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Voice Acoustics and Vocal Effort in Mask-Wearing Healthcare
Professionals: A Comparison Pre- and Post-Workday
*,†Victoria S. McKenna, *Tulsi H. Patel, *Courtney L. Kendall, ‡Rebecca J. Howell, and ‡Renee L. Gustin, *, y, and z
Summary: Objective. We evaluated voice acoustics and self-perceptual ratings in healthcare workers required
to wear face masks throughout their workday.
Methods. Eighteen subjects (11 cisgender female, 7 cisgender male; M = 33.72 years, SD = 8.30) completed selfperceptual ratings and acoustic recordings before and after a typical workday. Chosen measures were speciﬁc to
vocal effort, dysphonia, and laryngeal tension. Mixed effects models were calculated to determine the impact of
session, mask type, sex, and their interactions on the set of perceptual and acoustic measures.
Results. The subjects self-reported a signiﬁcant increase in vocal effort following the workday. These perceptual
changes coincided with an increase in vocal intensity and harmonics-to-noise ratio, but decrease in relative fundamental frequency offset 10. As expected, men and women differed in measures related to fundamental frequency
and vocal tract length.
Conclusion. Healthcare professionals wearing masks reported greater vocal symptoms post-workday compared
to pre-workday. These symptoms coincided with acoustic changes previously related to vocal effort; however, the
degree of change was considered mild. Further research is needed to determine whether vocal hygiene strategies
may reduce vocal symptoms in mask-wearing workers.
Key Words: Acoustics—Adults—Effort.

INTRODUCTION
Occupational voice users comprise a group of professionals
that must verbally communicate with others to meet the
demands of their jobs.1 These professions include singers,
teachers, therapists, coaches, and clergy, among others.
With increased voice demands, occupational voice users
report greater vocal symptoms and exhibit a higher prevalence for voice-related problems compared to the general
public.2 Healthcare professionals represent a subset of occupational voice users who often endure added challenges of
communicating in the presence of background noise (eg,
diagnostic equipment), and of interacting with those with
existing communication difﬁculties (eg, critically ill, hearing
loss).
With the onset of the COVID-19 pandemic, many healthcare professionals are now required to wear face masks (eg,
simple surgical masks, N95 respirators) to protect themselves from infection and to prevent potential disease transmission to others.3 Because these masks are positioned over
the nose and mouth, it follows that face masks negatively
impact both acoustic and visual information conveyed during speech. Speciﬁcally, masks attenuate frequency information ≥ 2 kHz in the acoustic signal4 which, in turn, may
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alter the phonemic content of the message.5 Face masks
also prohibit the use of visual cues to assist in message comprehension as they can no longer see facial expressions or
use lip-reading strategies. Prior research has shown that
communication exchange with face masks can be especially
difﬁcult in noisy situations6 and/or when the communication partner has hearing loss.7 Some masks can lead to a
reduction in speech intelligibility by up to 17% using a simulated intensive care unit.8
Despite the clear impacts of mask-based communication
on the listener, these prior studies fail to consider the speaker
who has to overcome these challenges to effectively communicate. Recently, Robiero et al.9 interviewed over 400 maskwearing adults about their vocal health and symptoms, ﬁnding a signiﬁcant increase in vocal effort, difﬁculty coordinating speaking and breathing, and reduction in auditory
feedback when comparing speaker perceptions with and
without a face mask. However, this interview study lacked
objective acoustic data to link self-perceived voice problems
with quantitative vocal changes. Therefore, we investigated
voice acoustics and perceptual measures in mask-wearing
healthcare professionals who have the added challenge of a
visual and acoustic barrier during their existing occupational vocal load. Our overarching hypothesis was that
mask-wearing occupational voice users would show evidence of vocal fatigue—quantiﬁed as acoustic manifestations of increased vocal effort and laryngeal muscle tension
—over a single workday.

