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ABSTRACT

During the COVID-19 pandemic, concerns about potential airborne virus transmission and
exposure during musical performances were raised. Past studies suggest that aerosols are
emitted from exhaling and talking with varying magnitudes. Meanwhile, little was known
about aerosol emissions from singing and playing wind instruments. The objective of this
study was to examine the spatial and temporal build-up of aerosol concentration in a typical
studio room where singing, talking, and playing wind instruments are involved, to represent
musical practicing and teaching scenarios at the University of Cincinnati College-Conservatory
of Music (CCM). Four condensation particle counters were strategically placed throughout a
room at various distances from the performer. Besides singing, musical professionals played
seven instruments (clarinet, flute, French horn, saxophone, trombone, trumpet, and tuba).
Two types of tests were conducted for each instrument: 10 min of playing and 10 min of com-
bined playing and talking to mimic the teaching session. The results show that singing
increased aerosol concentration to 3.9 x 10° cm™3 at the performing point, more than double
the background (1.2 x 10> cm~3). Most wind instruments had minimal but detectable emis-
sion of aerosols over time, suggesting instruments could provide wall deposition for aerosols
compared to singing. Particle concentrations decreased further from the performing point;
however, they were still detectable over the background level at 10 feet away. Use of a port-
able high-efficiency particulate air (HEPA) filtration reduced aerosol concentrations developed
during musical performances to below background level. These findings suggest that there
are risks associated with aerosolized transmission of infectious agents such as SARS-CoV-2
from musical performance if the performer is infected. Distancing beyond the 6 ft distancing
recommendation and proper room and local ventilation combined with disinfecting proce-
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dures are needed to minimize the risk of exposure to infectious aerosols.

Introduction

Human activities involving air movements and exhal-
ing, such as breathing, talking, and singing, are known
to produce aerosols above background levels of indoor
air (Alsved et al. 2020; Archer et al. 2022; Echternach
et al. 2020; Gregson et al. 2021; Johnson et al. 2011;
Johnson and Morawska 2009; Mirbe et al. 2020). The
emission of aerosols during these activities is typically
attributed to the vibrations of vocal folds and adjust-
ments of articulation (Johnson and Morawska 2009;
Mahjoub Mohammed Merghani et al. 2021), turbulent
air flows due to inhalation and exhalation, while pro-
duction of moist saliva and mucus facilitate the for-
mation of droplets (Good et al. 2021). Several studies
suggested that the emission rates of aerosols from

talking and singing are positively correlated to the
vocal range, notes, frequencies, and volumes (Asadi
et al. 2019; Westphalen et al. 2021; Zhang 2016).
Particle concentration and size distribution in exhaled
aerosols have also been shown to vary by age and
gender, with emission rates ranging between hundreds
to thousands of particles per second (Firle et al. 2021;
Miirbe, Kriegel et al. 2021; Mirbe et al. 2021;
Volckens et al. 2022). Besides talking and vocal per-
formance, wind instruments were also suspected as
potential aerosol emission sources. In general, wind
instruments made of either brass or wood contain a
mouthpiece that is directly in contact with the musi-
cian’s mouth, while the musician blows into a pipe-
like resonator to produce various notes. Each type of
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wind instrument is designed differently on how the
airstream travels through the complex pipes and exit
bells (McCarthy et al. 2021; Stockman et al. 2021). In
the past, most studies of infectious risk were on
microbial (virus and bacteria) contamination of wind
instruments, with speculations of microbial survival
on instrument surfaces. However, before the COVID-
19 pandemic, very few studies have been conducted
on the emission of infectious aerosols from playing
wind instruments. Even though the COVID-19
Pandemic has ended, it is critical to understand the
airborne transmission route of similar infectious
agents and the implications for musical performances
in indoor space settings.

Among all recent infectious agents, SARS-CoV-2 is a
highly infectious and somewhat deadly virus that emerged
in late 2019. It poses unique health risks to musicians and
audiences (Karimzadeh et al. 2021). Although the exact
transmission and primary infection route of COVID-19
has been debated to be via droplet particles (> 5um in
diameter) vs. aerosols (p< pm in diameter), there is strong
evidence suggesting airborne transmission from several
superspreading events of musical nature (Jayaweera et al.
2020; Sills et al. 2020; Tang et al. 2020). Choir practices
early on during the COVID-19 pandemic in Europe and
the US were reported to have nearly 80% of participants
infected. Participants in the Washington State Choir
reported having used facemasks and observing 6 ft dis-
tancing, while still having 52 out of 60 participants
infected. Protective measures such as 6 ft distancing and
use of loose-fitting facemasks work relatively well with
droplet transmission, since larger particles tend to stay air-
borne for less time and settle due to gravity (Prather et al.
2020). However, these measures are less effective with
smaller particles, as these particles can stay airborne lon-
ger and penetrate cloth facemasks (Howard et al. 2021).
Other characteristics of COVID-19, including asymptom-
atic infection and high viral load in the upper respiratory
tract, also facilitated the transmission during these events
(Baghizadeh Fini 2020; Eiche and Kuster 2020).

Because of the nature of singing and playing wind
instruments, it is rather difficult to implement the use
of face masks and other source reduction measures
(Graf et al. 2021; Kniesburges et al. 2022). Most
musical events, including practices and performances,
are held in crowded indoor environments with inad-
equate ventilation, increasing the risk of musician and
audience exposure to SARS-CoV-2 virus-laden aero-
sols when someone in the group is infected (Kéhler
and Hain 2020). One study showed that COVID-19-
positive patients can emit a significant amount of
virus-laden fine aerosol from singing (Coleman et al.

