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BACKGROUND: SARS-CoV-2 can be effectively transmitted between individuals located in close proximity to each other for extended durations.
Aircraft provide such conditions. Although high attack rates during flights were reported, little was known about the risk levels of aerosol transmis-
sion of SARS-CoV-2 in aircraft cabins.

OBJECTIVES: The major objective was to estimate the risk of contracting COVID-19 from transmission of aerosol particles in aircraft cabins.

METHODS: In two single-aisle and one twin-aisle aircraft, dispersion of generated aerosol particles over a seven-row economy class cabin section was
measured under cruise and taxi conditions and simulated with a computational fluid dynamic model under cruise conditions. Using the aerosol particle
dispersion data, a quantitative microbial risk assessment was conducted for scenarios with an asymptomatic infectious person expelling aerosol par-
ticles by breathing and speaking. Effects of flight conditions were evaluated using generalized additive mixed models.

RESULTS: Aerosol particle concentration decreased with increasing distance from the infectious person, and this decrease varied with direction. On a
typical flight with an average shedder, estimated mean risk of contracting COVID-19 ranged from 1.3x 107 to 9.0x 1072, Risk increased to
7.7x 1072 with a super shedder (<3% of cases) on a long flight. Risks increased with increasing flight duration: 2-23 cruise flights of typical duration
and 2-10 flights of longer duration resulted in at least 1 case of COVID-19 due to onboard aerosol transmission by one average shedder, and in the
case of one super shedder, at least 1 case in 1-3 flights of typical duration cruise and 1 flight of longer duration.

Discussion: Our findings indicate that the risk of contracting COVID-19 by aerosol transmission in an aircraft cabin is low, but it will not be zero.
Testing before boarding may help reduce the chance of a (super)shedder boarding an aircraft and mask use further reduces aerosol transmission in the

aircraft cabin. https://doi.org/10.1289/EHP11495

Introduction

SARS-CoV-2 spreads via respiratory droplets, including aerosol
particles.! To limit the fast global spread of the disease, interna-
tional aviation was brought to a standstill in March 2020. After
the aviation sector introduced measures to prevent the spread of
the disease, aviation slowly resumed in June 2020. At that time,
little was known about the transmission of SARS-CoV-2 in air-
craft cabins.

Early on in the pandemic, before preventive measures were
taken, air travel was found to be contributing to the spread of
COVID-19 outside of China.>3 As described for other pandemic
viruses such as influenza A/HINI 2009 and SARS-CoV,*> in-
flight transmission of SARS-CoV-2 has been reported.® In their
systematic review, Rosca et al.'” identified 130 unique flights
where 273 index cases led to 64 reported secondary cases, with
an attack rate ranging from 0% to 8.2% in studies where >80% of
the passengers and crew were followed-up. Rosca et al.'® noted
that a major limitation of many studies was the possibility of
asymptomatic secondary cases not being investigated, lowering
the quality of case ascertainment. Toyokawa et al.!' found that
risk factors for on board transmission were not using or partially
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using a face mask, as well as seating within two rows from the
index passenger. Other studies also observed that attack rates were
higher with closer seating proximity to a symptomatic index pas-
senger.” Moreover, asymptomatic transmission may also occur!?
even under strict infection control procedures, such as mask use.'?
An elevated risk was indicated for passengers in window seats.?
Rosca et al.'? stated that it is clear that SARS-CoV-2 transmission
aboard aircraft can occur, but that the published epidemiological
data did not permit any conclusive assessment of likelihood and
extent.

These epidemiological studies provided insights into the
transmission dynamics of the infection and effective outbreak
control measures. However, real-time analyses can be challeng-
ing owing to the incubation period, turnaround times required for
testing, and multiple exposures occurring through varying trans-
mission routes. Alternative study approaches encompass model-
ing such as quantitative microbial risk assessment (QMRA).'#
QMRA has been applied for SARS-CoV-2 exposure via droplets
and aerosol particles from, for example, wastewater treatment
plants and indoor drainage systems.!> QMRA has been applied in
an aircraft setting for the airborne disease tuberculosis,'® but not
yet for SARS-CoV-2, to our knowledge.

This study aimed to assess the risk of contracting COVID-19
via aerosol transmission of SARS-CoV-2 in aircraft cabins.
Dispersion of aerosol particles under real transport conditions was
determined from measurements in experiments and from data gen-
erated by computational fluid dynamics (CFD) simulations. Using
the dispersion information, risk of contracting COVID-19 was
estimated in scenarios with one contagious asymptomatic passen-
ger (index) exposing other passengers to aerosol particles contain-
ing SARS-CoV-2 that were emitted via breathing and speaking,
with or without a face mask, using QMRA. The combination of
data from measurements and CFD simulations provide an integral
method to estimate the realistic risk of contracting COVID-19
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during aircraft transport. A description of methodology and a
discussion of the results aimed at the general public was pub-
lished by the Royal Netherlands Aerospace Centre (Royal
NLR) and the National Institute for Public Health and the
Environment (RIVM).!”7 This article provides a more detailed
presentation of the work aimed at the scientific community.

Methods
General Study Design

The overall goal of this study was to estimate the risk of contract-
ing COVID-19 using measured and CFD simulations of aerosol
particles to model transmitted SARS-CoV-2 viral particles from
a single asymptomatic infectious passenger (index), in three types
of common passenger aircraft. During the pandemic, persons
with symptoms were expected to stay at home. However, an
asymptomatic index passenger could be as infectious as a person
with symptoms. After the pandemic, passengers with symptoms
are allowed to board. Because an asymptomatic passenger is not
expected to emit aerosol via coughing or sneezing, in this study
we considered only emission via breathing and speaking. Data
for the risk assessment were collected by means of measuring the
dispersion of artificially generated aerosol particles in the aircraft
cabin under a variety of cabin environmental conditions. As an
independent verification of the plausibility of the measurement
outcomes, dispersion of aerosol particles emitted by the index
passenger was also simulated using a CFD model. The CFD
model also allowed us to evaluate the sensitivity of the outcomes
to changes in the index passenger location, which, in contrast to
the measurements, could be varied in the simulations. Measured
and CFD-simulated aerosol particle dispersion data was used as
input for the QMRA. Cruise conditions were measured and simu-
lated. Taxi conditions were measured but not simulated to save
on computation time.