Acoustic measures of vocal effort and laryngeal
tension
The impact of vocal fatigue on communication in occupational voice users has often been studied relative to the risk
for developing acute and/or chronic voice problems. To
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characterize fatigue, many research efforts have turned
toward identifying acoustic changes following a typical
work day/week or speciﬁed vocal load (eg, lecture, exercise
class). Thus far, there is consistent evidence that mean fundamental frequency (fo) and vocal intensity increase following occupation-related vocal loading10−13 and structured
vocal loading paradigms,14−19 in which the duration, quality, and/or intensity of voice are manipulated.20
Remacle and colleagues proposed that an increase in
mean fo may be a normal physiological adaptation to vocal
load rather than an indicator of maladaptive vocal patterns.21 The authors also proposed that individual variability (intrinsic and extrinsic factors) may be the reason why
some studies report dysphonic vocal changes (acoustic, perceptual) following occupational or experimental vocal loading, whereas others do not.21 For example, cepstral peak
prominence (CPP)—a promising acoustic measure related
to the presence and severity of dysphonia22,23—has been
shown to signiﬁcantly decrease with loading,24 or to not
change at all.14,25,26
In both ﬁeld and experimental studies, perceptual ratings
of vocal effort are employed to track vocal symptoms.
Vocal effort, deﬁned as perceived vocal exertion to a perceived vocal demand,27 is quantiﬁed via speaker ratings
immediately following the vocal demand. Recent research
characterized modulated vocal effort in adults with typical
voices as a way to investigate acoustical and physiological
manifestations of effort without confounding factors.28−30
McKenna and Stepp29 examined a large set of acoustical
measures, determining a signiﬁcant increase in vocal intensity (measured in dB SPL) as self- and listener-perceived
vocal effort increased. Results also showed a signiﬁcant
reduction in both harmonics-to-noise ratio (HNR) and lowto-high spectral ratio (L/H ratio) for both speaker and listener-perceptual models. However, there was no change in
CPP values, though previous research on modulated effort
by Rosenthal et al.30 reported a signiﬁcant increase in CPP
and its standard deviation (SD) with rising levels of selfreported effort.
A subsequent analysis of the same participants from
McKenna and Stepp29 further revealed that increased
subglottal pressure estimates, medial supraglottic compression, and increased activation of suprahyoid muscles
were signiﬁcantly related to the self-perception of vocal
effort.28 The authors suggested that the physiological
basis of vocal effort may, in fact, overlap with the symptoms of those with increased laryngeal tension and/or
hyperfunctional vocal behavior. This hypothesis falls in
line with the research by Remacle et al.,21 which found
that a subset (9%) of their participants exhibited acoustic
responses to occupational loading that were consistent
with increased glottal adduction (ie, increased HNR with
simultaneous reduction in shimmer). Remacle and colleagues argued that this pattern was consistent with
symptoms of hyperfunction and laryngeal tension,
though laryngeal visualization and manual palpation
techniques were not undertaken.
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With that in mind, an investigation into the acoustic manifestation of laryngeal tension may be prudent in occupational
loading studies. Relative fundamental frequency (RFF) is an
acoustic indicator of laryngeal tension and potentially relevant
clinical measure for those with hyperfunctional voice disorders.
Unlike more traditional acoustic measures that are extracted
during vowel steady-state (eg, HNR), RFF is extracted from
vowel-transition states in and out of a voiceless obstruent (eg,
/iﬁ/). The last ten voicing cycles of the initial vowel (known as
offset cycles) and the ﬁrst ten cycles of the following vowel
(onset cycles) are theorized to be inﬂuenced by increases in
laryngeal tension needed for effective devoicing.31 The voicing
cycles closest to the voiceless consonant (offset cycle 10, onset
cycle 1) are most sensitive to changes in laryngeal tension.
RFF values for these cycles are not only correlated with selfand/or listener-perceptual ratings of vocal effort29,32 but also
normalize in individuals with hyperfunctional voices after a
successful course of voice therapy.31
Excessive laryngeal tension may also manifest as an elevated laryngeal position during phonation and/or rest.33−35
Although manual laryngeal palpation is the standard clinical technique for assessing perilaryngeal muscle tension and
overall laryngeal height,36,37 estimates of vocal tract length
(VTL) can be ascertained from formant acoustics.38 Speciﬁcally, the resonant features (F2, F3, F4) of the vocal tract
change based on the length of the vocal tract, as measured
from the vocal folds to the opening of the lips. With our
hypothesis that vocal fatigue may result in increased vocal
effort and elevated suprahyoid laryngeal muscle tension, we
would suspect a shortening in the acoustic VTL estimate at
the end of the workday when compared to the beginning.