2021). Other studies showed generation of large
amounts of particles from playing instruments
(Quentin et al. 2022; Stockman et al. 2021; Volckens
et al. 2022; Wang et al. 2022). Exposure to elevated
aerosol concentrations containing infectious virus par-
ticles indoors could lead to spreading
(Abraham et al. 2021). The aerosol concentration in
the room can also be affected by several factors such
as temperature, humidity, room size and layout, venti-
lation, and air exchange rates (Morawska et al. 2017;
Narayanan and Yang 2021).

Musical performance is an integral part of human
society that begins with musical education (Austin 2021;
Shaw and Mayo 2021). Many organizations, such as K-
12 musical education programs, colleges, and orchestras,
resumed practice, teaching, and performing during the
pandemic while the risks associated with COVID-19
infection still existed (de Bruin 2021; Firle et al. 2021;
Goursaud 2021; Naunheim et al. 2021; Vance et al.
2021). In late 2020, the College-Conservatory of Music
(CCM) at the University of Cincinnati was planning to
bring instructors and students back to campus. CCM
hosts various music education programs that utilize
1-on-1 teaching and practicing in small studio settings.
Unlike larger rooms, such as a rehearsal hall, smaller
rooms, or studios with people near one another present
a higher risk of occupant infection. Due to the potential
risks of COVID-19 transmission, these activities only
resumed after an examination of aerosol emissions from
singing and playing wind instruments, potential expo-
sures, and efficacy of mitigation measures beyond face-
masks and/or 6ft social distancing recommendations
(Hedworth et al. 2021; Joshi and Battaglia 2021).

This study aimed to characterize spatial and tem-
poral changes in aerosol concentrations during
musical practice and education in the small studio set-
ting at CCM. High-pitched vocal singing and playing
of wind instruments were conducted in a studio, with
several direct-reading aerosol instruments placed stra-
tegically to collect time-series data on particle count
concentrations. Different scenarios, such as practicing
and teaching, were reflected in the experimental plan
with the combination of musical performance and
talking. Use of a portable air filtration unit as a poten-
tial mitigation measure was evaluated.

events

Methods

Testing locations and musical performance
sessions

Real-world practicing and teaching scenarios at CCM
were replicated as part of this study. A typical studio
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Figure 1. The layout of the studio room, points of interest,
and sampling locations. The CPC was located at the perform-
ing point (red dot) next to the musician (star) who was facing
desk/book shelf at the far end. The P-Traks were placed at 6 ft
(green dot) and 10ft (blue dot) along the direction that the
performer was facing and 6ft perpendicular at the pianist’s
location (yellow dot).

(Room 274 in Memorial Hall) was chosen as the study
site. There are many near identically sized teaching and
practicing rooms throughout Memorial Hall. The room
is rectangular-shaped with a dimension of 10.5 feet by
22 feet, with an 11-foot ceiling height. The room layout
is depicted in Figure 1. There was a grand piano on one
side of the room, separating singers/wind instrument
players and pianists. Some furniture was placed on the
other side of the room (i.e., desk, chair, and book-
shelves). Locations of heating, ventilation, and air con-
ditioning (HVAC) air vent grilles and doors are shown
in Figure 1. The relatively small size of the studio
allowed a higher air exchange rate than larger rooms,
and was also equipped with an isolated HVAC unit pri-
marily to prevent sound transmission in different stu-
dio rooms, with the side benefits of isolating rooms
from exchanging air through the HVAC system. The
HVAC air handling unit setting was fixed at medium
throughout the study. Ventilation rates at the HVAC
vents were measured with a thermoanemometer (TSI
VelociCheck, Minneapolis, MN) using 5 x 5 grid tra-
verses to measure air velocity (ft/s) at the grille faces.
The air exchange rates (ACH) were then calculated by
dividing flow rates (CFM) by the room volume. Room
temperatures and relative humidity were recorded by a
probe connected to a multifunction indoor air meter
(TSI Q-Trak, Minneapolis, MN). During the study,
average temperature and humidity were relatively con-
sistent at 76 = 2.1 °F and 49 £ 4%, respectively.

A total of ten musical performers with different
instrument specialties participated in the study. The
performers’ ages ranged between 24 and 58 years old,
with four males and six females. Musical performers
were asked to stand or sit at the “musician spot” by
themselves while singing/playing wind instruments in
the room, while researchers conducted the time
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logging and gave out directions (singing, playing, talk-
ing, taking breaks) through a two-way radio in the
adjacent room. Each experiment session lasted 10 min,
with two types of activities:

1. Practicing scenario: 10min of singing or playing
wind instruments

2. Teaching scenario: 3min of singing or playing
wind instruments, followed by 2min of talking,
mimicking teaching, and then repeating the cycle.

For the singing sessions, singers performed mezzo-
soprano voice since it represents the typical middle to
high range for female singers volunteering for this
study. Besides singing, seven wind instruments were
played in the study: clarinet, flute, French horn, saxo-
phone, trombone, trumpet, and tuba. Table 1 summa-
rizes the characteristics relevant to airflow and aerosol
transportation of these instruments. The combination
of each type of activity (practicing vs. teaching) with
every instrument was repeated three times (n=48).
Singers and wind instrument players were asked to
perform the same notes consistently during all the 10-
min sessions. There was at least a 30-min break
between each session, with the room being empty and
purged to reduce aerosol concentration back to near
the original background level as measured before the
experiment session. The purging process involved
increasing airflow by increasing the air handler fan
speed and opening windows and the door to facilitate
fresh air exchange. This “purging” process ensured the
minimal impact from residual particles generated dur-
ing the previous experiment session.

Particle counting

Four points of interest were strategically identified
and shown in Figure 1. A portable condensational
particle counter (CPC, TSI 3007, Shoreview, MN) and
three portable ultrafine particle counters (P-Trak, TSI
8525, Shoreview, MN) were put on stands sitting at a
43-inch height throughout the room. The height of
the stand was determined based on the average
breathing height of seated individuals. The layout of
placements ensured the examination of potential
exposure at various distances.