QMRA was conducted for discrete scenarios, generally assum-
ing a full aircraft with passengers wearing a disposable face mask
(over nose and mouth) for 90% of the flight time. Scenarios varied,
among others, in assumptions on flight duration, taxi and cruise
phases, and viral shedding of the index passenger. Boarding and
deboarding phases in the aircraft and at the airport terminal and
boarding bridges were not investigated. Other transmission routes
(direct by droplets and touch, indirect via fomites) than the aerosol
transmission route were not investigated.

Measurements

The measurement campaign consisted of 80 measurement runs
inside the cabin of a Boeing 737-800 (single-aisle, capacity 185
passengers), Airbus A320 (single-aisle, capacity 180 passengers),
and Boeing 787-9 (twin-aisle, capacity 280 passengers) aircraft.
All aircraft were measured in taxi (stationary, main engines

Table 1. Conditions in measurement runs.

running, power setting representative for taxiing, auxiliary power
unit off, doors closed) and cruise conditions (straight steady
flight at cruise speed and altitude, normal operating conditions;
for the B737, A320, and B787, cruise speeds relative to air were
410 km/h, 440 km/h, and 460km/h respectively; and the alti-
tude was 12 km for all aircraft). The aircraft were chartered from
commercial operators. The operators facilitated a safe test flight
but were not involved in the study design or risk assessment.
Each measurement run tested a scenario specified by flight condi-
tion, pack setting, and gasper setting, as well as whether or not
the index passenger was wearing a mask (Table 1). A gasper is
an adjustable ventilation outlet in passenger transport aircraft.
The gaspers are located in the passenger service unit above the
passengers. Passengers may adjust the direction and the strength
of the air flow by turning the revolving control.'8

The test section included seven rows of the economy class
cabin. Lifesize manikins were placed on the seats to mimic the
presence of passengers. During taxi testing, electrically heated
blankets covered the manikins to mimic the heat signature of
human passengers. For safety reasons, the blankets had to be
switched off during flight.

The index passenger was assumed to sit in a middle seat in
the middle row of the test section, called the index location. This
location was chosen to provide the best impression of directional
effects. The manikin at the index location was coupled to an aero-
sol generator that was spreading a proxy of human saliva. In the
single-aisle aircraft, the index passenger was positioned in seat E.
In the twin-aisle aircraft the index passenger was positioned in
seat E for most runs and, alternatively, in seats B or C for a few
runs (Figure 1). One seat behind and to the left of the index pas-
senger was used by the operator of the aerosol generator (custom-
ized Pulmospray; Medspray). The droplets were generated by a
silicon nozzle chip (design 1513; Medspray) that contained 85
pores of 1.9 um diameter and which used the Rayleigh jet
breakup principle to create consistent droplets of known size and
constant droplet generation.

At the seat of the index passenger, the nozzle was mounted
on the head of the manikin. The nozzle was connected to a sy-
ringe (1-mL Luer-lok; BD) and a manually operated air pump
(Dresco), combined with an airflow meter (TSI 4040), simulat-
ing the breathing of a human with multiple puffs of aerosol
particles. As a proxy of human saliva, water with 1% wt/wt
glycerol and 2% wt/wt sodium chloride was used to generate
the aerosol particles.!® The total excipient concentration (what
remains after evaporation) was 3% wt/wt, in line with a volume
reduction of 27 times by evaporation of aerosol particles from
human saliva as reported by Liu et al.2® The aerosol particle dis-
tribution was aimed to represent that of a breathing/speaking
person (80/20 ratio®'?2). A total of 700 pL of artificial saliva
was dispersed in a time span of ~3min in each measurement
run. The nozzle required pressurized air at a flow of 15 L/min

Parameter Single-aisle

Twin-aisle Rationale

Phase of flight Cruise, taxi

Gasper settings All closed, middle open, all open
Mask on index passenger Mask, no mask
Heated blankets on manikins On, off

Air conditioning (pack setting)
Index location

Normal, high
Seat E, row 24/25

Cruise, taxi Two phases of interest, owing to different am-
bient air pressure levels

Possible (local) effect on dispersion, easy to
manipulate

Assess the effect of a face mask on particle dis-

persion in an aircraft

Middle gaspers open

Mask, no mask

On, off Simulate heat coming from passengers. Only
used during the taxi phase
Normal Possible (cabin) effect on dispersion

Seats E, B, row 35 Effect of location index

Note: A single measurement run was conducted for each unique combination of experiment settings.
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Figure 1. Measurement setup showing the seats of the seven rows with the manikins: (A) single-aisle, (B) twin-aisle, and (C) nozzle connected to aerosol gen-
erator at index passenger location. ©ONLR & RIVM. Note: APS, Aerodynamic Particle Sizer; HPLC, high-performance liquid chromatography; PM, particulate

matter.

at 2 kPa, representative of breathing. Losses due to residues adher-
ing to the measurement setup were estimated at 11 pL, thus the
total volume of dispersed liquid was 689 pL. After initial evapora-
tion, the emitted aerosol particle volume, Vi yission, Was 25 pL.
Depending on the scenario, the nozzle was either uncovered or
covered by a nonmedical face mask (EN 14683 IIR), replicating
the effect of a face mask on the index passenger.

