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Introduction

Choir singing has been suspended in many countries
during the Covid-19 pandemic due to incidental reports
of disease transmission (Hamner et al. 2020). The mode
of transmission has been attributed to exhaled droplets,
but with the exception of a study on tuberculosis from
1968, there is presently almost no scientific evidence of
increased particle emissions from singing (Loudon and
Roberts 1968). A substantial number of studies have,
however, investigated aerosols emitted from breathing,
talking, coughing and sneezing (e.g., Asadi et al. 2019;
Johnson et al. 2011). It has also been shown that just
normal breathing over time can generate more viable
virus aerosol than coughing, since the latter is a less fre-
quent activity (Lindsley et al. 2016).

Compared to talking, singing often involves continu-
ous voicing, higher sound pressure, higher frequencies,
deeper breaths, higher peak airflows and more articu-
lated consonants. All these factors are likely to increase
exhaled emissions.

The aim of this study was to investigate aerosol and
droplet emissions during singing, as compared to talking
and breathing. We also examined the presence of SARS-
CoV-2 in the air from breathing, talking and singing,
and the efficacy of face masks to reduce emissions. In
this study we defined aerosol particles as having a dry
size in the range 0.5–10mm. Although debatable from an
aerosol physics point of view, a cutoff diameter between
5 and 10 mm is normally used in medicine for classifica-
tion of aerosol versus droplet route of transmission.
Droplets are here defined as exhaled particles, from
micron size with no upper size limit, and measured dir-
ectly at the mouth before complete evaporation, thus
partly in liquid phase.

Methods

Twelve volunteer singers were included in the study: 7
professional opera singers (2 basses, 1 baritone, 2 altos
and 2 sopranos) and 5 amateurs (3 tenors, 2 altos). The
singers were sitting or standing in an upright position.
Measurements on the 12 singers were carried out in a
22m3 airtight experimental chamber at room tempera-
ture around 22 �C and maximum 40% relative humidity.
The chamber was ventilated by particle-free air with an
air exchange rate of 3 h�1. Both singers and researches
were wearing clean air suits to minimize background
particle concentrations. In addition, we analyzed SARS-
CoV-2 in air samples collected close to two persons con-
firmed positive for Covid-19 while talking and singing.

A short consonant-rich text was repeated during eight
exercises: talking normal (no set tone, 50-60 dBA meas-
ured at 1m distance), talking loud (no set tone, 65–80
dBA), singing normal (A natural, man/woman: A3/A4,
<70 dBA), singing loud (A natural, 70–90 dBA), singing
loud with exaggerated diction (A natural, 70-90 dBA),
singing loud at high pitch (man/woman: E4/E5) and
singing loud wearing a surgical face mask (A natural).
The singers had varied voice strength at the chosen
pitches, and sound pressure values are thus approximate.
Singing was carried out at a single pitch with a metro-
nome set at 92 bpm to provide constant rhythm. Each
exercise was performed for 2min, which corresponded
to 12 repetitions of the spoken or sung text. Particle con-
centrations reached a steady state after 10–15 s, after
which the data were analyzed. For reference, we also
detected particle emissions during normal breathing.

The size and concentration of aerosol particles in the
range 0.5–10mm were measured by an aerodynamic par-
ticle sizer (APS, Model 3321, TSI Inc.) at 5 s scan time.
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The aerosol was sampled from a 50 cm long horizontal
anti-static metal funnel (volume 4.4 L) fitted around the
face of the singers. A vacuum pump pulled a constant
airflow of 15 L/min through the funnel in order to intro-
duce fresh air for the singers, reduce deposition by limit-
ing particle residence time, and decrease relative
humidity to ensure measurement at particle dry size. It
was not possible to achieve isokinetic and vertical sam-
pling due to the varying flow rates from breathing and
the preferable upright positioning of the singers.
Emission rates were calculated with the assumption of
zero particle losses in the funnel, and thus aerosol emis-
sions may be somewhat underestimated. Between exer-
cises, the aerosol particle concentration was left to
decrease to background levels below 0.5 cm�3.

For five of the singers, droplet emissions (non-evapo-
rated particles with no upper size limit) were imaged
with a high-speed camera (Photron FastCAM SA-X2)
with an acquisition frequency of 125 frames per second
and exposure time of 250 ls. A Nikon 50mm prime lens
was used with the aperture set at f/2.8 to balance
adequate depth-of-field and low-light sensitivity. Particles
were visualized by means of elastic light scattering, with
light provided by ten 50W narrow spread-angle reflector
halogen lamps in a configuration of two overlapping
racks of five lamps, resulting in a homogenous illumin-
ation profile with a rectangular cross section of
10x50cm. This light profile was aimed in front of the
participants, directed toward the camera at an angle

approximately 30� off the detection axis, in order to util-
ize the forward scattering properties of micrometer sized
particles. The detection limit of the setup was evaluated
using glass beads with a MMAD of 4 mm (q¼ 2 g/cm3),
which yielded high signals and clearly resolved particles.
The images were analyzed with an in-house developed
algorithm in Matlab to obtain the number of particles
and visualize the temporal variation.