Detection limits of CPC and P-Trak used in this
study were nearly identical, with a maximum concen-
tration of 10° # cm™>, except the CPC has a lower
size cutoff of 10nm, compared to 20nm in the P-
Trak. This slight difference is negligible since the size
of interest in this study was much higher than 10-
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Table 1. Characteristics of wind instruments related to airflow and aerosol transportation.

Instrument Material Mouthpiece design Tube design Tube length  Bell design  Bell facing when performing
Clarinet Wood Single reed Straight cylindrical 2ft Flared Downward at 45 degrees
Flute Metal Reedless Straight 2ft Straight Side

French horn  Brass Brass mouthpiece Conical many turns 12-13ft Flared Backward

Saxophone brass Single reed Conical 2 turns 4ft Flared Forward

Trombone Brass Brass mouthpiece Mainly cylindrical until the bell 9ft Flared Forward

Trumpet Silver-plated brass  Brass mouthpiece Mainly cylindrical until the bell 6.5 feet Flared Forward

Tuba Silver-plated brass  Brass mouthpiece Conical many turns 16 feet Flared Upward

20nm, with SARS-CoV-2 being over 100nm and
droplets over 5pum. All the particle counters used in
this study have a nominal inlet airflow rate of 0.7 lit-
ers per minute (Lpm). The measurement intervals for
CPC and P-Traks were synchronized at 5s.

Mitigation of aerosol concentrations

Most building HVAC systems are ineffective against
fine and ultrafine aerosols due to air circulated with
low minimum efficiency reporting value (MERV)
rated filters. One potential method to control elevated
aerosol concentration at the performing point is to
have localized ventilation with HEPA filtration cap-
acity close to the performer to capture aerosols as
close to the source as practicable. After the initial
experiment of studying aerosol emission from singing
and playing wind instruments, a follow-up study was
conducted with the singer with a portable HEPA air
filtration unit (Germ Guardian 22-inch Tower unit,
West Chester, PA). The air filtration unit had a nom-
inal filtration efficiency of at least 99.97% for particu-
late matter greater than 0.3 um in size. However, virus
particles can be smaller than 0.3 um and may not be
fully captured by the filter alone. Clean air delivery
rates (CADR) are standardized measures that indicate
the volume of clean air produced by an air purifier
(AHAM 2022). This unit provided a CADR of 96/98/
102 against smoke/pollen/dust with an air exchange
rate of 3.7 air changes per hour (ACH) in the room
studied. The air filtration unit was placed next to the
performer, as noted in Figure 1. The air filtration unit
came with an ultraviolet (UV) lamp for disinfection,
but the UV lamp was not activated during the study
to avoid potential confounding factors.

Quality control and statistical analysis

All CPC and P-Traks were calibrated before the study,
and zero tested with a HEPA-filtered inlet. A blank
test with a zero filter was periodically conducted dur-
ing the experiment. Background aerosol concentra-
tions in the room were acquired before any session.
The criterion for background level was to have a

stable aerosol concentration over 1 min with a fluctu-
ation of less than 5%. There was at least 30-min break
period between switching singers/players. During the
break period, room airflow was increased through the
opening of windows and doors, and the HVAC setting
was turned to high, to clear residual particle concen-
trations contributed by prior experiments.

Triplicate experiments were conducted for each
combination of singing/instruments and practicing/
teaching. Time-series data of particle concentrations
were fitted to the time log, and elevated particle con-
centrations contributed by singing/instruments were
plotted over each 10-min session. Average time series
data could reduce the autocorrelation effect commonly
seen with time-series data from a direct reading
instrument. Results were expressed as mean + standard
deviation (SD). Normality and homogeneity of data
variances were validated using a normality test and
Levene’s test before any statistical test was conducted.
To assess the significance of differences in background
concentrations with and without people present, a
Student t-test was utilized. The effects of instrument
types, sampling locations, and practicing vs. teaching
were evaluated using a three-way analysis of variance
(ANOVA) followed by the Holm-Sidédk paired com-
parison test, with a significance level of p=0.05.

Results
Background patrticle concentration

At the beginning of each session, a background level of
particle concentration was recorded without human
presence. Then the musician entered the room, and
another 10 min of particle concentration with human
presence was recorded. These sessions were used to
determine if the “true” background of the room was
affected by merely human breathing without talking or
any musical activity. As shown in Figure 2, the average
aerosol concentration at the performing point with and
without human presence was 1.8 x 10° # cm >, without
any significant difference (p =0.40). Sampling locations
did not affect background aerosol concentration
(p =0.08). The average room background level between
1.7 and 1.9 x 10°> # cm™> was considerably lower than
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Figure 2. Average aerosol concentration (+standard deviation)
in the room with and without human presence.

reported values in similar studies. (Buonanno et al.
2013) This was attributed to the average air exchange
rate of 6.8 ACH in a small room setting.

Discrepancy of sampling locations and practice vs.
teaching

The statistical analysis showed a significant difference
(p<0.01) between practicing and teaching for two
instruments, namely the trumpet and saxophone.
There was no statistical difference between practicing
and teaching singing and other instruments.
Regarding sampling locations, concentrations at the
performing point were consistently higher than all the
other locations (p < 0.01), while 10 ft away was always
lower (p=0.03). In general, there was no statistically
significant difference between 6ft away and 6ft per-
pendicular (p=0.11) for all instruments, indicating
distance was the dominating factor for the spatial dis-
tribution of aerosol concentration, not direction.