Purpose
Our study objectives were to: (1) summarize the frequency
of self-perceived communication problems and vocal symptoms, (2) compare voice acoustics before and after occupational vocal loading, and (3) assess self-perceptual ratings of
dyspnea and vocal effort before and after occupational
vocal loading. We proposed the following hypotheses:
1. Healthcare professionals would report that face masks
negatively impact their voice and communication in the
workplace.
2. Healthcare professionals would show changes in voice
acoustics post-workday that would be consistent with documented acoustic outcomes of vocal effort and laryngeal tension (eg, reduced RFF values; increased vocal intensity and
mean fo; shortening of acoustic VTL).
3. Healthcare professionals would exhibit a signiﬁcant
increase in self-reported vocal effort and dyspnea postworkday.
METHODS
Participants
Twenty-one adult English speaking healthcare workers
wearing face masks > 6 hours/day were enrolled and
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TABLE 1.
Participant Demographics
ID

Sex

Age (yrs)

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18

F
F
F
F
F
F
F
F
F
F
F
M
M
M
M
M
M
M

39
36
49
24
24
43
35
24
27
25
37
44
41
45
35
27
23
29

Occupation
Physician
Physician
PT
RT
SLP
Medical Admin.
Nurse
RT
SLP
SLP
SLP
Physician
Physician
Physician
PT
PT
RT
SLP

Mask Worn at Work

Workday Duration (hrs)

N95
N95
N95
N95
N95
Simple
Simple
Simple
Simple
Simple
Simple
N95
N95
Simple
Simple
Simple
Simple
Simple

6.50
7.50
8.00
12.50
10.50
7.00
13.25
12.00
7.00
7.50
7.75
8.00
8.00
8.75
10.25
9.25
12.50
7.75

Relevant History
GERD
−
−
−
−
−
−
Childhood Asthma
Trained singing
GERD; trained singing
−
−
Childhood Asthma
GERD, Asthma
−
Exercise induced Asthma
−
GERD, Asthma

Abbreviations: SLP, speech-language pathologist; PT, physical therapist; RT, respiratory therapist; Admin, administrator.

completed the study from July to September of 2020. Three
participants were later excluded for wearing two different
masks throughout the workday (eg, wearing an N95 for
50% of the day and then a simple mask for 50%). The
remaining 18 participants (11 cisgender female, 7 cisgender
male, M = 33.72 years, SD = 8.30) were used for analysis.
Participants reported no history of neurological disorder/
disease or head/neck cancer and were free from speech, language, voice, and respiratory illness on the day of testing.
Participants did not smoke or vape. Some participants had
a diagnosis of gastroesophageal reﬂux disease (GERD) and/
or a history of asthma (eg, childhood, exercise induced). To
include a wide-representation of individuals for the potential generalization of this work, participants were not
excluded based on these diagnoses.
On the day of evaluation, participants reported working
an average of 9.1 hours/day (range = 6.5−13.25 hours;
SD = 2.11) and reported using verbal communication
throughout their workday. A complete description of the
participant demographics is shown in Table 1. All procedures described in this study were ﬁrst approved by the Institutional Review Board at the University of Cincinnati and
all participants underwent the informed consent process.

Protocol
Participants completed two sessions over the course of the
study. The ﬁrst session occurred prior to the beginning of a
typical work shift (“pre-workday”) and the second session
occurred immediately following the workday (“post-workday”). During each session, acoustic and perceptual data
were collected from participants when seated in a quiet
space. Between sessions, participants went about their usual