Aerosol particle concentrations (number of particles per centi-
meter cubed) were logged with Sensirion Particulate Matter (PM)
sensors (SPS30), placed on each manikin (Figure 1). In addition,
two TSI Aerodynamic Particle Sizer (APS) 3321 sensors meas-
ured the size distribution at two seats. One APS sensor was placed
right next to the source with the inhalation tube tilted toward the
index passenger. The other APS sensor was placed two rows in
front of the index passenger. Temperature and relative humidity
were logged at the seats using EasylLLog USB2 LCD + data log-
gers. Air flow direction and speed in three dimensions were meas-
ured at various locations in front of and behind the seven-row
section using a Gill Windmaster Pro 3D anemometer.

For translation of the findings to the QMRA, it was assumed
that the spread of experimental particles with an initial size of up
to 20 um was the same because in that size range convective
transport dominates.?’ With the CFD simulations, particles up to
20.0 pm in diameter were replicated. The number of aerosol par-
ticles released in the cabin was larger than produced by average
humans ( ~ 7 billion as estimated from the total volume that was
emitted and their size distribution that was determined with an
APS) to obtain reliable counts for determining the fractions used
in the QMRA.

The measured particle number concentrations in air were
divided over five different size classes: 0.3-0.5 pm, 0.5-1.0 pm,
1.0-2.5 pm, 2.5-4.0 pm, and 4.0-10.0 pm. Particle counts per
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centimeter cubed air were determined per diameter class, per sec-
ond, for a period of 5-10 min after the start of the aerosol emis-
sion. The APS sensors had a native measurement range of
0.5-20.0 um and were used to determine the size distribution of
the particles. For the determination of the particle dispersion in
number and sizes of the particles, measurements from both sen-
sors were combined. The particles within the 0.5- and 2.5-um
range bins were used as a reference to deduce the total number of
particles in the range 0.5-10 um per run, per seat. The particle
size distribution as determined in the laboratory and measured by
an APS was used to determine the number of particles within the
bin size per run and per seat. The PM sensor in the native mea-
surement range 0.5-2.5 pm was compared with an optical parti-
cle sensor (TSI 3330) by the German Aerospace Centre (DLR) in
a laboratory setting. The counts of particle size bins 0.3—1.0 pum
and 1.0-2.5 pm, where found to be the same with a deviation of
not more than 10%.

CFD Simulations

CFD simulations were carried out for the single-aisle Airbus A320
aircraft and the twin-aisle Boeing 787-9 aircraft that were used in
the measurements. In the CFD simulations, the starting position of
the cloud with spatially uniform distributed aerosol particles was
modeled as a 10-cm diameter sphere located 10 cm in front of the
index passenger. The particle size distribution at the starting posi-
tion was defined by the two source definitions of breathing and
speaking (80/20 ratio).?'>> Complementing the measurements, the
particle range was expanded to 20 pm in simulations.

The air flow in the aircraft cabin was simulated with the buoy-
ant Boussinesq?® solver of OpenFOAM,?* and the dispersion of
particles in this air flow was simulated with the Lagrangian
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approach of the same reference, taking into account the cabin
configuration of the aircraft types, cabin environmental condi-
tions, and ventilation system properties. The surface tempera-
ture of the passengers at the seven-row section were modeled
according to Tanabe et al.,”> unmoving and in a seated and
forward-looking position. The radiated heat of a seated passen-
ger was assumed to be 130.5W/m? for light activities. Seats
were positioned in their upright position with tray-tables stowed
away and all luggage was assumed to be stored in luggage bins.
The seat of the index passenger was varied over the middle row
of the seven-row section.

For the single-aisle aircraft, inflow of air was modeled
through side, ceiling, and gasper inlets following manufacturer
specifications that were provided by the aircraft operator (the
actual specifications of the aircraft are not accessible for the
general public). For the twin-aisle aircraft, inflow rates per
inlet were selected so as to limit differences between measure-
ment and simulation results. The inflow temperature was set so
to maintain a constant cabin air temperature (measurements
19-24°C, simulations 22°C and 24°C). Based on measured
temperatures with an infrared camera (FLIR E75) and tempera-
ture sensors, surfaces inside the cabin (seats, luggage bins,
floor, and roof) were treated as adiabatic, whereas for the side-
walls, the temperatures were set to fixed values—as is common
practice in this type of modelling®®?’—varying between 17°C
and 19°C.

The influence of air flow (in turn, influenced by, e.g., inflow
and outflow and buoyancy effects owing to the cabin occupants
emitting heat) and gravity on aerosol particle trajectories was
modeled, whereas the possible influence of inhalation and exhala-
tion by or movement of cabin occupants was not included. As
simplifications, aerosol particles were conservatively modeled to
bounce back rather than to stick to the surface upon impact, inter-
actions between aerosol particles were not modeled, and the size
of aerosol particles was modeled to remain fixed during their
movement through the cabin. These aspects of the behavior of
aerosol particles are an inherent part of the measurements, and
the simplification of the CFD modeling may therefore give rise to
slightly deviating outcomes.

In each simulation run, various quantities were logged to
derive the input for the QMRA. These quantities were determined
for inhalation boxes, defined as 30 X 30 X 30-cm cubes, centered
at the nose of other cabin occupants, based on Gupta et al.?® The
total volume of aerosol particles and the corresponding resi-
dence time, at a 1-s resolution, was exported as input for the
QMRA, as well as the number and volume of aerosol particles
per size (diameter) bin in each inhalation box.

Environmental conditions (temperature, relative humidity,
air exchange rate, air flow direction) and other input parameters
(dimensions) used for the simulations were matched to those
observed during the measurements.!” Simulated and counted
numbers of aerosol particles were compared for the single- and
twin-aisle aircraft under cruise conditions.

OMRA

In the QMRA, the inhaled dose of virus at each seat, d,;,[seat]
was calculated as follows:

dvirus [Seat] =fevap X Csputum Xfmask xfrac[seat] X gsre X texp,
(H
where feyqp X Copumm 15 the concentration of virus in the aerosol
particles (numbers divided by volume), that was derived from

the concentration of virus in sputum (numbers divided by vol-
ume), by assuming that sputum-generated aerosol particles will
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shrink by an additional factor of 1/f,,,, owing to evaporation,

within a few tenths of a second®®; £, is the assumed total fil-
tering efficiency of masks combined for inhalation and exhala-
tion; frac[seat] is the fraction of aerosol volume released that
would be inhaled by a passenger at a seat; ¢, is the emission
volume rate of aerosol particles by an index passenger; and .,
is the exposure duration.