Particle concentrations of singing and instruments

Figure 3 depicts the average aerosol concentrations
during singing and playing seven instruments at dif-
ferent distances, with a direct comparison to the aver-
age background level. The results showed there was a
significant increase in aerosol concentration during
singing and trumpet, and saxophone performances
compared to the background level (p < 0.01). Between
singing and instruments, singing produced the highest
average particle concentration of 3.5 x 10> # cm™ at
the performing point with a peak level of 3.9 x 10° #
cm >, which was over a 100% increase from the back-
ground level. Trumpet and saxophone playing had
average concentrations of 2.3x10° # c¢cm™> and
2.1 x 10° # cm ™ at the performing point, respectively,
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which were higher than the background concentra-
tion. The other five instruments, with an average
aerosol concentration range of 1.8 to 1.9x10° #
cm™>, had no significant difference between the back-
ground or each instrument in the paired comparison
test (all p-values > 0.05), respectively.

Figure 4 illustrates average aerosol concentrations
at different sampling locations as a function of time
in the 10-min experiment sessions. The corresponding
background levels were already deducted in this graph
to single out the contribution of musical performance
to elevate aerosol concentration. During singing, the
room concentration increased an average of 1.7 X 10°
# cm ™ with a peak of 2.0 x 10° # cm™ at the per-
forming point, with the 6ft perpendicular location
being the lowest of 1.0 x 10> # ¢cm™. Trumpet and
saxophone performances resulted in an average
increase of 0.4 x 10> # cm™ and 0.2 x 10’ # cm™ at
the performing point, respectively. However, there
was no significant difference across sampling locations
for trumpet and saxophone performances. For the rest
of the instruments, the average elevated aerosol con-
centration was less than 0.1 x 10° # cm™>.

Particle concentrations with the HEPA filtration
unit

Since the result indicated that singing had the highest
production of aerosols compared to the background
level and performing wind instruments, we only used
singing to examine the efficiency of the portable
HEPA filtration unit placed next to a performer. The
singer was asked to perform the same 10-min session
identical to the prior experiment, following a 10-min
break, and repeat this three times for a total of
60 min. The HEPA filtration unit was turned on once
the singer started to perform and continuously ran
during the whole 60-min period. Figure 5 is the aggre-
gated time-series data with a clear reduction trend
observed. The HEPA filtration unit reduced the room
concentration below the background level at the
beginning of the session to between 0.3 and 0.4 x 10>
# cm ™ across four different sampling locations. After
using the HEPA filtration unit, the background level
was about 17% of the original background level of
1.8 x 10° # cm™ at the performing point.

Discussion
Aerosol emissions from singing and instruments

The background levels in the studied studio room
were between 1.7 and 1.9 x 10°> # cm™>, and breathing
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Figure 3. Average aerosol concentration (+standard deviation)
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time, during the 60 min of the singing session with HEPA filtra-
tion unit.

activity did not create detectable differences in room
concentration. Other studies also suggest that breath-
ing only produces a minuscule number of aerosols
compared to talking and singing. Breathing aerosols

might be detectable in a clean chamber with a near-
zero background level, but not in the realistic room
setting as in this study.

The average aerosol concentrations at different loca-
tions, as well as the time-series data, clearly indicate
that singing emitted much more aerosols than playing
wind instruments, in most cases, more than double the
background levels. This finding is in line with results
documented in other studies where singing generated
higher numbers and mass concentrations of aerosols
(Alsved et al. 2020; Archer et al. 2022; Stockman et al.
2021). Singing can emit aerosols directly from the open-
ings of airways (mouth and nose), and mezzo-soprano
singing employed in this study involved high pitch,
high frequency, and presumably more vibration of
vocal cords. Other styles of singing with lower pitch
and frequency could have less drastic aerosol emissions
(Gregson et al. 2021; Miirbe et al. 2020; Miirbe, Kriegel,
Lange, Schumann, et al. 2021).



Despite statistical analysis showing that aerosol
emissions from the trumpet and saxophone were stat-
istically different from the rest of the instrument
group, the differences were minimal. Compared to
singing with studio concentrations reaching 3.9 x 10
# cm™>, which doubled the background concentration,
the use of wind instruments elevated room concentra-
tions to 2.3 x 10> # cm™>. On average, wind instru-
ments contributed to about 0.2 x 10° # cm™ above
background concentrations. Attempts were made to
link the results of wind instruments to the design of
each instrument; however, no significant linkage was
established. As speculated, the complex design of most
wind instruments acted as long and curved tubing,
which likely induced significant particle-wall depos-
ition. If virus-laden aerosols were deposited on the
sidewall of the wind tube, they would not be released
into the room initially but could be resuspended dur-
ing future use.

Time-series data showed that singing and playing
wind instruments consistently increased aerosol con-
centrations in this studio room during the 10-min ses-
sion. The increase could multiply with more
performers and/or over a longer period (more than
10 min). The contributions over time from singing
were much higher than those of other instruments,
indicating a higher emission factor per unit time for
singing.

Distances and practice vs. teaching

In this study, two types of sessions were designed
based on the feedback from CCM faculty: the practice
session mimicked 100% performing, while the teach-
ing session simulated a mix of 60% performing and
40% talking. Practicing singing and teaching singing
did not have a significant difference in aerosol emis-
sion and build-up, as singing and talking could be
similar. Practicing trumpet and saxophone produced
marginally more aerosol concentrations than teaching.
Overall, intermittent talking did not affect the emis-
sion of aerosols in this study.