workplace activities while wearing their usual workrequired face mask. Eleven participants wore simple, disposable masks throughout their workday and seven wore N95
masks, of which, six wore an additional simple mask over it.
Work settings varied and included outpatient clinics (n = 9),
outpatient rehabilitation centers (n = 4), inpatient acutecare (n = 3), and skilled nursing facilities (n = 2).
During the ﬁrst session, participants provided information about their work schedule and answered Likert rating scale questions to further understand their
perceptions on their speech, voice, and communication
while wearing face masks. The Likert ratings were from
1 to 5 with 1 representing “Never” and 5 representing
“Always.” Difﬁculty with mask-based communication
and voice was operationally deﬁned as a rating ≥ 4
“Almost Always” on the scale.
Acoustic recordings were made with a headset microphone (C555L) and handheld recorder (Zoom H4N). The
microphone was placed 45° from the midline of the lips and
8.5 cm from the center of the mouth. A sound level meter
(Extech; dB A) held at the level of the microphone was used
to calibrate pure tones played from a phone app (Pitch Generator & Frequency [Android] or Frequency [iOS]; 500 Hz).
Tones were played at varying intensities at the lips and
measurements of known intensity levels (dB SPL) were
taken at the microphone. Acoustic data were digitized at
44.1 kHz and 16 bits.
Participants completed all recordings at their typical pitch
and loudness without a face mask. Speech tasks included:
the ﬁrst paragraph of the Rainbow passage, vowel-voiceless
consonant-vowel (VCV) utterances (eg, /iﬁ/, /ɑfɑ/, /ufu/),
and words with target corner vowels /i/, /ɑ/, and /u/ in both
the sustained vowel, single word, and sentence context (eg,
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“eee”, “heed”, “I wish he would heed my advice”). See
Appendix A for a list of all speech tasks.
Upon completion of the recordings, participants made
perceptual ratings of dyspnea and vocal effort. Dyspnea ratings were made on the modiﬁed Borg scale for Dyspnea,
adapted from Borg’s original category-ratio scale for perceived exertion.39,40 The modiﬁed scale has a breathing-speciﬁc prompt: “How much difﬁculty is your breathing
causing you right now?” The scale ranges from 0 to 10, in
which a rating of 0 represents no difﬁculty in breathing and
a value of 10 represents maximal difﬁculty breathing. Next,
a vocal effort rating, deﬁned for each participant as an
“exertion of the voice or how hard you have to try to make
a voice,” was completed by placing a single mark on a 100mm visual-analog scale (VAS).24,41−43 The left side of the
scale was anchored as “No Effort” and the right side as the
“Most Effort.”26,29
Data processing
Spectral and cepstral measurements
The second two sentences of the Rainbow passage were isolated and pauses greater than 150-ms were removed. All
recordings were processed using the Rainbow protocol in
the Analysis of Dysphonia and Speech (ADSV; ver 4.0) software.
Prior to analysis, pitch settings were adjusted for each
participant’s sex (ie, 60−300Hz for male; 90−500Hz for
female) and vocalic detection was activated to limit extraction to voiced segments. Otherwise, standard software settings and processing was employed. In brief, the acoustic
signal was down sampled to 22,050 Hz from the original
44.1 kHz acquisition rate. L/H Ratio and its SD (L/H SD)
were determined from the spectrum of the acoustic signal
with a cut-off frequency of 4000 Hz, as these spectral measures are correlated with self-perceptual metrics of effort and
dysphonia.29 A fast Fourier transform (FFT) of the log
power spectrum (Hamming sliding window at 1024 frames,
75% overlap) created a smoothed cepstrum (averaged over
7 points). Measures of CPP, deﬁned as the amplitude of the
rahmonic to the regressed linear ﬁt of the signal, was determined for the quefrency corresponding to the predicted fo of
the signal. From here values of CPP (dB), CPP SD (dB),
CPP fo (Hz), and CPP fo SD (Hz) were extracted for each
passage. CPP fo was our estimate of mean fo for this study.
Relative fundamental frequency (RFF)
RFF values were determined for each VCV utterance (eg,
/iﬁ/) using a semi-automated algorithm44 in MATLAB (The
MathWorks; Natick, MA). A series of 20 values were
extracted for each VCV utterance to characterize the change
in instantaneous fo during devoicing (vowel to voiceless consonant) and the re-initiation of voicing (voiceless consonant
to vowel). Each value (Hz) was then normalized to a vowel
steady-state reference value, and converted to semitones
(ST). Values for voicing offset cycle 10 (“offset 10”) and
voicing onset cycle 1 (“onset 1”) were retained for further
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analysis, as these two cycles are furthest from the reference
cycle of the value and shown to be sensitive to changes in
laryngeal tension and effort.29,32,45 Offset 10 and onset 1
values were averaged across multiple productions into a single value for each participant for each study session. On
average, 6.83 offset 10 values and 6.78 onset 1 values were
available across participants.