The transform fraction frac was determined in the measure-
ments and CFD simulations for all seats in the cabin section by
integrating the inhaled aerosol volume concentration cy at a seat
over the entire measurement or simulation run duration t,,, and
dividing by the total aerosol volume released V,ission:

Jrac = g; X X lrun X Cyol,

(@)

where g; is the inhalation rate of an exposed person at seat (equal
to gs) and ¢, is defined as the average of ¢, over the experi-
mental run duration. See Table 2 for all parameter values.

Calculation of risk. From the inhaled virus dose d,;s, risk of
contracting COVID-19, P;;, was calculated as a probability of
that person contracting COVID-19:

1 Lrun , , 1
[T = ax

Vemission 0 emission

Py=1- exp (_frdvirus)s (3)

where f'is the fraction of plaque forming units in virus RNA cop-
ies, and r is a dose-response parameter. Following Schijven
etal.?® fwas set to 1.25x 1072, and r to 5.6 x 1072 (Table 2).

Because of a lack of dose-response data, the recommendation
of Haas* to use the dose-response data for human coronavirus
229E as representative for SARS-CoV-2 was followed as a precau-
tionary approach. These data encompass dose values and number
of persons demonstrating symptoms. It was assumed that this
dose-response relation for the risk of illness to exposure to 229E
applied to SARS-CoV-2 as well. The combination of fand r corre-
sponded to 6.9 x 10~* virus RNA copies on average leading to con-
tracting COVID-19 matched the number of viral genomes needed
to initiate an infection of ~ 1,000 (1-5,000) as based on a transmis-
sion network with 39 transmission events.?!

The expected number of cases in the seven-row section was
calculated by multiplying the mean risk with the number of pas-
sengers seated in the seven-row section and was assumed to be
equal to the expected number of cases of contracting COVID-19
in the entire aircraft. The virus dose depends linearly on cgpusm,
fmask, frac, g, and t .y, (Equation 1). If risk levels are low, risk
may also be regarded as linearly dependent on these variables.
Hence, a straightforward sensitivity analysis was conducted: by
simply comparing the relative ranges these variables span. All
computations of risk were conducted using Mathematica (version
12.3.1).32

Scenarios. Risk estimates were made for each seat in a set
of seven rows around the index passenger. Risk outside this
area was assumed to be negligible, as was justified by additional
very low measurements outside the seven rows (within the
same order of magnitude as the uncertainty margin of the PM
sensors used). Input parameters were either fixed to a determin-
istic value representing a scenario assumption, or represented
by a probability distribution to account for variability in the pa-
rameter value. Risk in each scenario was evaluated using Monte
Carlo simulation in which 10,000 samples were taken from the
probability distributions, resulting in a distribution of risk estimates
per seat. Parameter values for ¢, and g, were as described by
Schijven et al.?® Cspum Was normally distributed on a log,-scale
with a mean of 7.53 and standard deviation of 1.28.2°
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Table 2. Model parameters (Equations 1-3).

Model

parameter Value Dimension Reference

fevup 27 - Liu et al.2°

Coputum 10"Normal (7.52,1.28) RNA Schijven et al.?®

copies/mL

ﬁnask 0.7 — Chu et al.33;
Esposito et al.>*;
Fisher et al.?;
Howard et al.3°;
Leung et al.?7;
Cheng et al.?®

Gsre 10"Normal (log,((6.8),0.05)  L/min Colbeck!®

Loy Scenario dependent —_ —_

) 1.3%1072 — Schijven et al.2®

r 5.6x1072 — Haas et al.°

Note: —, not applicable.

The filter efficiency of masks is reported to be highly vari-
able, ranging from ~ 30% to >90%.33738 In the present study, it
was assumed that inhalation filtering (removal) efficiency was
30% and that the reduction in droplet and aerosol emissions was
60% when masks are worn. This yielded a total risk reduction
of ~70%, in accordance with the face mask efficacy derived by
Cheng et al.3®

Scenarios were constructed by varying cruise flight duration
(typical or long), the viral load of the index passenger [based on
population data or a passenger who sheds an extraordinary amount
of infectious aerosol particles (a super shedder)], and flight condi-
tions (cruise or taxiing). For mask wearing, an assumption was
made that masks are worn during flight except for a period in
which meals or snacks are served.

For flight duration, typical and long flight durations were
adopted based the flights to and from Amsterdam Airport Schiphol
in 2019. Typical cruise flight duration was 0.9 h and 1.4 h for the
two single-aisle aircraft, and 8.7 h for the twin-aisle aircraft. The
long (95th percentile) cruise flight duration was 2.5 h and 3.6 h for
the two single-aisle aircraft, and 11.1 h for the twin-aisle aircraft.

The typical duration that masks are not worn (owing to con-
sumption of drinks, snacks, and meals on board) was estimated to
be 10% of the total flight duration. Also included was the scenario
in which masks were assumed not to be worn at all.

Virus shedding of the index passenger was based on data on
Gsre and Cgpynum- In addition to the variable emission data described
above, a deterministic super shedder scenario was included. A
super shedder was defined as a person with a sputum viral load of
10'° RNA copies per milliliter (97.3% of virus concentrations is
less than this value; Table 2).

Statistical Analysis of the Measurements

Estimated mean risks P;; after 1 h of exposure per exposed pas-
senger (manikin) and per run based on the measurements were
subjected to statistical analysis as the dependent variable in R
(version 3.6.0; R Development Core Team) for analyzing the
effects of a number of variables. Values of p;; equal to zero
were excluded, because in those cases no PM sensor data were
available. In the statistical analysis, mean p;; values were log,
transformed.