The 6ft social distancing recommendation was
based on the recommendation from the Centers for
Disease Control and Prevention (CDC) and other
agencies. In this study, the 6ft distance from the
performer exhibited higher concentrations than 10 ft
away, although both were lower than the concentra-
tion at the performing point. For singing, there was
a discrepancy between 6ft away in the facing direc-
tion and 6ft in the perpendicular direction. This
discrepancy was not observed during performance
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with most wind instruments, regardless of bell open-
ing directions or bell shapes. The reason could be
that more droplets were produced during singing,
and droplets traveled farther in the ejecting trajec-
tory. This result suggests that the risk of sitting in
front of singers within proximity is higher than sit-
ting to the side of singers. The 6-ft social distancing
recommendation may not be sufficient to reduce
exposure to fine aerosols emitted from musical per-
formances, as shown by the results measured at 10 ft
away.

Mitigation of aerosol emission and exposure

In general, it is hard to wear a facemask while singing,
and covering the bells of wind instruments could alter
the performance of instruments. Musicians did not
favor these interventions at the source. Purging the
room with natural ventilation (open window/door),
room ventilation (HVACQ),
(HEPA) may be more practical to mitigate aerosol
exposure during an indoor musical performance.

The purging process after each session to return
the concentration to the original background level can
be used during real-world scenarios to reduce aerosol
concentrations in any room. During the study, it was
observed that at least 30 min of elevated airflow and

and local ventilation

exchange can effectively reduce the aerosol concentra-

tion to the level before musical
However, this may only apply to small to medium-
sized rooms like the studio setting in this study.

The HEPA filtration unit proved to be an effective
way to reduce aerosol concentration close to the per-
former. Due to the short timeframe, only the highest
aerosol emission activity, i.e., singing, was tested with
the HEPA filtration unit. It was assumed that if the
HEPA filtration unit could reduce aerosol concentra-
tion by over 83% with singing, it would perform bet-
ter with wind instruments, as they produced fewer

aerosols. It is essential to follow the recommendation

performance.

of a CADR for a certain size of room to ensure
adequate filtration with continuous emission sources.
Although wind instrument performances produced
fewer aerosols compared to singing, there is an add-
itional risk that virus-laden aerosols can be deposited
within the instrument. This is because most wind
instruments have a water key or spit valve to clear out
“condensation” build-up in the tube. Disinfecting the
internal tube is rather difficult for most wind instru-
ments due to the design. Sharing wind instruments
between different performers is strongly discouraged.
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Conclusion

This study attempted to characterize the spatial and
temporal distribution of aerosols in a small practicing/
teaching studio room. Compared to other studies
done in either an aerosol chamber or a much larger
room, (Quentin et al. 2022; Stockman et al. 2021;
Volckens et al. 2022; Wang et al. 2022) this studio
room setting is more realistic for musical education
scenarios. The studio background aerosol concentra-
tion was around 1.8 x 10°cm™>, with and without
human presence. Singing increased the aerosol con-
centration to 3.9 x 10’ # cm ™, while performing with
wind instruments resulted in much less but detectable
contributions. Practicing and teaching did not show
significant  differences in aerosol concentrations,
except for trumpet and saxophone. Time-series data
also illustrated the general trend of aerosol build-up
in the room throughout the whole musical perform-
ance. The distances between the performer and other
persons were critical, and elevated aerosol concentra-
tion was detected even at 10 ft away, further than the
6 ft social distancing recommendation.

The use of the HEPA filtration unit effectively
diminished the aerosol emission of singing and pre-
sumably wind instruments, and it also reduced the
background level of the room to about 1/5 of the ori-
ginal concentration. The result suggests that using a
HEPA filtration unit could be beneficial in reducing
particle concentrations indoors, provided the size of
the filtration unit is adequate for the room and placed
next to the performer. In general, ventilation is the
most effective way to mitigate aerosol exposure risk in
indoor musical performances.

The results of the study are generally in line with
other studies published since the COVID-19 pandemic
(Firle et al. 2021; Gregson et al. 2021; McCarthy et al.
2021; Murbe, Kriegel, Lange, Rotheudt, et al. 2021;
Miurbe, Kriegel, Lange, Schumann, et al. 2021;
Stockman et al. 2021; Volckens et al. 2022; Wang
et al. 2022), with singing producing the highest aero-
sol concentrations, highlighting the importance of
cautiously reopening choir practices and performan-
ces. More studies are needed to identify the mechan-
ism of aerosol emission and transportation within
wind instruments. Future studies should also include
various sizes of room settings, such as a large musical
hall, where performing is more complex, with the
involvement of group singing, wind instruments, and
non-wind instruments. These types of studies on aero-
sol emission and transmission could be critical not
only to ending the COVID-19 pandemic but also to

prepare the public for preventing future airborne
respiratory diseases from spreading.

Acknowledgments

The authors would like to thank Mr. Rayburn Dobson for
assisting the study setup at College-Conservatory Music
(CCM), and the following music professionals at CCM for
their participation in the study (in alphabetical order): Mr.
Tony Padilla Denis (French horn), Ms. Julianna Eidel (flute,
piccolo), Ms. Christina Hazen (singer), Ms. Emery Hicks
(trumpet), Ms. Carly Hood (saxophone), Ms. Kate Kilgus
(clarinet), Mr. Austin Motley (trombone), Prof. Timothy
Northcut (tuba), Mr. Kash Sewell (saxophone), and Ms.
Heather Verbeck (flute).

Disclaimer

The content is solely the responsibility of the authors and
does not necessarily represent the official position of
NIOSH or the Centers for Disease Control and Prevention.

Disclosure statement

No potential conflict of interest was reported by the
author(s).

Funding

Jun Wang and Tiina Reponen acknowledge National
Institute for Occupational Safety and Health (NIOSH) for
providing support for COVID-19 related research through
the intergovernmental personnel act (IPA).