The SARS-CoV-2 virus in aerosols was investigated
with a method previously validated for detection of air-
borne virus (Alsved et al. 2020). Samples were collected
at a distance of 0.8m in front of two persons with con-
firmed Covid-19 that were talking or singing (sitting
position). Both were within two days of symptom onset.
No precise quantitative information about viral loads in
the airways could be obtained, but combined nasal/throat
swabs analyzed for SARS-CoV-2 within 24 h of measure-
ment had qPCR Ct values of 22–25, as reported by the
hospital laboratory. Aerosols were collected into phos-
phate buffered saline by a cyclone (Coriolis m, Bertin
Technologies, flow rate 200 L/min) and on gelatin filters
(MD8 airscan, Sartorius GmbH, flow rate 100 L/min).
Sampling was performed for 10min each for: (1) normal
silent breathing, (2) reading a book loud, (3) singing,
and (4) singing with a face mask. The samples were
stored at 4 �C. RNA was extracted with the viral RNA
mini kit (QIAGEN) according to the protocol of the
manufacturer and quantitative reverse transcription poly-
merase chain reaction (qRT-PCR) was performed using
the SuperScript TM️ III PlatinumTM️ One-Step qRT-
PCR Kit (ThermoFisher Scientific) with primer and
probes as described (Corman et al. 2020). Both positive
(patient samples) and negative controls (blanks and sam-
pling in virus-free environments) were made to validate
the virus analysis. Approval was granted by the ethical
review board in Sweden (2020-01396) for collecting air

Figure 1. Aerosol particle mass emission rates during different
exercises (dark blue, left y-axis), and the average number of
droplets per frame (from image analysis, see Figure 3) in the
exhaled air during the same exercises (red, right y-axis).
Particle mass was measured in the range 0.5–10mm. Each blue
box represent data for 12 singers for aerosol particles and 5
singers for droplets. Two high values for loud singing
not shown.

Figure 2. Median number of emitted particles in the size
range 0.54–10mm per second for the 12 singers.
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samples close to Covid-19 infected patients and for
retrieving personal data about patient samples.

The Friedman test was used to evaluate if there
were differences between all types of exercises and
post hoc analysis with the Wilcoxons signed rank test
was conducted for pairs of samples (SPSS version 26,
IBM Inc.).

Results and discussion

As illustrated in Figures 1 and 2, there were significant
differences in particle emissions between breathing, talk-
ing and singing (Friedman test for emitted aerosol par-
ticle mass, p< 0.0001). Normal singing generated
significantly more aerosol particles than normal talking
(p¼ 0.002). Loud singing produced more particles than
normal singing (p¼ 0.002). Figure 1 illustrates mass
emission rates. Median (range) aerosol particle number
emission rates were (Figure 2): 135 (85-691) particles/s
for breathing, 270 (120–1380) particles/s for normal talk-
ing, 570 (180–1760) particles/s for loud talking, 690
(320–2870) particles/s for normal singing, 980
(390–2870) particles/s for loud singing, and 1480 (500-
2820) particles/s for loud singing with exaggerated dic-
tion. For loud singing with a face mask, the emission
rate was 410 (200–1150) particles/s. Hence, a simple face
mask reduced the amount of generated aerosol particles
from singing to a level similar to normal talking (no sig-
nificant difference, p¼ 0.08).

There was a trend toward increased aerosol emissions
with higher pitched singing, but this could also be an
effect of increased sound pressures achieved at especially
high pitches. The professional singers in this study gen-
erated 2–3 times more aerosol particle mass when sing-
ing loud at high E compared to A natural. The
professional singers produced about a factor two more
aerosol particles than the amateur singers at perceived
normal sound pressure (Mann-Whitney, p¼ 0.03).

From the high-speed camera droplet analysis we
found that some consonants, for example ‘p’, ‘b’, ‘r’ and
‘t’, generated a high number of small to large droplets
(Figure 3, see also the videos provided in the online sup-
plementary information). The singing of vowels does not
provide high airflows for the dispersal of particles, but as
shown in the video files, the articulation of consonants
expels droplets with considerable forward velocity.
Nevertheless, many of the largest droplets travel a limited
distance (<0.5m) before their movement become vertical
due to sedimentation.

There were substantial differences in emissions of
droplets between singing and talking, but statistical sig-
nificance could not be verified due to the limited group
size for the video recordings (Figures 1 and 3). Mean
(±SEM) droplet numbers per frame were 12 ± 3 for nor-
mal talking, 29 ± 14 for loud talking, 16 ± 7 for normal
singing, 38 ± 16 for loud singing, and 5 ± 1 for loud sing-
ing with a face mask. Thus, for the droplet analysis a
common face mask also appears to be very efficient in
reducing emissions. Although not measured systematic-
ally, we noted that subject-reported sense of accumula-
tion of saliva in the mouth coincided with increased
droplet generation from articulation, which resulted in
high variation also within the data from the same singer
(Figure 3, top diagram). When singing loud with a surgi-
cal mask, almost no droplets were detected with the
camera. A warm-up exercise where one lets the lips
vibrate during exhalation (without activating the vocal
cords) generated immense amounts of droplets (data
not shown).

SARS-CoV-2 could not be detected in the air samples
collected while confirmed Covid-19 patients were singing
and talking. This can be due to the low concentrations
of viruses in the air, but could also be attributed to indi-
vidual differences in viral loads in the parts of the
respiratory tract where the droplets are produced, as well
as dilution steps in the sample preparation method.

Figure 3. The number of droplets per picture frame generated during loud singing with exaggerated consonants by the professional
opera singers. During the 20 s the same phrase is repeated twice. Videos are available in the online supplementary information.
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Singing generated more respiratory aerosol particles
and droplets than talking. Exhaled aerosol particles and
droplets increased with song loudness. The data also
indicated that emissions might increase at high pitch.
Wearing an ordinary surgical face mask reduced the
amount of measured exhaled aerosol particles and drop-
lets to levels comparable with normal talking. However,
as surgical masks have a loose fit, some particles may
have exited on the sides where we did not measure.
Based on these results, singing in groups is likely to be
an activity at risk of transmitting infection if not appro-
priate control and prevention measures are applied, such
as distancing, hygiene, ventilation and shielding.
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