Vowel acoustics: HNR (dB), Vocal intensity (dB SPL),
formant-based estimates of VTL
The mid-sections of vowels were manually segmented,
and acoustic information was extracted using Praat software.46 In all cases, the onset and offset of the vowel
and transitions into other phonemes were not included.
Using the voice report function, HNR values were
extracted for each vowel segment and averaged together
into a single value for each participant. Vocal intensity
(dB SPL) was also extracted using Praat functionality
and then calibrated to the known vocal intensity captured during the calibration procedure with the Sound
Pressure Level meter.
VTL was estimated from the third and fourth formants
(F3 and F4) for each target vowel, as higher formants are
less likely to be impacted by speech articulation.47 First, F3
and F4 values were each averaged separately and then the
averaged value was used to estimate VTL (see Eq. 1). In this
equation, c represents the speed of sound in air, n is the formant number, and fn is the formant value in Hz. Finally,
the new VTL (cm) estimate for F3 and F4 was averaged
into a single value for statistical analysis.
fn ¼

ð2n  1Þ  c
4  VTL

ð1Þ

Prior to experimental data extraction, three researchers
(V.M., T.P., and C.K.) underwent reliability training, yielding excellent inter-rater reliability (intraclass correlation
coefﬁcient [ICC] > .95). Next, experimental data sets were
divided amongst the researchers. At least three weeks after
initial data extraction, inter- and intra-rater reliability analyses were completed. One participant was randomly selected
for blinded data extraction by all researchers resulting in
inter-rater reliability ICC(2,1) = .94−.99, depending on the
acoustic measure. For intra-rater reliability, one subject was
randomly selected for each researcher for blinded re-extraction. Intra-rater reliability values ranged from ICC = .87
−.99, across all researchers and measures. Therefore, interand intra-rater reliability were considered good-to-excellent
across all manually extracted measures.48

Perceptual measures
Data were acquired on hand-written data sheets. VAS ratings were manually measured to the nearest mm and all
data were transferred to an excel document. Three weeks
following the last participant, the ﬁrst author blindly reextracted all measurements. All dyspnea ratings were
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identical and effort ratings were within 1-mm of the original
rating. In the cases where a 1-mm discrepancy arose, the
original rating was kept and used for analysis.

TABLE 2.
Likert Ratings on Perceptions of Mask-Based Communication and Voice
Rating

Statistical analysis
Mixed-effect models were performed to analyze each acoustic and perceptual measure separately. Participant was set
as a random effect, whereas session (pre-, post-workday),
sex (male, female), and mask type (N95, Simple) were
included as ﬁxed effects. Two-way interactions were examined between ﬁxed effects; however, three-way interactions
were not investigated as the present study was not powered
to do so. Signiﬁcance level for each effect was P < 0.05.
Tukey’s post hoc analyses were performed to evaluate pairwise comparisons for signiﬁcant interaction effects. Tukey’s
test adjusts for family-wise error at the time of the comparisons to reduce Type I error. Therefore, signiﬁcance level of
P < 0.05 was set for post hoc comparisons as well. Statistical
analyses were completed in Minitab Statistical Software
(ver. 19) whereas reliability metrics were calculated in R
(ver. 4.0.2).
RESULTS
Summary statistics
Participants rated questions pertaining to their personal
communication and vocal health a 3 (“Sometimes;”
median = 3). The highest average rating of 4.06
(“Almost Always”), was reported in response to “I ﬁnd I
have to use more effort to talk while wearing a mask.”
The frequency that participants employed communication strategies (eg, hand gestures, speaking less, removing
masks) was rarely-to-sometimes. Participants scored the
lowest when asked about removing their face masks to
communicate, with a 2.22 average rating, indicating that
they rarely removed their masks at work. The questions
and summary statistics can be found in Table 2.

Statistical results
Each mixed-effects model underwent an assessment of normality and homoscedasticity of residual distributions, yielding appropriate model ﬁts for all data.
Acoustic
The main effect of session was signiﬁcant for vocal intensity
(P = 0.017) with greater intensities exhibited post-workday
(M = 84.67 dB SPL) compared to pre-workday (M=
83.00 dB SPL). Likewise, a signiﬁcant increase in HNR
(P = 0.003) was noted post-workday (M = 19.53) compared
to pre-workday (M = 18.53 dB). RFF offset 10, on the other
hand, signiﬁcantly decreased (P = 0.001) at the end of the
workday (pre-workday: M = -0.74 ST; post-workday: M = 1.01 ST). Otherwise, there was no effect of session on any
acoustic measure.

Statement

Mean (SD)

Mdn.