ORCID

Jun Wang
John Singletary
Tiina Reponen

http://orcid.org/0000-0003-1690-0460
http://orcid.org/0000-0002-2107-4792
http://orcid.org/0000-0002-7987-4901
Sergey Grinshpun () http://orcid.org/0000-0003-4339-927X
Michael Yermakov () http://orcid.org/0009-0009-5407-2695
James Bunte (®) http://orcid.org/0009-0009-1970-7966

Data availability statement

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

References

Abraham A, He R, Shao S, Kumar SS, Wang C, Guo B,
Trifonov M, Placucci RG, Willis M, Hong J. 2021. Risk
assessment and mitigation of airborne disease transmis-
sion in orchestral wind instrument performance. ]
Aerosol Sci. 157:105797. doi: 10.1016/j.jaerosci.2021.
105797.


https://doi.org/10.1016/j.jaerosci.2021.105797
https://doi.org/10.1016/j.jaerosci.2021.105797

AHAM. 2022. Air filtration standards. [accessed 2025 Feb 27].
https://ahamverifide.org/ahams-air-filtration-standards/.

Alsved M, Matamis A, Bohlin R, Richter M, Bengtsson PE,
Fraenkel CJ, Medstrand P, Londahl J. 2020. Exhaled
respiratory particles during singing and talking. Aerosol
Sci Technol. 54(11):1245-1248. doi: 10.1080/02786826.
2020.1812502.

Archer J, McCarthy LP, Symons HE, Watson NA, Orton
CM, Browne W], Harrison J, Moseley B, Philip KE]J,
Calder JD, et al. 2022. Comparing aerosol number and
mass exhalation rates from children and adults during
breathing, speaking and singing. Interface Focus. 12(2):
20210078. doi: 10.1098/rsfs.2021.0078.

Asadi S, Wexler AS, Cappa CD, Barreda S, Bouvier NM,
Ristenpart WD. 2019. Aerosol emission and superemis-
sion during human speech increase with voice loudness.
Sci Rep. 9(1):2348. doi: 10.1038/s41598-019-38808-z.

Austin JR. 2021. Disruptions and an event horizon for
music teacher education. ] Music Teacher Educ. 30(3):7-
10. doi: 10.1177/10570837211022421.

Baghizadeh Fini M. 2020. Oral saliva and COVID-19. Oral
Oncol. 108:104821. doi: 10.1016/j.oraloncology.2020.
104821.

Buonanno G, Fuoco FC, Morawska L, Stabile L. 2013.
Airborne particle concentrations at schools measured at
different spatial scales. Atmos Environ. 67:38-45. doi: 10.
1016/j.atmosenv.2012.10.048.

Coleman KK, Wen Tay DJ, Tan KS, Xiang Ong SW, Son
TT, Koh MH, Chin YQ, Nasir H, Mak TM, Chu JJH,
et al. 2021. Viral load of SARS-CoV-2 in respiratory
aerosols emitted by COVID-19 patients while breathing,
talking, and singing. medRxiv.2021.2007.2015.21260561.

de Bruin LR. 2021. Instrumental music educators in a
COVID landscape: a reassertion of relationality and con-
nection in teaching practice. Front Psychol. 11:624717(1-
12). doi: 10.3389/fpsyg.2020.624717.

Echternach M, Gantner S, Peters G, Westphalen C, Benthaus
T, Jakubaf3 B, Kuranova L, Dollinger M, Kniesburges S.
2020. Impulse dispersion of aerosols during singing and
speaking. medRxiv.2020.2007.2021.20158832.

Eiche T, Kuster M. 2020. Aerosol release by healthy people
during speaking: possible contribution to the transmis-
sion of SARS-CoV-2. Int J Environ Res Public Health.
17(23):9088. doi: 10.3390/ijerph17239088.

Firle C, Steinmetz A, Stier O, Stengel D, Ekkernkamp A.
2021. Aerosol emission rates from playing wind instru-
ments—implications for COVID-19 transmission during
music performance. medRxiv.2021.2012.2008.21267466.

Good N, Fedak KM, Goble D, Keisling A, L'Orange C,
Morton E, Phillips R, Tanner K, Volckens J. 2021.
Respiratory aerosol emissions from vocalization: age and
sex differences are explained by volume and exhaled
CO,. Environ Sci Technol Lett. 8(12):1071-1076. doi: 10.
1021/acs.estlett.1c00760.

Goursaud C. 2021. Against the odds: pandemic early choral
music. Early Music. 49(3):449-455. doi: 10.1093/em/
caab055.

Graf S, Engelmann L, Jeleff Wolfler O, Albrecht I,
Schloderer M, Kramer A, Klankermayer L, Gebhardt F,
Chaker AM, Spinner CD, et al. 2021. Reopening the
Bavarian State Opera Safely: hygiene strategies and inci-
dence of COVID-19 in artistic staff during theater season

JOURNAL OF OCCUPATIONAL AND ENVIRONMENTAL HYGIENE . 9

2020/2021. J Voice. 38(3):798.7-798.€20. doi: 10.1016/j.
jvoice.2021.11.012.

Gregson FKA, Watson NA, Orton CM, Haddrell AE,
McCarthy LP, Finnie TJR, Gent N, Donaldson GC, Shah
PL, Calder JD, et al. 2021. Comparing aerosol concentra-
tions and particle size distributions generated by singing,
speaking and breathing. Aerosol Sci Technol. 55(6):681-
691. doi: 10.1080/02786826.2021.1883544.

Hedworth HA, Karam M, McConnell J, Sutherland JC, Saad
T. 2021. Mitigation strategies for airborne disease trans-
mission in orchestras using computational fluid dynam-
ics. Sci Adv. 7(26):7eabg4511(1-9). doi: 10.1126/sciadv.
abg4511.