Generalized additive mixed models (GAMMs) were fitted
using package gamm4 (version 0.2-6).>° As fixed categorical
effects, aircraft (single and two aisle), gc (taxi/cruise), mask
(Yes/No), heating (Yes/Noj; only during taxi conditions), gasper
(closed/open; affects air flow, only during taxi conditions) were
entered into the models. distance, oc (cabin air temperature), and
rh (relative humidity) were modeled with smooth additive effects,
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whereas angle (0-360 degrees, relative to the index passenger,
where 0 degrees was along a row to the right) was modeled with
a cyclic spline. Run was entered as a random intercept in the
GAMM. GAMMs were fitted with restricted maximum likeli-
hood. Significance and p-values were based on ¢-tests used the
Satterthwaite method. An effect of blankets was not investigated
because this effect could not be distinguished from heating.
Similarly, an effect of pack was not investigated because this
effect could not be distinguished from gasper. In R, the GAMM
model was formulated as follows:

log,(Piur) ~ mask_YN + aircraft + gasper + heating +
s(oc,bs ="ps”, k=4)+
s(rh,bs="ps”, k=4) +
s(dist,bs =“ps”,k =5, by = aircraft) +

s(angle,bs =*cc”, by = aircraft),

where s is a function used in definition of smooth terms, with the
parameter bs indicating the (penalized) smoothing basis to use
(ps specifies P=splines and cc specifies acyclic cubic regression
splines).

Results
All values of cy,, frac, and Py, are listed in Excel Tables S1-S9.

Aerosol Particle Dispersion

After initial evaporation to the final size, the generated aerosol
particles resembled aerosol particles exhaled by humans under
typical breathing?! and speaking conditions.?> The generated
particle diameters were in the range of 0.3-5.5 pm after evapo-
ration of the solvent, whereas the initial wet size of the aerosol
particle was three times larger. Aerosol emission by humans by
speaking and breathing is known to include larger particles.?!-??

Given the large number of inlets and outlets and fluctuations
over time owing to changing conditions, air exchanges per hour
were difficult to measure directly with the in-cabin measure-
ments. Using the time between the instant the aerosol generator
stopped emitting aerosol particles and the end of the measure-
ment runs (3:42-8:12 min while on the ground, and 2:40-7:37
min during cruise) as indicative of the time until the cabin air is
refreshed, the corresponding refresh rates varied between 7.3 and
22.5 air exchanges per hour.

Aerosol particle concentrations remained low for all seats in
the measurement grid during the time between measurement
runs. In addition, only very low numbers of aerosol particles
were detected in the two rows in front of the measurement grids
(within the same order of magnitude as the uncertainty margin of
the PM sensors used). The values of the transfer fraction frac
(Equation 2), virus dose, and associated risk values were highest
next to the index ;z)osition: in orders of magnitude of 10~*to 1073
for frac, 10" to 10? for virus dose, and 107> to 107! for the risks.
All quantities declined by approximately one order of magnitude
for the other seats within the seven rows. This general pattern
was observed for all aircraft and measurement runs. For detailed
samples of the transfer fractions of aerosol particles per seat for
different measurement runs and aircraft, see Figures S1-S3 and
Excel Tables S7-S9.

On average, the CFD simulations predicted 50% (single-aisle)
or 70% (twin-aisle) more particles per seat than were found in the
measurements (Tables S1 and S2). This may be explained by the
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Table 3. Categorical fixed effects on the base-10 logarithm of the risk of contracting COVID-19 (log;(Pi).

Term Estimate log,,Pi; Standard error log, (P p-Value® Mean effect on risk Py
All measurements without considering effects of gasper and heating
Mask yes” -0.57 0.014 <2x107'° 3.7 times lower
Twin-aisle aircraft 0.51 0.019 <2x1076 3.2 times higher
Taxi’ -1.6 0.15 <2x107' 40 times lower
Twin-aisle aircraft X taxi® —0.072 0.028 0.01 1.2 times lower
Measurements at taxi conditions considering effects of gasper and heating
Mask_yes” —-0.58 0.014 <2x107!6 3.8 times lower
Twin-aisle aircraft 0.39 0.019 <2x107' 2.5 times higher
Gasper open’ 0.17 0.020 <2x1076 1.5 times higher
Heating on® -0.24 0.027 <2x107'° 1.7 times lower

“GAMM™ in R (version 3.6.0; R Development Core Team).
bRelative to mask no.

‘Relative to single-aisle aircraft.

“Relative to flight.

“Interaction term.

/Relative to gasper closed.

SRelative to heating off.

conservative choice to simulate aerosol particles bouncing back
from surfaces rather than sticking to surfaces.

Statistical Modeling and Analysis of the Measurements
(Excel Tables S7-S9)

Table 3 summarizes the categorical effects on log,,Py;. The antilog
of each of the coefficients given in Table 3 represents the factor by
which the risk, Py, changes, which is the effect of a condition. The
adjusted R? of the GAMM model was 73%. Figure 2 depicts box
plots of log,,Piy; according to the type of aircraft (single-aisle/twin-
aisle), gasper (open/closed), and heating (on/off). It shows a wider
distribution of risks in the single-aisle aircraft compared with the
twin-aisle aircraft (see Table S3 for the corresponding values). The
categorical, as well as the smoothed fixed, effects were all highly
significant (p < 2 x 1071%). Generally, risks were reduced 3.7 times
when the index passenger wore a mask; the overall effect was
highly significant. Temperature and relative humidity also signifi-
cantly affected risks. Generally, risks increased with increasing
temperature (by approximately one order of magnitude from the
temperature from 20°C to 26°C) and increasing humidity (by two
to three orders of magnitude for relative humidity from 10% to

40%) (Figure 3). The splines in Figure 3 also show an initial faster
decline of risk with increasing distance from the index passenger.
In the single-aisle aircraft, the smooth effect of angle suggests that
the net transport of aerosol particles was more backwards and to
the left, whereas in the twin-aisle aircraft, this directional effect
was less (Figure S4 shows the computed fractions, doses, and risks
from the measurements). During taxi conditions, the overall effect
of opening gaspers was an increase in risks by a factor of 1.5, and
the overall effect of heating the blankets that were covering the
passengers to mimic body heat decreased risks by a factor of 1.7
(Table 3).

