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Abstract

Background: Due to the coronavirus disease 2019 (COVID-19) pandemic, interventions in the upper airways are
considered high-risk procedures for otolaryngologists and their colleagues. The purpose of this study was to
evaluate limitations in hearing and communication when using a powered air-purifying respirator (PAPR) system to
protect against severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) transmission and to assess the
benefit of a headset.

Methods: Acoustic properties of the PAPR system were measured using a head and torso simulator. Audiological
tests (tone audiometry, Freiburg speech test, Oldenburg sentence test (OLSA)) were performed in normal-hearing
subjects (n = 10) to assess hearing with PAPR. The audiological test setup also included simulation of conditions in
which the target speaker used either a PAPR, a filtering face piece (FFP) 3 respirator, or a surgical face mask.

Results: Audiological measurements revealed that sound insulation by the PAPR headtop and noise, generated by
the blower-assisted respiratory protection system, resulted in significantly deteriorated hearing thresholds (4.0 +7.2
dB hearing level (HL) vs. 49.2 +11.0dB HL, p < 0.001) and speech recognition scores in quiet (100.0 + 0.0% vs. 2.5 +
4.2%, p <0.001; OLSA: 208+ 1.8dB vs. 61.0+3.3dB SPL, p < 0.001) when compared to hearing without PAPR.
Hearing with PAPR was significantly improved when the subjects were equipped with an in-ear headset (p < 0.001).
Sound attenuation by FFP3 respirators and surgical face masks had no clinically relevant impact on speech
perception.

Conclusions: The PAPR system evaluated here can be considered for high-risk procedures in SARS-CoV-2-positive
patients, provided that hearing and communication of the surgical team are optimized by the additional use of a
headset.
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Introduction

A local outbreak of a previously unknown disease,
COVID-19, caused by infection with a novel corona-
virus, SARS-CoV-2 [1], in Wuhan, Hubai Province,
China, rapidly developed into a global epidemic in early
2020 and is currently posing major challenges to the
world’s healthcare systems.

This remarkably variable disease shows a broad
spectrum of clinical manifestations, ranging from com-
pletely asymptomatic patients [2] to rapidly progressive
courses with lethal outcome despite intensive care treat-
ment [3]. According to current data, the main route of
human-to-human transmission of the pathogen primar-
ily occurs via respiratory droplets from infectious indi-
viduals or, less frequently, as a result of direct contact
with SARS-CoV-2-contaminated surfaces [4].

The experience of the past year has shown that med-
ical personnel in the operating room are exposed to a
considerable risk of infection when treating SARS-CoV-
2-positive patients [5]. Since high SARS-CoV-2 viral
loads can be detected in the upper respiratory tract of
COVID-19 patients [6], otolaryngologists, whose activ-
ities are focused on this area, are among the most ex-
posed specialties. A particular high risk of virus
transmission appears to emanate from aerosol-
producing interventions, such as endonasal skull base
surgery using high-speed drill [7] or tracheostomy [8, 9].
Adequate personal protective equipment (PPE) is re-
quired not only for operations on COVID-19 patients
but also for emergency interventions, e.g. in case of
acute respiratory distress or life-threatening bleeding in
the upper airways. This is of particular importance when
the SARS-CoV-2 test result is unknown or delayed.

For these high-risk interventions N95 respirators
(which correspond to the European respirator standards
FFP2/3) and goggles have been suggested to protect the
surgeons [10]. However, there is some evidence that
higher-level PPE in the form of powered air-purifying
respirators (PAPRs) may be more effective in safely pre-
venting infection of the surgeon, especially in aerosol-
producing, high-risk procedures [11, 12]. As a conse-
quence, the use of PAPRs is now included in some PPE
recommendations for interventions during the COVID-
19 pandemic [13-15].

In routine clinical practice, we have noticed that hear-
ing and communication are significantly impaired when
PAPRs are used. There is a small number of studies pro-
viding data which confirm this subjective impression
[16, 17]. The purpose of this study was to provide an in-
depth analysis of acoustic properties of a PAPR which
could potentially lead to difficulties in communication.
We also tested the impact on hearing and communica-
tion when two communication partners used PAPRs to
simulate the situation between surgeon and assistant
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during surgery. The audiological data measured when
using PAPRs was compared with those measured when
wearing FFP3 respirators or surgical face masks. More-
over, we evaluated the utility of a headset when using a
PAPR system as an aid to overcome audiological
limitations.

Material and methods

Powered air-purifying respirator (PAPR)

The Tornado T9 respirator headtop (Scott Health and
Safety Ltd., Skelmersdale, United Kingdom) (Fig. 1A)
with connection to a respiratory blower is a CE-certified
device that belongs to the category of PAPRs. The head-
top completely encloses the head and is made of translu-
cent polyurethrane, which provides all-round view. It
was used in conjunction with a blower-assisted respira-
tory protection system (PM Proflow 2 SC, PM
Atemschutz GmbH, Monchengladbach, Germany)
equipped with a CE-certified PM breathing protection
filter CF 32 A2B2E2K2-P3 RD / CF 32 ABEK-P R SL
(PM Atemschutz GmbH) suitable to protect against bac-
teria and viruses, gases and vapours as well as radio-
active and highly toxic particles (Fig. 1B). Figure 1C
shows the use of the PAPR in combination with an in-
ear headset connected to a cordless telephone.