Min

Max

Wearing a mask
makes it difficult for
people to hear me
Wearing a mask
causes me to need to
repeat myself more
I have trouble understanding people
when they are wearing a mask
I find I have to use
more effort to talk
while wearing a
mask
Wearing a mask is
negatively impacting
my communication
with others at my job
I feel that my voice is
more tired at the end
of the day when I
wear a mask
Wearing a mask
makes it harder for
me to catch my
breath when talking
I find myself using
more hand gestures
so I can be understood while wearing
a mask
I find I tend to speak a
lot less while wearing a mask
I find myself removing
my mask to communicate when I am at
work

3.39(0.70)

3

2

5

3.33(0.69)

3

2

5

2.89(0.68)

3

2

4

4.06(1.00)

4

2

5

2.89(1.18)

3

1

5

2.94(1.35)

2

1

5

3.33(0.97)

3

2

5

3.11(1.18)

3

1

5

2.50(1.20)

2

1

5

2.22(0.81)

2

1

3

Note. Ratings were made on a 5-point Likert scale with the following
designations:
1: Never 2: Rarely 3: Sometimes 4: Almost Always 5: Always.

A signiﬁcant impact of sex was found for CPP fo, CPP fo
SD, and CPP SD with females exhibiting higher values than
males. As expected, acoustic VTL was longer in males compared to females (P < 0.001).
The impact of mask type was only signiﬁcant for L/H SD
(P = 0.036); participants who wore N95 masks exhibited
larger L/H SD (M = 8.51 dB) compared to those who wore
simple masks throughout the day (M = 7.89 dB). Furthermore, there was a signiﬁcant interaction effect of mask
type £ sex (P = 0.025). Post hoc analysis revealed that males
who wore N95s exhibited larger L/H SD than males who
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wore simple masks (Padj = .043). There were no other significant comparisons.
Two-way interaction effects were found for RFF offset
10. Speciﬁcally, session £ type and session £ sex yielded P
values of 0.004 and 0.002, respectively. Tukey’s pairwise
comparisons determined that participants who wore N95
masks exhibited a signiﬁcant reduction in RFF offset 10
post-workday compared to pre-workday (Padj = 0.001),
with no other signiﬁcant comparisons. Post hoc analysis
showed signiﬁcantly lower RFF offset 10 values post-workday when compared to pre-workday recordings for male
participants (Padj = 0.001). Once again, no other pairwise
differences were found. Figure 1 provides interaction plots
for RFF offset 10.
CPP, L/H ratio, and RFF onset 1 models yielded no signiﬁcant ﬁndings for any main or interaction effect. See
Table 3 for summary (Mean, SD) of data for each ﬁxed factor with signiﬁcantly different pairs designated with asterisks.

Perceptual
Self-perceptual ratings were unavailable for one male participant, leaving a total of 17 datasets for analysis. The impact
of session was signiﬁcant for vocal effort (P = 0.012), with
an increase in effort ratings post- (M = 27 mm) compared to
pre-workday (M = 10 mm), but not signiﬁcant for self-ratings of dyspnea (P = 0.059). There were no effects of mask
type or sex, as well as no interaction effects found for either
perceptual rating.
DISCUSSION
We completed an investigation into the communication
experiences, acoustics, and self-perceptual vocal ratings of
mask-wearing healthcare professionals. Our overarching
hypothesis was that mask wearers would experience communication and voice difﬁculties along with acoustical

FIGURE 1. Interaction plots for RFF Offset 10.
changes consistent with previous research on vocal effort
and laryngeal tension.
It was ﬁrst hypothesized that participants would experience increased communication and vocal difﬁculties
while wearing masks in the workplace (deﬁned as a rating ≥ 4, on a 5-point Likert scale). This was only

TABLE 3.
Mean (SD) for Acoustical Measures by Session, Mask Type, and Sex
Session
Measure
CPP (dB)
CPP SD (dB)
L/H Ratio (dB)
L/H SD (dB)
Offset 10 (ST)
Onset 1 (ST)
CPP fo (Hz)
CPP fo SD (Hz)
Intensity (dB SPL)
HNR (dB)
VTL (cm)

Mask Type

Sex

Pre (n = 18)

Post (n = 18)

N95 (n = 7)

Simple (n = 11)

Male (n = 7)

Female (n = 11)

7.41(1.22)
3.72(0.70)
40.35(2.93)
8.22(1.53)
-0.74(0.81)*
2.09(1.29)
201.00(64.40)
86.84(42.13)
83.00(3.95)*
18.53(3.67)*
16.35(0.97)

7.65(1.02)
3.85(0.88)
40.81(2.65)
8.04(0.82)
-1.01(0.80)*
1.95(0.64)
204.57(60.23)
81.81(42.72)
84.67(3.89)*
19.53(3.55)*
16.24(0.91)