Howard ], Huang A, Li Z, Tufekci Z, Zdimal V, van der
Westhuizen H-M, von Delft A, Price A, Fridman L, Tang
L-H, et al. 2021. An evidence review of face masks
against COVID-19. Proc Natl Acad Sci USA. 118(4):
€2014564118. doi: 10.1073/pnas.2014564118.

Jayaweera M, Perera H, Gunawardana B, Manatunge J.
2020. Transmission of COVID-19 virus by droplets and
aerosols: a critical review on the unresolved dichotomy.
Environ Res. 188:109819-109819. doi: 10.1016/j.envres.
2020.109819.

Johnson GR, Morawska L. 2009. The mechanism of breath
aerosol formation. ] Aerosol Med Pulm Drug Deliv.
22(3):229-237. doi: 10.1089/jamp.2008.0720.

Johnson GR, Morawska L, Ristovski ZD, Hargreaves M,
Mengersen K, Chao CYH, Wan MP, Li Y, Xie X,
Katoshevski D, et al. 2011. Modality of human expired
aerosol size distributions. J Aerosol Sci. 42(12):839-851.
doi: 10.1016/j.jaerosci.2011.07.009.

Joshi V, Battaglia F, editors. 2021. A risk assessment of
pathogen transport during an indoor orchestra perform-
ance. ASME International Mechanical Engineering
Congress and  Exposition, Proceedings (IMECE);
November 1-5, 2021. Virtual online.

Kihler CJ, Hain R. 2020. Singing in choirs and making
music with wind instruments—is that safe during the
SARS-CoV-2 pandemic?. Preprint June 2020. doi: 10.
13140/RG.2.2.36405.29926.

Karimzadeh S, Bhopal R, Nguyen Tien H. 2021. Review of
infective dose, routes of transmission and outcome of
COVID-19 caused by the SARS-COV-2: comparison with
other respiratory viruses. Epidemiol Infect. 149:¢96. doi:
10.1017/50950268821000790.

Kniesburges S, Schlegel P, Peters G, Westphalen C, Jakubafl
B, Veltrup R, Kist AM, Dollinger M, Gantner S,
Kuranova L, et al. 2022. Effects of surgical masks on
aerosol dispersion in professional singing. J Expo Sci
Environ Epidemiol. 32(5):727-734. doi: 10.1038/s41370-
021-00385-7.

Mahjoub Mohammed Merghani K, Sagot B, Gehin E, Da G,
Motzkus C. 2021. A review on the applied techniques of
exhaled airflow and droplets characterization. Indoor Air.
31(1):7-25. doi: 10.1111/ina.12770.

McCarthy LP, Orton CM, Watson NA, Gregson FKA,
Haddrell AE, Browne WJ, Calder JD, Costello D, Reid JP,
Shah PL, et al. 2021. Aerosol and droplet generation
from performing with woodwind and brass instruments.
Aerosol Sci Technol. 55(11):1277-1287. doi: 10.1080/
02786826.2021.1947470.


https://ahamverifide.org/ahams-air-filtration-standards/
https://doi.org/10.1080/02786826.2020.1812502
https://doi.org/10.1080/02786826.2020.1812502
https://doi.org/10.1098/rsfs.2021.0078
https://doi.org/10.1038/s41598-019-38808-z
https://doi.org/10.1177/10570837211022421
https://doi.org/10.1016/j.oraloncology.2020.104821
https://doi.org/10.1016/j.oraloncology.2020.104821
https://doi.org/10.1016/j.atmosenv.2012.10.048
https://doi.org/10.1016/j.atmosenv.2012.10.048
https://doi.org/10.3389/fpsyg.2020.624717
https://doi.org/10.3390/ijerph17239088
https://doi.org/10.1021/acs.estlett.1c00760
https://doi.org/10.1021/acs.estlett.1c00760
https://doi.org/10.1093/em/caab055
https://doi.org/10.1093/em/caab055
https://doi.org/10.1016/j.jvoice.2021.11.012
https://doi.org/10.1016/j.jvoice.2021.11.012
https://doi.org/10.1080/02786826.2021.1883544
https://doi.org/10.1126/sciadv.abg4511
https://doi.org/10.1126/sciadv.abg4511
https://doi.org/10.1073/pnas.2014564118
https://doi.org/10.1016/j.envres.2020.109819
https://doi.org/10.1016/j.envres.2020.109819
https://doi.org/10.1089/jamp.2008.0720
https://doi.org/10.1016/j.jaerosci.2011.07.009
https://doi.org/10.13140/RG.2.2.36405.29926
https://doi.org/10.13140/RG.2.2.36405.29926
https://doi.org/10.1017/S0950268821000790
https://doi.org/10.1038/s41370-021-00385-7
https://doi.org/10.1038/s41370-021-00385-7
https://doi.org/10.1111/ina.12770
https://doi.org/10.1080/02786826.2021.1947470
https://doi.org/10.1080/02786826.2021.1947470

10 J. WANG ET AL.

Morawska L, Ayoko GA, Bae GN, Buonanno G, Chao
CYH, Clifford S, Fu SC, Hanninen O, He C, Isaxon C,
et al. 2017. Airborne particles in indoor environment of
homes, schools, offices and aged care facilities: the main
routes of exposure. Environ Int. 108:75-83. doi: 10.1016/
j.envint.2017.07.025.

Miirbe D, Kriegel M, Lange ], Rotheudt H, Fleischer M.
2021. Aerosol emission in professional singing of classical
music. Sci Rep. 11(1):14861. doi: 10.1038/s41598-021-
93281-x.

Miirbe D, Kriegel M, Lange J, Schumann L, Hartmann A,
Fleischer M. 2020. Aerosol emission of child voices dur-
ing  speaking, singing and shouting. medRxiv.
2020.2009.2017.20196733.