Measurements of the acoustical properties of the PAPR
system

Acoustical properties (sound attenuation and fan noise)
of the PAPR system were measured in an anechoic
chamber with the system worn on a head and torso
simulator (Type 4100, Briel & Kjeer, Neerum, Denmark)
connected to a measurement amplifier (Type Nexus,
Brilel & Kjeer) (Fig. 2A).

The noise level inside the headtop (at the position of
the eardrum) generated by the fan of the blower-assisted
respiratory protection system was measured in one-
third-octave bands. To assess the sound insulation of the
headtop, the transfer function from a loudspeaker (C5
tiny, KS Digital, Saarbriicken, Germany) to the left ear of
the head and torso simulator was measured with and
without the PAPR system. Analysis was conducted with
ARTA software (ARTALABS, Kastel Luksic, Croatia).

Participants and audiometric testing

Audiometric testing was performed in normal-hearing
subjects (n = 10 health care professionals from our insti-
tution; # =5 males, n =5 females; age 28.6 + 4.3 years)
who were recruited to participate in the study on a vol-
untary basis. The participants had no previous regular
experience in the use of PAPRs and received detailed in-
struction in the handling and use of this PPE before the
audiometric measurements were performed. All tests
were carried out in a sound-isolated booth with regularly
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Fig. 1 The powered air-purifying respirator (PAPR) composed of two main components, a translucent head top (A) and the blower-assisted
respiratory protection system (B), represents an enhanced personal protective equipment (PPE) for use in high-risk surgical procedures (C)
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Fig. 2 (See legend on next page.)
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Fig. 2 Measurement of the acoustical properties of the powered air-purifying respirator (PAPR) system. A lllustration of the PAPR system on a
head and torso simulator used for measurements. B One-third octave band noise levels (dB SPL) of the PAPR system (black line) and the noise
floor of the anechoic chamber (grey line). C Frequency spectrum of the sound insulation (dBr) of the PAPR calculated as difference between the
transfer functions to the position of the left eardrum with and without PAPR system

calibrated audiometers and in free-field conditions with
the PAPR system (headtop and activated respiratory pro-
tection system) and without the PAPR system. To over-
come potential hearing deficits while wearing a PAPR,
tests were additionally conducted in a simulated com-
munication situation via wireless telephones. In this test
condition, the subject used earphones (M2-022 ear-
phone, M2-TEC, China) connected to a wireless tele-
phone device (8242 DECT Handset, Alcatel-Lucent
Enterprise, Colombes, France). A second wired micro-
phone (M2-022 earphone, M2-TEC, China) was placed
10cm (tone audiometry and Freiburg number and
monosyllable tests) or 15cm (speech reception thresh-
olds, German matrix test) in front of the loudspeaker
and connected to a second identical wireless telephone.
Warble tone hearing thresholds in free-field with and
without PAPR system and with wireless telephone device
were measured for the test frequencies 0.125/0.25/0.5/
0.75/1/1.5/2/3/4/6/8 kHz. Speech perception scores in
quiet were measured using the Freiburg number and
monosyllable tests [18] at sound pressure levels of 65 dB
SPL corresponding to a medium loud conversational
level. Speech was presented from frontal direction at 0°.
Speech reception thresholds (SRTs, sound pressure
level of speech with 50% correct word perception) in
quiet were measured with the German matrix test (Ol-
denburg sentence test, OLSA) [19] in an adaptive pro-
cedure. Initial sound pressure level of the speech signal
was 50 dB SPL. The test was performed in a closed-set
mode. The OLSA test was performed without and with
PAPR system (headtop and activated respiratory protec-
tion system). Additionally, the frequency characteristics

of the target speaker were modified to simulate a real
conversation, where the person speaking in the operat-
ing room would also be wearing PPE. This was realized
by convoluting the speech signal of the OLSA test with
the frequency response (i.e. dampening function) of
three different types of PPE: 3-layer surgical face mask
(KE-B P01, Kingfa Science &Tech, China), FFP3 respir-
ator (REF 35100, FarStar Medical, Germany) and PAPR.
The convolution was done with the software Equalizer
APO (https://sourceforge.net/projects/equalizerapo/).
The dampening functions of the 3-layer surgical face
mask and the FFP3 respirator are shown in Supplemen-
tal Fig. S1. The experimental conditions of the audio-
metric tests are summarized in Tables 1 and 2.

Statistics

Quantitative data are given as mean + standard deviation
(and median). Graphical presentation of the data was
performed using GraphPad Prism 8 (GraphPad Software,
San Diego, USA) and ARTA software (ARTALABS).
Statistical data analysis was performed with R (version
4.0.4, R Foundation for Statistical Computing, Vienna,
Austria) using linear mixed-effects models. Thereby, a
maximum likelihood approach was used for fitting and
the AIC (Akaike Information Criterion) was utilized for
model selection of fixed and random effects with up to
two-fold interactions as proposed by Seedorff et al. [20].
As all data arise from randomized block designs, where
each block corresponds to one subject, subject-specific
random effects were included to account for this
correlation.