Figure 4 groups the mean and 95th percentiles of the risk of
contracting COVID-19 per aircraft according to flight condi-
tions, virus load, flight duration, and comparison between esti-
mates from measurements and CFD simulations. (Table S4
lists the mean and 95th percentiles of the risk of contracting
COVID-19.)

Risk calculations for the two single-aisle aircraft studied
showed that on average between 1.3 X 1073 (measurements) and
1.1x 1073 (simulations) passengers will become ill (top left panel
in Figure 4). For the twin-aisle aircraft, this probability ranged
from 1 in 110 (measurements) to 1 in 230 (simulations). The risk

Single aisle Single aisle Single aisle Single aisle Twin aisle Twin aisle
Gasper open Gasper open Gasper closed Gasper closed Gasper closed Gasper closed
Heating on Heating off Heating on Heating off Heating on Heating off
o 1077 .
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g 107 — =
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3 1041 | ! :
|
=)
L o5
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g 35| ‘ * " 3 f
& 1 — — Jﬁ .J% H
o . | (0]
G 1071 _!‘ $ —— - - é
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Figure 2. Box plots of the distribution of risk of contracting COVID-19 (P;;) among exposed passengers in the seven rows around the index passenger. Risks
are derived from the measured aerosol dispersion using Monte Carlo simulation over continuous exposure factors but distinguishing binary factors: type of air-
craft (single-aisle/twin-aisle), gasper (open/closed), heating (on/off), flight conditions (cruise/taxi), and mask (Y/N). The middle line represents the median,
boxes encompass the quartiles, and the whiskers represent the minimum-maximum interval. See Table S3 for risk values. Exposure time=1h. ©ONLR &

RIVM. Note: N, no; Y, yes.
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was highest for the twin-aisle aircraft mainly owing to the longer
typical flight duration of this aircraft.

In the case of a super shedder as an index passenger (middle
row panels in Figure 4), risk of SARS-CoV-2 transmission was
estimated to be 6.3-7.6 times higher than in the case of an aver-
age shedder (top row panels). The estimated mean probability
was that 8.3 x 107> up to 6.3 x 1072 passengers will be at risk of
COVID-19 illness.

Transmission risk increased as the dose increased propor-
tionally with flight duration (compare left and right panels col-
umns in Figure 4). The mean individual risk of contracting
COVID-19 on board the single-aisle aircraft performing a lon-
ger flight was found to lie between ~2.4x 107 and 2.9x 1073
(between 1.9%x 1072 and 2.1 x 1072 in case of a super shedder).
For a longer twin-aisle flight, the mean individual risk varied
from 5.2x107% to 1.1x 1072, increasing to values between
4.0x 1072 and 7.7 x 1072 when a super shedder index passenger
was on board.

Per-hour flight duration risk was found to be between 3.4 x 10~
and 1.3x 107 for the single-aisle and between 7.1x 10~* and
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1.3x 1073 for the twin-aisle aircraft for the average shedder and
assuming mask wearing for the entire hour.

During taxiing, the mean individual risk of contracting
COVID-19 for passengers varied with taxi duration (bottom pan-
els row Figure 4). For typical taxi times, the mean risk on board
the single-aisle aircraft was 3.8 X 107*; for longer taxi times, the
value was similar: 3.2 10™*. For the twin-aisle aircraft risks
were 7.1x 10~ for a typical taxi period and 5.9 x 10~ for a lon-
ger taxi duration.

The number of flights that was expected to result in at least
one case of contracting COVID-19 was also calculated. For
the most relevant scenarios, both the expected number of
cases and the expected number of flights to result in (at least)
one case are given in Table 4. Risks increased with increasing
flight duration: 2-23 cruise flights of typical duration and 2—
10 flights of longer duration resulted in at least 1 case of
COVID-19 due to on board aerosol transmission by one aver-
age shedder and in the case of one super shedder, at least
1 case in 1-3 flights of typical duration cruise and 1 flight of
longer duration.
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11.1 h for the twin-aisle aircraft. See Table S4 for the corresponding values. ©NLR & RIVM.

Discussion

The overall goal of this study was to estimate the probabilities of
becoming ill with COVID-19 under various scenarios, that is,
symptomatic infection. To that aim, it was assumed that the
dose-response relation for the risk of illness due to exposure to
coronavirus 229E applied to SARS-CoV-2, which is a precau-
tious assumption recommended by Haas.>® Such a precautious
approach is justified considering the complexity of existing var-
iants of the virus and vaccination status. The estimated effects of
mask wearing, type of aircraft, and air conditions in the aircraft
on risk changes will, nevertheless, be valid. The probability of

becoming infected with the virus is higher, given that asymptom-
atic infections also occur. The percentage of infections that are
asymptomatic were estimated at 40.5% [95% confidence interval
(CI): 33.5%, 47.5%] and at 35.1% (95% CI: 30.7%, 39.9%).*° The
percentage of infections that are asymptomatic can vary with vi-
rus variant, immune status of the exposed population, and age.
For example, Sah et al.*! estimated that 19.7% of infections in el-
derly are asymptomatic, compared with 46.7% in children.
Variation in estimated risks (for contracting COVID-19 as a
result of aerosol transmission of SARS-CoV-2) between aircraft
may stem from differences in indoor aircraft conditions that lead

Table 4. Expected number of cases per flight and expected number of flights resulting in at least one case of contracting COVID-19.

