity is constrained.
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