Table 1 Audiometric evaluation in subjects using PAPR (manipulation of listener only)

Audiological test

Condition

Listener (subject)

Warble tone audiometry

Freiburg number and monosyllable test

German matrix test (Oldenburg sentence test, OLSA)

without PAPR

with PAPR

with PAPR and headset
without PAPR

with PAPR

with PAPR and headset
without PAPR

with PAPR

with PAPR and headset

PAPR Powered air-purifying respirator
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Table 2 Audiometric evaluation in subjects using PAPR, FFP3 respirator or surgical face mask with additional frequency response

modification of the speaker (manipulation of listener and speaker)

Audiological test Condition
Listener (subject) Speaker
German matrix test (Oldenburg sentence test, OLSA) SFM SFM
FFP3 FFP3
PAPR PAPR

SFM Surgical face mask, FFP3 FFP3 respirator, PAPR Powered air-purifying respirator

Audiometric data were analyzed using the following
three models:

1. In order to analyze the effect of PAPR (and headset)
on hearing thresholds, the conditions “without
PAPR”, “with PAPR” and “with PAPR and headset”,
frequency and the interaction between condition
and frequency were included as fixed effects. The
subject specific effect and the condition were
included as random effects.

2. The speech recognition scores were analyzed
including the condition (without PAPR, with PAPR,
with PAPR and headset) as fixed effect and the
subject specific effect as random effect.

3. To evaluate the influence of PPE on SRT the
variable condition (without PAPR, with PAPR, with
PAPR and headset, S: SEM / L: SEM, S: FFP3 / L:
FFP3, S: PAPR / L: PAPR) was included as fixed and
random effect and the subject specific effect as
random effect. Hereby we considered the following
two-step approach for the pairwise comparisons, as
a difference of less than 2 dB is not clinically rele-
vant: first, a test of equivalence for an equivalence
margin of +2 dB was carried out. Then, in case
equivalence was not fulfilled, a test of difference was
conducted.

For model building, the default “treatment contrasts”
of the R language was used, which corresponds to
dummy coding. Tukey’s all-pair comparisons were used
for post-hoc-tests. Post-hoc p-values were adjusted with
the single-step method. P-values <0.05 were considered
statistically significant.

Results

Acoustical properties of the PAPR system

Sound pressure level of the noise generated by the fan of
the blower-assisted respiratory protection system is
shown in Fig. 2B (black line). The noise floor of the an-
echoic chamber is also shown (light grey line). One-third
octave band noise levels ranged from 32 to 56 dB SPL
with highest levels in the frequency region of 250-500
Hz and 1-2 kHz.

Sound insulation of the headtop is shown in Fig. 2C.
For frequencies up to 400 Hz the headtop can be consid-
ered as acoustically transparent. For frequencies higher
than 400 Hz an increased sound insulation could be ob-
served with increasing frequency. In the frequency re-
gion of 3-5kHz, which is important for the intelligibility
of speech, sound insulation was in the range of 20 dB.

Audiological data

Warble tone audiometry

Hearing thresholds in free-field audiometry without
PAPR, with PAPR and with PAPR and headset are
shown in Fig. 3A. Average free-field audiometry hearing
thresholds for frequencies between 0.125 and 8 kHz
without and with the PAPR system were 4.0 +7.2dB HL
vs. 49.2+11.0dB HL (median: 50dB HL vs. 50.0dB
HL). A significant deterioration of the hearing thresholds
caused by the sound attenuation of the head top and the
fan noise of the activated respiratory protection system
was detected (p <0.001). When the PAPRs were used
with a headset a significant improvement of the hearing
thresholds was measured for the frequencies between
0.5 and 2kHz (42.1 +5.4dB HL, median 40.0dB HL;
p <0.001).

Speech audiometry

Speech recognition scores without PAPR, with PAPR
and with PAPR and headset are shown in Fig. 3B. Aver-
age number recognition score was 100 + 0.0% (median:
100.0%) without PAPR at 65 dB SPL and significantly de-
creased to 45.0 +15.8% (median: 40.0%) at 65dB SPL
with the PAPR (p <0.001). Likewise, the average mono-
syllabic word recognition score without the PAPR was
100.0 £ 0.0% (median: 100.0%) and was significantly re-
duced when the PAPR was used (2.5 +4.2%, median:
0.0%, p <0.001). When using the PAPR system equipped
with the in-ear headset, data showed a significant im-
provement of speech perception to 95.0 + 7.1% (median:
100.0%, p <0.001) for numbers and 52.5+19.3% (me-
dian: 50.0%, p < 0.001) for monosyllabic words.

SRTs obtained with the OLSA for the test conditions
“without PAPR”, “with PAPR”, “with PAPR and headset”
and for the simulations of a talker using either surgical
face mask, FFP3 respirator or PAPR are shown in Fig.
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Fig. 3 Impact of the powered air-purifying respirator (PAPR) on hearing performance in normal-hearing subjects (n = 10). A Boxplots of hearing
thresholds (dB HL) with PAPR (white), without PAPR (grey) and with PAPR + headset (plaid) using tone audiometry. The vertical bar (***) applies
for “without PAPR" vs. “with PAPR" and for “without PAPR" vs. “with PAPR and headset”. B Boxplots of speech recognition scores (%) for numbers
and monosyllabic words (Freiburg speech test) without PAPR (black), with PAPR (grey) and with PAPR + headset (white) at 65 dB. C Boxplots of
speech reception thresholds (SRTs) in dB SPL with PAPR (straight striped), without PAPR (white) and with PAPR and headset (plaid) as well as with
attenuation of PAPR (oblique plaid), with attenuation of a surgical face mask (oblique striped) and with attenuation of an FFP3 respirator (grey)
obtained with the German matrix test. Box plots show minima, maxima, interquartile range and median. Significant differences not indicated in
the graph: without PAPR vs. with PAPR, without PAPR vs. with PAPR and headset, without PAPR vs. S: PAPR / L: PAPR, S: SFM / L: SFM vs. with
PAPR, S: SFM / L: SFM vs. with PAPR and headset, S: SFM / L: SFM vs. S: PAPR / L: PAPR, S: FFP3 / L: FFP3 vs. with PAPR, S: FFP3 / L: FFP3 vs. with
PAPR and headset, S: FFP3 / L: FFP3 vs. S: PAPR / L: PAPR (p < 0.001, respectively). S = speaker, L = listener, SFM = surgical face mask, FFP3 = FFP3