Typical cruise flight duration”

Long cruise flight duration”

Variable virus load Super shedder Variable virus load Super shedder
Measured Simulated Measured Simulated Measured Simulated Measured Simulated

Expected number of cases per flight

Single-aisle® 0.053 0.044 0.33 0.31 0.11 0.10 0.83 0.77

Twin-aisle? 0.55 0.27 3.8 2.0 0.55 0.27 4.7 2.4
Expected number of flights to result in at least 1 case

Single-aisle 19 23 3 3 9 10 1 1

Twin-aisle 2 4 1 1 2 3 1 1

Note: Expected number of cases per flight calculated by multiplying the number of passengers per flight with the mean risk of contracting COVID-16 (Figure 4; Table S4). The recip-

rocal value is the expected number of flights to result in at least 1 case.

“Typical cruise flight duration was 0.9 h and 1.4 h for the two single-aisle aircraft, and 8.7 h for the twin-aisle aircraft.
’Long (95th percentile) cruise flight duration was 2.5 h and 3.6 h for the two single-aisle aircraft, and 11.1 h for the twin-aisle aircraft.

€180 passengers.
9280 passengers.
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to differences in aerosol transport and exposure, as well as from
differences in flight duration. The latter may well be the largest
contributor to the interaircraft variation. Considering the risks per
hour of flight, the maximum difference between aircraft was
approximately a factor of 4. Fractions of transferred aerosol par-
ticles determined for two other aircraft by Kinahan et al.,*?
namely at least 0.0046 adjacent the index passenger and 0.0002—
0.0003 at the other seats, were similar to those determined in the
present study. Conditions that govern differences in transmission
between aircraft may therefore be limited. According to the sim-
ple sensitivity analysis, overall, the variability in aerosol transfer
between aircraft is much lower than, for example, variability in
virus load observed in the sputum of contagious persons or the
variability in aerosol emission volume of an index passenger dur-
ing breathing. The impact on the variability of the estimated risk
of these latter factors may be several orders of magnitude.

Under low air humidity, risks increased with humidity. Other
factors underlying the differences in conditions in the aircraft
under cruise and ground conditions may possibly play a role.
Recently, Verheyen and Bourouiba*® suggested that 40%-60%
relative humidity resulted in fewer deaths compared with <40%
or >60% relative humidity, indicating there could be a mid-range
protective effect.

The QMRA was based on simplified assumptions of a size-
independent particle removal efficiency of aerosol particles of 70%
by mask wearing by the source and receiver combined.’® Mask
wearing by an index passenger will also affect the distance over
which particles are emitted during speech or breathing. Studies on
filter efficiency of masks indicate a large variability with type of
mask and measurement setup. Although overall there seems to be
some indication that mask filter efficiency is dependent on particle
size, the available studies do not allow the derivation of a univer-
sally valid filter characteristic function. In addition, the heteroge-
neity of the study methods leads to results that are difficult to
compare or combine. Therefore, in this work, the QMRA was
based on simplified assumptions of a size-independent particle re-
moval efficiency of aerosol particles of 70% by mask wearing by
the source and receiver combined, which was considered a plausi-
ble, somewhat pessimistic assumption of mask filter efficiency.
According to the statistical analysis of the measurements, risks
were generally reduced when the source wore a mask: The overall
effect, independent of the type of aircraft, was highly significant
(p <2x107'%) and amounted to a risk reduction of 3.7 times (73%
reduction; Table 3). This indicates a similar effect as reported by
Cheng et al.3® and may well be related to the low relative humidity
of 10% during cruise conditions. Nevertheless, to what extent the
measurement setup was representative of mask wearing by a
human index passenger remains uncertain.

The risks of contracting COVID-19 as determined in this
study are in the range of the attack rates (0%—8.2%) as found in a
systematic review of SARS-CoV-2 transmission in aircraft
travel.'% Including both symptomatic and asymptomatic second-
ary cases, Khanh et al.” described a 10-h flight after which 12 of
the 20 business class passengers tested positive. In the economy
class, at least 2 of the other 180 passengers became positive, as
well as one crew member. An attack rate of 62% in the business
class area was inferred. This was much higher than in the QMRA
presented in this work. Seating proximity was strongly associated
with increased risk. For the whole aircraft, the attack rate was in
line with this study. It should be noted that risks evaluated by
Khanh et al.” most likely stemmed from transmission via both
ballistic droplets and aerosol transmission.

Murphy et al.!? described a 7.5-h flight to Ireland with a seat
occupancy of 17% (49/283 seats) and 12 crew members. The
inferred attack rate for this flight was 12/48, which is higher than
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the highest predicted mean transmission risks from aerosol trans-
mission in the present study. At least 4 of the flight cases were
not seated next to any other positive case, had no contact in the
transit lounge, wore face masks in-flight and would not be
deemed close contacts under current guidance from the European
Centre for Disease Prevention and Control, rendering aerosol
transmission a plausible route. Findings were confirmed by phy-
logeny of virus variants.

Bae et al.!? researched virus transmission by 6 asymptomatic
passengers on a 11-h evacuation flight carrying 310 passengers
from Milan, Italy, to South Korea. This flight resulted in one sec-
ondary case. Overall, one symptomatic infection originating from
1 of 6 asymptomatic sources yields a 0.2% transmission probabil-
ity similar to the risk of transmission during typical flight dura-
tions (8.3 x 107*t0 8.3 x 107%) as estimated in the present study.

Toyokawa'! found in their epidemiological analysis of SARS-
CoV-2 transmission during a 2-h domestic flight in Japan, March
2020, that risk factors for infection included not using a face mask
[adjusted odds ratio (aOR) =7.29 (95% CIL: 1.86, 28.6)], partial
face mask use [aOR =3.0 (95% CI: 0.83, 10.8)], and being seated
within two rows from the index passenger [aOR =7.47 (95% CI:
2.06, 27.2)]. The index passenger in this case was not wearing a
mask, these effects were thus found for the exposed passengers,
but they are in the same order of magnitude as the effect of mask
wearing by the source as found in the present study.