Miirbe D, Kriegel M, Lange J, Schumann L, Hartmann A,
Fleischer M. 2021. Aerosol emission of adolescents voices
during speaking, singing and shouting. PLoS One. 16(2):
€0246819. doi: 10.1371/journal.pone.0246819.

Narayanan SR, Yang S. 2021. Airborne transmission of
virus-laden aerosols inside a music classroom: effects of
portable purifiers and aerosol injection rates. Phys Fluids.
33(3):033307(1-21). doi: 10.1063/5.0042474.

Naunheim MR, Bock J, Doucette PA, Hoch M, Howell I,
Johns MM, Johnson AM, Krishna P, Meyer D, Milstein
CF, et al. 2021. Safer singing during the SARS-CoV-2
pandemic: what we know and what we don’t. ] Voice.
35(5):765-771. doi: 10.1016/j.jvoice.2020.06.028.

Prather KA, Wang CC, Schooley RT. 2020. Reducing trans-
mission of SARS-CoV-2. Science. 368(6498):1422-1424.
doi: 10.1126/science.abc6197.

Quentin B, Ranjiangshang R, Ian G, Douglas ], Paulo A.
2022. Flow and aerosol dispersion from wind musical
instruments. Nat Portfolio :1-9. doi: 10.21203/rs.3.rs-
1292392/v1.

Shaw RD, Mayo W. 2021. Music education and distance
learning during COVID-19: a survey. Arts Educ Policy
Rev. 123(3):143-152. doi: 10.1080/10632913.2021.1931597.

Sills ], Prather KA, Marr LC, Schooley RT, McDiarmid MA,
Wilson ME, Milton DK. 2020. Airborne transmission of
SARS-CoV-2. Science. 370(6514):303-304.

Stockman T, Zhu S, Kumar A, Wang L, Patel S, Weaver ],
Spede M, Milton DK, Hertzberg J, Toohey D, et al. 2021.
Measurements and simulations of aerosol released while
singing and playing wind instruments. ACS Environ Au.
1(1):71-84. doi: 10.1021/acsenvironau.1c00007.

Tang S, Mao Y, Jones RM, Tan Q, Ji JS, Li N, Shen J, Lv Y,
Pan L, Ding P, et al. 2020. Aerosol transmission of
SARS-CoV-2? Evidence, prevention and control. Environ
Int. 144:106039. doi: 10.1016/j.envint.2020.106039.

Vance D, Shah P, Sataloff RT. 2021. COVID-19: impact on
the musician and returning to singing. A literature
review. ] Voice. 37(2):292.e1-292.e8. doi: 10.1016/j.jvoice.
2020.12.042.

Volckens J, Good KM, Goble D, Good N, Keller JP,
Keisling A, L’Orange C, Morton E, Phillips R, Tanner
K. 2022. Aerosol emissions from wind instruments:
effects of performer age, sex, sound pressure level, and
bell covers. Sci Rep. 12(1):11303. doi: 10.1038/s41598-
022-15530-x.

Wang L, Lin T, Da Costa H, Zhu S, Stockman T, Kumar A,
Weaver J, Spede M, Milton DK, Hertzberg J, et al. 2022.
Characterization of aerosol plumes from singing and
playing wind instruments associated with the risk of air-
borne virus transmission. Indoor Air. 32(6):e13064. doi:
10.1111/ina.13064.

Westphalen C, Kniesburges S, Veltrup R, Gantner S, Peters
G, Benthaus T, Jakubafl B, Koberlein M, Dollinger M,
Echternach M. 2021. Sources of aerosol dispersion during
singing and potential safety procedures for singers.
] Voice. 37(4):504-514. doi: 10.1016/j.jvoice.2021.03.013.

Zhang Z. 2016. Mechanics of human voice production and
control. J Acoust Soc Am. 140(4):2614-2635. doi: 10.
1121/1.4964509.


https://doi.org/10.1016/j.envint.2017.07.025
https://doi.org/10.1016/j.envint.2017.07.025
https://doi.org/10.1038/s41598-021-93281-x
https://doi.org/10.1038/s41598-021-93281-x
https://doi.org/10.1371/journal.pone.0246819
https://doi.org/10.1063/5.0042474
https://doi.org/10.1016/j.jvoice.2020.06.028
https://doi.org/10.1126/science.abc6197
https://doi.org/10.21203/rs.3.rs-1292392/v1
https://doi.org/10.21203/rs.3.rs-1292392/v1
https://doi.org/10.1080/10632913.2021.1931597
https://doi.org/10.1021/acsenvironau.1c00007
https://doi.org/10.1016/j.envint.2020.106039
https://doi.org/10.1016/j.jvoice.2020.12.042
https://doi.org/10.1016/j.jvoice.2020.12.042
https://doi.org/10.1038/s41598-022-15530-x
https://doi.org/10.1038/s41598-022-15530-x
https://doi.org/10.1111/ina.13064
https://doi.org/10.1016/j.jvoice.2021.03.013
https://doi.org/10.1121/1.4964509
https://doi.org/10.1121/1.4964509

	Aerosol emission, transmission, and mitigation from performing singing and wind instruments
	Abstract
	Introduction
	Methods
	Testing locations and musical performance sessions
	Particle counting
	Mitigation of aerosol concentrations
	Quality control and statistical analysis

	Results
	Background particle concentration
	Discrepancy of sampling locations and practice vs. teaching
	Particle concentrations of singing and instruments
	Particle concentrations with the HEPA filtration unit

	Discussion
	Aerosol emissions from singing and instruments
	Distances and practice vs. teaching
	Mitigation of aerosol emission and exposure

	Conclusion
	Acknowledgments
	Disclaimer
	Disclosure statement
	Funding
	Orcid
	References