respirator. *p < 0.05; ***p < 0.001

3C. Mean SRTs significantly increased (i.e. deteriorated)
from 20.8 + 1.8 dB SPL (median: 21.5dB SPL) to 61.0 +
3.3dB SPL (median: 62.0dB SPL) when the PAPR was
used (n =10, p<0.001). When the PAPR was equipped
with a headset, significantly lower SRTs were observed
(56.2 £ 4.7 dB SPL, median: 55.8 dB SPL; p < 0.05).

OLSA results from measurements simulating the ef-
fects of different types of PPE used by the speaker
showed that SRTs were not affected by the use of either
a 3-layer surgical face mask or an FFP3 respirator, as for
the comparisons of these conditions (“without PAPR vs.
S: SEM / L: SEM”; “without PAPR” vs. “S: FFP3 / L:
FFP3”; “S: SEM / L: SEM” vs. “S: FFP3 / L: FFP3”) the
limits of the simultaneous 95%-confidence intervals for
the differences were below 2dB. Hence, it can be as-
sumed that these conditions are equivalent.

When both speaker and listener (i.e. subject) used a
PAPR (condition “S: PAPR / L: PAPR”), mean SRTs sig-
nificantly deteriorated by 47.7 + 10.0 dB SPL in compari-
son to the situation without PAPR (p < 0.001).

Discussion

Since SARS-CoV-2 appears to be transmitted mainly via
aerosol particles [21] and droplets [22], interventions in
the upper airways, especially if they produce aerosols,
are associated with a particularly high risk of SARS-
CoV-2 infection for the surgeon as well as the surround-
ing team and may require enhanced PPE [23, 24]. Con-
sequently, the most exposed specialties are
otorhinolaryngology, anesthesiology and dentistry, which
together account for 12% of COVID-19-related deaths
among physicians [25]. Recent data show that at a uni-
versity department of otorhinolaryngology in times of
the COVID-19 pandemic, approximately 1 in 200 pa-
tients were found to be SARS-CoV-2-positive by poly-
merase chain reaction (PCR) testing [26]. In the field of
otolaryngology, in particular the frequently performed
routine interventions such as tracheostomy and surgical
procedures with powered devices including functional
endoscopic sinus surgery and mastoidectomy are consid-
ered high-risk procedures [13, 27].

For such interventions, the use of PAPRs has been
proposed to ensure enhanced safety for the surgeons in-
volved [13]. The successful use of PAPRs for viral infec-
tion control has already been reported in the
management of severe acute respiratory syndrome
(SARS) patients [28]. Our university hospital also has
substantial experience in the use of PAPRs from the care
and treatment of highly infectious Ebola patients [29].
Given the increasing incidences of new SARS-CoV-2
variants of concern in Europe [30] and limited availabil-
ity of vaccines, but also the risk of further new respira-
tory infectious diseases with pandemic potential in the
future, enhanced PPE, such as PAPRs, will continue to
play a crucial role in protecting health care professionals
from viral transmission.

The three-dimensional protection of the head and
neck from splashes and aerosols and the superior filter-
ing capacity of PAPRs compared to N95 respirators and
surgical face masks are the defining qualities of PAPRs
[11, 24]. Several drawbacks and limitations exist for N95
respirators such as suboptimal respirator fit due to facial
hair [31] or significantly increased breathing resistance
[32] which must be considered in case of long surgeries
in infectious COVID-19 patients. In these cases, PAPRs
can be a suitable and valuable alternative.

However, we found in clinical routine practice that
hearing and thus communication is significantly com-
promised when the PAPR is worn and the respiratory
protection system has been activated. This limitation is
especially critical in case of emergency interventions,
where rapid action and optimal communication are key.

To further explore these acoustic difficulties, we con-
ducted hearing tests on normal-hearing subjects with
and without PAPR. Tone audiometry revealed that the
hearing thresholds were significantly deteriorated when
the subjects wore the PAPRs with the blower-assisted re-
spiratory protection system activated. Likewise, speech
perception was significantly reduced under these condi-
tions. This specific limitation of PAPRs has been re-
ported previously [11, 16, 17] and has to be considered
when this PPE is used in clinical routine. The underlying
cause of these results became obvious when we
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characterized the acoustic properties of the PAPR.
Firstly, the headtop of the PAPR causes substantial
sound insulation. Secondly, the activated respiratory pro-
tection system produces noise with sound pressure levels
up to 56 dB. Both factors together result in the detected
restrictions in hearing and communication. Kempfle
et al. [16] showed a mean deterioration of hearing
thresholds of about 40 dB in a different PAPR system. In
our study, the measured hearing thresholds were even
10 dB worse. The obtained mean reduction in word rec-
ognition scores of about 50% was comparable with the
results reported in the study by Kempfle et al. [16]. Pal-
miero et al. [17] performed measurements of speech
transmission index (STI) for different types of PPE and
also reported a significantly lower (i.e. worse) STI for
PAPR systems compared with N95 respirators and 3-
layer surgical face masks.