To provide some perspective on this risk analysis, the results
can be compared with studies on transmission risks in indoor set-
tings other than aviation. For example, Moon and Ryu** found that
transmission risks of SARS-CoV-2 were highest in residential
spaces [combined relative risk (RR) = 8.30 (95% CI: 3.30, 20.90)]
and airplanes [combined RR=7.30 (95% CI: 1.15, 46.20)]. For
high-speed train passengers, Hu et al.*> found that the attack rate
[0%-10.3%, with a mean of 0.32% (3.2 x 107%)] was similar to the
transmission risk estimated in the present study for the typical
flight scenario and conditions. On the other hand, several cases of
very high attack rates in buses and restaurants have been
described. For example, Luo et al.*® reported an attack rate of 15%
or 1.4x 107" for a bus passenger taking two bus trips. And Lu
etal.*’ described a case study of a very high attack rate in a restau-
rant outbreak, where 10 of 83 (1.3 x 10™") customers became ill
with COVID-19. This is anecdotal evidence only, but such high
attack rates are higher than the estimated transmission risks in the
present study.

Particle transport in airplanes has been studied both experimen-
tally and in model simulations.,*>#*3-3% Qverall, these studies dem-
onstrate particle transport is highly localized around the index
location. Dispersion was found to mostly (although not exclu-
sively) take place on the index side of the aisle, within the row
where the index passenger was seated. Some longitudinal transport
was observed, but this was generally much lower than the transver-
sal (within row) transport. The results of these studies underpin the
findings in our work that risks of contracting COVID-19 due to aer-
osol transmission in aircraft are highly heterogeneously distrib-
uted, being concentrated around the index passenger and falling off
with distance (see, e.g., Figure S4).

Estimates on the likelihood of one index passenger boarding
an aircraft are hard to validate, but an upper limit of 5% of the
prevalence in June 2021 in the Netherlands would indicate
<30/100,000 passengers. Depending on the number of passen-
gers per aircraft (100-300), every 11-33 flights could carry an
index passenger of which <3% of these could be a super shedder.
Complying with all (nonpharmaceutical) mitigation strategies in
place, such as good hygiene and mask wearing, will decrease the
transmission, although some risk of contracting COVID-19 will
remain.
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In both physical measurements and computational simula-
tion, assumptions were taken, however on different character-
istics. Physical measurements and computation simulation
together provide the rigor of evidence (below one order of
magnitude) for risk-based decision-making. The measure-
ments can be taken as the basis for this risk assessment and
the agreement between measurements and simulations pro-
vide a means of developing more generic methods to assess
risks for a variety of scenarios.

One can assume that air travel plays a role in the import and
export of new variants of SARS-CoV-2 over the world. Even
though variability among variants may result in differences in
transmissibility and infectivity, differences between variants were
outside the scope of this study.

This work combines the methods of QMRA with CFD model-
ing and experimental dispersion measurements. QMRA accounts
quantitatively for all risk factors and provides explicit insight in
their relative impact. The use of both CFD simulation and experi-
mental measurements increases the robustness of the findings.
The method can, in principle, be extended to evaluate other con-
ditions—such as different risk-mitigation scenarios, the impact of
vaccination on risk, or the risk from different virus variants—
whenever quantitative information on risk factors for these situa-
tions becomes available. The present study is limited to the extent
that only risks due to aerogenic transmission during flight and taxi-
ing were considered. These risks constitute only a part of the total
risks from air travel that include transmission from other routes,
such as fomite and large droplet exposure, and travel phases, such
as check-in and boarding. It is not known at this point whether the
risks considered in this work actually constitute the largest trans-
mission risk during air travel.

Conclusions

For a typical cruise flight (ranging between 0.9 h for the single-
aisle aircraft and 8.7 h for the twin-aisle aircraft), mean risk of con-
tracting COVID-19 owing to inhalation of aerosolized SARS-
CoV-2 particles was estimated to be in the range of 8.3 x 107™ to
8.3 107> among the passengers seated in the seven rows around
the index passenger. In the case of a passenger who sheds an extra-
ordinary amount of infectious aerosol particles (a so-called super
shedder), and during a long flight in a twin-aisle aircraft, mean risks
increased up to 7.7 X 1072, These findings were found to be in line
with other model and measurement studies on in-flight risk of
contracting COVID-19 as a result of inhalation of virus-bearing
aerosol particles. Risks assessed in other studies varied between
1.6 x 1073 and 4.4 x 10~ for modest or mild emission by an index
passenger (compared with 1.3x 107 t09.1 x 1073 in the present
study), to around 2.9 x 1072 for a high emission index passenger
(compared with 2.7x 107 t06.3x 1072 for the super shedder
scenarios in the present work). Risks determined in this work
(1.3%107t09.1 x 107 for typical flight conditions were simi-
lar to attack rates observed in a study on SARS-CoV-2 transmis-
sion on board high-speed trains (3.3 x 107). Targeted studies on
very high attack rates in buses and restaurants, on the other hand,
indicated risks as high as 1.3 x 107 t05.0x 107", that is, signifi-
cantly higher than this study estimated for the scenario in which a
super shedder boarded the aircraft (2.1 X 1072 t07.7x 1072).

The expected number of cruise flights that resulted in at least 1
case of COVID-19 due to aerosol transmission from a regular virus
shedding index passenger was estimated to range from 2 to 23
cruise flights with durations typical for the aircraft types used in
this study. In case of longer-duration cruise flights, the expected
number of flights ranged from 2 to 10. The expected number of
cruise flights that resulted in at least 1 case of aerosol transmission
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from a super shedder index passenger was estimated to range from
1 to 3 flights (typical cruise) and 1 flight (long cruise).

From this study, it can be concluded that the risk of contract-
ing COVID-19 by aerosol transmission in an aircraft cabin is
low, but that it will not be zero. Testing before boarding may
help reduce the chance of a (super)shedder boarding an aircraft
and mask use further reduces aerosol transmission in the aircraft
cabin.
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