To compensate for these limitations in hearing, the
benefit of in-ear headsets was tested. In tone audiometry,
a significant improvement of hearing thresholds of about
10 dB was found in the frequency range between 0.5 and
2kHz. On the one hand, sound insulation of the PAPR
in this frequency range was overcome by the use of a
headset. On the other hand, hearing thresholds could
not be further improved because of the high fan noise
level between 0.25 and 2 kHz. For lower and higher fre-
quencies, no benefit was found by using the headset.
This can be explained by the limited transmission of fre-
quencies lower than 500 Hz and higher than 4 kHz via
the telephone. Our data (number and word recognition
results in quiet) also clearly show that hearing with
PAPR is significantly improved when an in-ear headset
is used. With PAPR mean word recognition score was
almost 0% and improved to about 50% at a conversa-
tional level of 65 dB SPL. Taking redundancy of conver-
sational speech into account it could be assumed that a
sentence recognition score of 100% is achievable by
using a headset. However, listening effort in such a com-
munication situation is still highly increased compared
to a conversation using other types of PPE (FFP3 respir-
ator, 3-layer surgical face mask).

This finding was also reflected in the SRT measure-
ments. It was shown that using a PAPR led to a signifi-
cant deterioration of SRT (40 dB) whereas no clinically
relevant impact of FFP3 respirators and 3-layer surgical
face masks on SRT was found. In a test condition in
which listener and speaker used a PAPR, SRTSs increased
even more. In the test condition “with PAPR and head-
set” a significant improvement of 5dB in SRTs was
found. Given that the slope of the OLSA discrimination
function is 11.3%/dB, this corresponds to an improve-
ment in speech perception of 56.5%.

In the present study, no clinically relevant impact of
surgical face masks or FFP3 respirators on SRT in quiet
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was found, although the measured sound attenuation in
the frequency range between 2 and 4 kHz is up to 10 dB
(Supplemental Fig. S1). Other studies also found no de-
terioration in speech perception for surgical face masks
in either quiet [33] or for high signal-to-noise ratios
[34]. A subjective decline in communication ability is
frequently reported in clinical routine practice when
using an FFP3 respirator in comparison to a 3-layer sur-
gical face mask. However, only speech tests in quiet in a
sound isolated booth were conducted. It could be hy-
pothesized that differences in speech perception between
FFP3 respirator and 3-layer surgical face mask are re-
vealed by conducting a speech test in noise. The major
differences in the dampening function between FFP3
respirator and 3-layer surgical face mask are present for
frequencies higher than 5 kHz and thus could potentially
reduce the recognition of sibilants in noise. Reduced
speech perception in noise was shown by Brown et al.
[33] for surgical face masks and by Toscano et al. [34]
for N95 respirators (dampening function in the range of
FFP3 respirator) in test conditions in noise with lower
signal-to-noise ratio. In addition, our tests do not meas-
ure the potential negative effects of FFP3 respirators on
articulation due to the tight fit on the jaw and the lips
which could also affect communication ability.

Conclusions

In summary, we present a PAPR system that appears
suitable for use in aerosol-generating procedures. How-
ever, the use of such a PPE is accompanied by limita-
tions in hearing and communication. If these difficulties
are overcome by providing health care professionals with
headsets, PAPRs represent a PPE with a very high level
of protection, which can be recommended for high-risk
interventions during the SARS-CoV-2 pandemic.

Since PAPR systems can be used not only to protect
health care professionals from SARS-CoV-2 infection
but also from various other highly contagious respiratory
diseases, it can be anticipated that our findings will also
be relevant for future pandemics.

Abbreviations

COVID-19: Coronavirus disease 2019; FFP: Filtering face piece; HL: Hearing
level; OLSA: Oldenburg sentence test; PAPR: Powered air-purifying respirator;
PCR: Polymerase chain reaction; PPE: Personal protective equipment;

SARS: Severe acute respiratory syndrome; SARS-CoV-2: Severe acute
respiratory syndrome coronavirus type 2; SPL: Sound pressure level;

SRT: Speech reception threshold; STI: Speech transmission index

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512995-021-00334-y.

Additional file 1: Supplemental Fig. S1. Dampening function (i.e.
frequency response) of the surgical face mask (light grey) and the FFP3
respirator (black).



https://doi.org/10.1186/s12995-021-00334-y
https://doi.org/10.1186/s12995-021-00334-y

Weiss et al. Journal of Occupational Medicine and Toxicology

Acknowledgements

The authors would like to thank Annette Lehn (Institute of Biostatistics and
Mathematical Modelling, Goethe University, Frankfurt am Main) for her
support in statistical data analysis and all subjects for their participation in
this study.

Authors’ contributions

RW, TS and MD conceived and designed the study. RW and TW? conducted
audiological analyses and collected data. RW, LG, NF, TW? and MD
performed the data analysis and visualization. TW?, TW® and TS provided
resources for the study. RW and MD wrote the original draft of the
manuscript. RW, LG, TW?, NF, BH, KZ, TW?, SW, VAJK, SC, TS and MD made
substantial contributions to data interpretation and/or review and editing of
the manuscript. All authors read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The Goethe University Hospital Frankfurt's ethics committee reviewed and
approved this study (No. 20-909). Written informed consent was obtained
from all subjects (health care professionals) who volunteered to participate
in this study.

Consent for publication
Written informed consent for publication of study data was obtained from
all participants.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Otorhinolaryngology, Head and Neck Surgery, University
Hospital Frankfurt, Goethe University, Theodor-Stern-Kai 7, 60590 Frankfurt/M,
Germany. “Division of Audiological Acoustics, Department of
Otorhinolaryngology, Head and Neck Surgery, University Hospital Frankfurt,
Goethe University, Theodor-Stern-Kai 7, 60590 Frankfurt/M, Germany.
JInstitute of Biostatistics and Mathematical Modelling, Goethe University,
Theodor-Stern-Kai 7, 60590 Frankfurt/M, Germany. “Department of
Anesthesiology, Intensive Care Medicine & Pain Therapy, University Hospital
Frankfurt, Goethe University, Theodor-Stern-Kai 7, 60590 Frankfurt/M,
Germany. *Department of Internal Medicine Il, Infectious Diseases, University
Hospital Frankfurt, Goethe University, Theodor-Stern-Kai 7, 60590 Frankfurt/M,
Germany. ®Occupational Health Service, University Hospital Frankfurt Goethe
University, Theodor-Stern-Kai 7, 60590 Frankfurt/M, Germany. /Institute for
Medical Microbiology and Infection Control, University Hospital Frankfurt,
Goethe University, Paul-Ehrlich-Str. 40, 60596 Frankfurt/M, Germany.
8University Center of Competence for Infection Control of the State of Hesse,
Goethe University, Paul-Ehrlich-Str. 40, 60596 Frankfurt/M, Germany. °Institute
of Medical Virology, University Hospital Frankfurt, Goethe University,
Paul-Ehrlich-Str. 40, 60596 Frankfurt/M, Germany. '°German Centre for
Infection Research, External partner site Frankfurt, Frankfurt/M, Germany.
"Fraunhofer Institute for Molecular Biology and Applied Ecology (IME),
Branch Translational Medicine and Pharmacology, Frankfurt, Germany.

Received: 19 April 2021 Accepted: 21 September 2021
Published online: 30 September 2021

References

1. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A novel coronavirus
from patients with pneumonia in China, 2019. N Engl J Med. 2020;382(8):
727-33. https;//doi.org/10.1056/NEJM0a2001017.

2. QiuC, Deng Z Xiao Q, Shu Y, Deng Y, Wang H, et al. Transmission and clinical
characteristics of coronavirus disease 2019 in 104 outside-Wuhan patients,
China. J Med Virol. 2020;92(10):2027-35. https.//doi.org/10.1002/jmv.25975.

(2021) 16:43

20.

21.

22.

Page 10 of 11

Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of
patients infected with 2019 novel coronavirus in Wuhan, China.
Lancet. 2020;395(10223):497-506. https://doi.org/10.1016/50140-6736(2
0)30183-5.

World Health Organization. Coronavirus disease 2019 (COVID-19) Situation
Report - 73. 2020. https://www.who.int/docs/default-source/coronaviruse/
situation-reports/20200402-sitrep-73-covid-19.pdf. Accessed 14 Apr 2021.
Patel ZM, Fernandez-Miranda J, Hwang PH, Nayak JV, Dodd RL, Sajjadi H,
et al. Letter: precautions for endoscopic Transnasal Skull Base surgery during
the COVID-19 pandemic. Neurosurgery. 2020;87(1):E66-7. https://doi.org/1
0.1093/neuros/nyaal 25.

Zou L, Ruan F, Huang M, Liang L, Huang H, Hong Z, et al. SARS-CoV-2 viral
load in upper respiratory specimens of infected patients. N Engl J Med.
2020;382(12):1177-9. https://doi.org/10.1056/NEJMc2001737.

Workman AD, Welling DB, Carter BS, Curry WT, Holbrook EH, Gray ST, et al.
Endonasal instrumentation and aerosolization risk in the era of COVID-19:
simulation, literature review, and proposed mitigation strategies. Int Forum
Allergy Rhinol. 2020;10(7):798-805. https://doi.org/10.1002/alr.22577.

Tran K, Cimon K, Severn M, Pessoa-Silva CL, Conly J. Aerosol generating
procedures and risk of transmission of acute respiratory infections to
healthcare workers: a systematic review. PLoS One. 2012;7(4).e35797. https//
doi.org/10.1371/journal.pone.0035797.

Loth AG, Guderian DB, Haake B, Zacharowski K, Stover T, Leinung M. Aerosol
exposure during surgical tracheotomy in SARS-CoV-2 positive patients.
Shock. 2020;55(4):472-8. https.//doi.org/10.1097/SHK.0000000000001655.
Boccalatte LA, Larranaga JJ, Perez Raffo GM, Teijido CA, Garcia Fornari G,
Staneloni M, et al. Brief guideline for the prevention of COVID-19 infection
in head and neck and otolaryngology surgeons. Am J Otolaryngol. 2020;
41(3):102484. https://doi.org/10.1016/j.amjot0.2020.102484.

Roberts V. To PAPR or not to PAPR? Can J Respir Ther. 2014;50(3):87-90.
Patel ZM, Fernandez-Miranda J, Hwang PH, Nayak JV, Dodd RL, Sajjadi H,
et al. In reply: precautions for endoscopic Transnasal Skull Base surgery
during the COVID-19 pandemic. Neurosurgery. 2020,87(2):E162-3. https.//
doi.org/10.1093/neuros/nyaal 56.

Givi B, Schiff BA, Chinn SB, Clayburgh D, lyer NG, Jalisi S, et al. Safety
recommendations for evaluation and surgery of the head and neck during
the COVID-19 pandemic. JAMA Otolaryngol Head Neck Surg. 2020;146(6):
579-84. https://doi.org/10.1001/jamaoto.2020.0780.

Canadian Society of Otolaryngology- Head & Neck Surgery. Guidance for
Health Care Workers Performing Aerosol Generating Medical Procedures
during the COVID-19 Pandemic Endorsed by the CSO-HNS Executive
Committee. 2020. https;//www.entcanada.org/wp-content/uploads/
Protocol-for-COVID-and-AGMP-3-iw-mailer.pdf. Accessed 14 Apr 2021.
American Academy Of Otolaryngology- Head and Neck Surgery. Academy
Supports CMS, Offers Specific Nasal Policy. 2020. https://www.entnet.org/
content/academy-supports-cms-offers-specific-nasal-policy-1. Accessed 14
Apr 2021.

Kempfle JS, Panda A, Hottin M, Vinik K, Kozin ED, Ito CJ, et al. Effect of
powered air-purifying respirators on speech recognition among health care
workers. Otolaryngol Head Neck Surg. 2021;164(1):87-90. https://doi.org/1
0.1177/0194599820945685.

Palmiero AJ, Symons D, Morgan JW, Shaffer RE. Speech intelligibility assessment
of protective facemasks and air-purifying respirators. J Occup Environ Hyg.
2016;13(12):960-8. https//doi.org/10.1080/15459624.2016.1200723.
HAHLBROCK KH. Speech audiometry and new word-tests. [Uber
Sprachaudiometrie und neue Worterteste]. Arch Ohren Nasen
Kehlkopfheilkd. 1953;162(5):394-431. https://doi.org/10.1007/BF02105664.
Wagener K, Brand T, Kiihnel V, Kollmeier B. Entwicklung und Evaluation
eines Satztests fur die deutsche Sprache I-Ill: Design, Optimierung und
Evaluation des Oldenburger Satztests. Z Audiol. 1999;38:4-15 44-56, 86-95.
Seedorff M, Oleson J, McMurray B. Maybe maximal: good enough mixed
models optimize power while controlling type | error; 2019. https://doi.
0rg/10.31234/0sf.io/xmhfr.

van Doremalen N, Bushmaker T, Morris DH, Holbrook MG, Gamble A,
Williamson BN, et al. Aerosol and surface stability of SARS-CoV-2 as
compared with SARS-CoV-1. N Engl J Med. 2020,382(16):1564-7. https://doi.
org/10.1056/NEJMc2004973.

Stadnytskyi V, Bax CE, Bax A, Anfinrud P. The airborne lifetime of small
speech droplets and their potential importance in SARS-CoV-2 transmission.
Proc Natl Acad Sci U S A. 2020;117(22):11875-7. https://doi.org/10.1073/pna
5.2006874117.


https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1002/jmv.25975
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200402-sitrep-73-covid-19.pdf
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200402-sitrep-73-covid-19.pdf
https://doi.org/10.1093/neuros/nyaa125
https://doi.org/10.1093/neuros/nyaa125
https://doi.org/10.1056/NEJMc2001737
https://doi.org/10.1002/alr.22577
https://doi.org/10.1371/journal.pone.0035797
https://doi.org/10.1371/journal.pone.0035797
https://doi.org/10.1097/SHK.0000000000001655
https://doi.org/10.1016/j.amjoto.2020.102484
https://doi.org/10.1093/neuros/nyaa156
https://doi.org/10.1093/neuros/nyaa156
https://doi.org/10.1001/jamaoto.2020.0780
https://www.entcanada.org/wp-content/uploads/Protocol-for-COVID-and-AGMP-3-iw-mailer.pdf
https://www.entcanada.org/wp-content/uploads/Protocol-for-COVID-and-AGMP-3-iw-mailer.pdf
https://www.entnet.org/content/academy-supports-cms-offers-specific-nasal-policy-1
https://www.entnet.org/content/academy-supports-cms-offers-specific-nasal-policy-1
https://doi.org/10.1177/0194599820945685
https://doi.org/10.1177/0194599820945685
https://doi.org/10.1080/15459624.2016.1200723
https://doi.org/10.1007/BF02105664
https://doi.org/10.31234/osf.io/xmhfr
https://doi.org/10.31234/osf.io/xmhfr
https://doi.org/10.1056/NEJMc2004973
https://doi.org/10.1056/NEJMc2004973
https://doi.org/10.1073/pnas.2006874117
https://doi.org/10.1073/pnas.2006874117

Weiss et al. Journal of Occupational Medicine and Toxicology (2021) 16:43

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34.

Mick P, Murphy R. Aerosol-generating otolaryngology procedures and the
need for enhanced PPE during the COVID-19 pandemic: a literature review.
J Otolaryngol Head Neck Surg. 2020;49(1):29. https.//doi.org/10.1186/540463-
020-00424-7.

Howard BE. High-risk aerosol-generating procedures in COVID-19:
respiratory protective equipment considerations. Otolaryngol Head Neck
Surg. 2020;163(1):98-103. https://doi.org/10.1177/0194599820927335.

Ing EB, Xu QA, Salimi A, Torun N. Physician deaths from corona virus
(COVID-19) disease. Occup Med (Lond). 2020;70(5):370-4. https://doi.org/1
0.1093/0ccmed/kqaa08s.

Weiss R, Guchlerner L, Loth AG, Leinung M, Wicker S, Kempf VAJ, et al.
Typical symptoms of common otorhinolaryngological diseases may mask a
SARS-CoV-2 infection. Eur Arch Otorhinolaryngol. 2021;278(9):1-8. https://
doi.org/10.1007/500405-021-06726-4.

Chen JX, Workman AD, Chari DA, Jung DH, Kozin E, Lee DJ, et al.
Demonstration and mitigation of aerosol and particle dispersion during
mastoidectomy relevant to the COVID-19 era. Otol Neurotol. 2020,41(9):
1230-9. https://doi.org/10.1097/MAO.0000000000002765.

Chee VWT, Khoo ML-C, Lee SF, Lai YC, Chin NM. Infection control measures
for operative procedures in severe acute respiratory syndrome-related
patients. Anesthesiology. 2004;100(6):1394-8. https://doi.org/10.1097/
00000542-200406000-00010.

Wolf T, Kann G, Becker S, Stephan C, Brodt H-R, de Leuw P, et al. Severe
Ebola virus disease with vascular leakage and multiorgan failure: treatment
of a patient in intensive care. Lancet. 2015;385(9976):1428-35. https://doi.
0rg/10.1016/50140-6736(14)62384-9.

European Centre for Disease Prevention and Control. Risk assessment: SARS-
CoV-2 - increased circulation of variants of concern and vaccine rollout in
the EU/EEA, 14th update. 2020. https//www.ecdc.europa.eu/en/publica
tions-data/covid-19-risk-assessment-variants-vaccine-fourteenth-update-
february-2021. Accessed 14 Apr 2021.

Sandaradura |, Goeman E, Pontivivo G, Fine E, Gray H, Kerr S, et al. A close
shave? Performance of P2/N95 respirators in healthcare workers with facial
hair: results of the BEARDS (BEnchmarking adequate respiratory DefenceS)
study. J Hosp Infect. 2020;104(4):529-33. https.//doi.org/10.1016/j,hin.2020.
01.006.

Lee HP, Wang DY. Objective assessment of increase in breathing resistance
of N95 respirators on human subjects. Ann Occup Hyg. 2011,55:917-21.
https://doi.org/10.1093/annhyg/mer065.

Brown VA, van Engen KJ, Peelle JE. Face mask type affects audiovisual
speech intelligibility and subjective listening effort in young and older
adults. Cogn Res Princ Implic. 2021,6(1):49. https://doi.org/10.1186/541235-
021-00314-0.

Toscano JC, Toscano CM. Effects of face masks on speech recognition in
multi-talker babble noise. PLoS One. 2021;16(2):e0246842. https;//doi.org/1
0.1371/journal.pone.0246842.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1186/s40463-020-00424-7
https://doi.org/10.1186/s40463-020-00424-7
https://doi.org/10.1177/0194599820927335
https://doi.org/10.1093/occmed/kqaa088
https://doi.org/10.1093/occmed/kqaa088
https://doi.org/10.1007/s00405-021-06726-4
https://doi.org/10.1007/s00405-021-06726-4
https://doi.org/10.1097/MAO.0000000000002765
https://doi.org/10.1097/00000542-200406000-00010
https://doi.org/10.1097/00000542-200406000-00010
https://doi.org/10.1016/S0140-6736(14)62384-9
https://doi.org/10.1016/S0140-6736(14)62384-9
https://www.ecdc.europa.eu/en/publications-data/covid-19-risk-assessment-variants-vaccine-fourteenth-update-february-2021
https://www.ecdc.europa.eu/en/publications-data/covid-19-risk-assessment-variants-vaccine-fourteenth-update-february-2021
https://www.ecdc.europa.eu/en/publications-data/covid-19-risk-assessment-variants-vaccine-fourteenth-update-february-2021
https://doi.org/10.1016/j.jhin.2020.01.006
https://doi.org/10.1016/j.jhin.2020.01.006
https://doi.org/10.1093/annhyg/mer065
https://doi.org/10.1186/s41235-021-00314-0
https://doi.org/10.1186/s41235-021-00314-0
https://doi.org/10.1371/journal.pone.0246842
https://doi.org/10.1371/journal.pone.0246842

	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Material and methods
	Powered air-purifying respirator (PAPR)
	Measurements of the acoustical properties of the PAPR system
	Participants and audiometric testing
	Statistics

	Results
	Acoustical properties of the PAPR system
	Audiological data
	Warble tone audiometry
	Speech audiometry


	Discussion
	Conclusions
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