7.43(0.73)
3..89(0.84)
41.02(2.96)
8.51(1.64)*
-1.03(0.61)
1.75(0.68)
212.28(60.86)
94.98(35.38)
83.96(3.41)
19.10(4.25)
16.12(0.96)

7.59(1.32)
3.73(0.76)
40.30(2.67)
7.89(0.78)*
-0.78(0.91)
2.23(1.18)
196.75(62.58)
77.55(45.19)
83.75(4.34)
18.99(3.20)
16.41(0.92)

7.11(1.13)
3.17(0.90)*
42.00(2.97)
8.32(1.69)
-1.00(0.74)
2.46(0.54)
128.70(17.03)*
39.32(18.49)*
85.02(4.55)
17.02(2.75)
17.22(0.64)*

7.80(1.05)
4.19(0.34)*
39.67(2.27)
8.01(0.79)
-0.81(0.85)
1.82(1.12)
249.93(21.61)*
112.96(25.08)*
83.08(3.41)
20.31(3.57)
15.71(0.55)*

* Significantly different at P < 0.05.Abbreviations: CPP, cepstral peak prominence; L/H, low-to-high. RFF, relative fundamental Frequency; fo, fundamental frequency; SPL, sound pressure level; HNR, harmonics-to-noise ratio; VTL, vocal tract length; SD, standard deviation; ST, semitone.
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partially supported since participants reported that they
only “sometimes” (score of 3) experienced difﬁculties
with shortness of breath, communication, and being
understood. However, the frequency at which healthcare
professionals experienced vocal effort (M = 4.06, “almost
always”), conﬁrmed this hypothesis.
Similiar to the Likert scale ratings, participants reported a
signiﬁcant increase in instantaneous ratings of perceived
vocal effort on the 100 mm VAS post-workday (change
from 10 mm to 27 mm). Compared to previous reports,
average post-workday ratings of perceived effort would be
considered “mild,” as they are quite similar to self-cued productions of “mild increases” in vocal effort which resulted
in an average rating of 26 mm.29 If we combine the information from the Likert scores and self-perceptual ratings, our
results suggest that healthcare professionals almost always
experienced mild symptoms throughout their workday. The
cumulative impact of mild vocal symptoms on long-term
vocal health outcomes is not known and requires further
investigation.
Conversely, there was no signiﬁcant impact of session on
dyspnea values (change from 0.21 to 0.68) indicating only a
“very, very slight (just noticeable)” feeling of dyspnea via
the Modiﬁed Borg rating descriptors of rating point 0.5.
However, participants reported that they “sometimes” felt
masks made it difﬁcult for them to catch their breath, but it
seems that those feelings subside once the mask is removed.
Despite the number of acoustical parameters investigated, only a few acoustic outcomes changed from preto post-workday. The post-workday increase in vocal
intensity aligns with previous reports on self-modulated
vocal effort as well as acoustic changes following vocal
loading.14,19,29,49 The increase in intensity may occur as
a compensatory vocal response to having difﬁculty being
heard. The statement “Wearing a mask makes it more
difﬁcult for people to hear me” achieved an average rating of 3.39, indicating “sometimes” to “almost always”
experiencing difﬁculty with vocal volume. HNR also
increased post-workday, which is likely directly related
to increased vocal intensity and is congruent with previous work on workday fatigue in elementary school
teachers.21 Remacle and colleagues21 proposed that an
increase in HNR may be indicative of hyperfunctional
behavior; however, our study did not visualize laryngeal
function pre- or post-workday and would beneﬁt from
additional investigations linking HNR to glottal behavior.
Our study is the ﬁrst to ﬁnd RFF offset 10 changes following occupational loading, as other loading paradigms
and long-term tracking have not yielded any differences.24,50
RFF offset 10 values decreased from -0.74 ST to -1.01 ST,
similar to prior reports by McKenna and Stepp29 of moderate levels of vocal effort (M = -1.07 ST). Further investigation into our post hoc analysis showed that the reduction
was driven by male participants and those wearing N95
masks. It may be that N95 masks create a challenging vocal
barrier that leads to maladaptive tension patterns. Yet, our

7

investigation into acoustic VTLdid not change and does not
support the addition of suprahyoid tension and/or changes
to laryngeal height. Further investigation into the presentation of laryngeal tension in mask-wearing workers is
needed.
The lack of additional acoustic ﬁndings is consistent
with the body of work on occupational and experimental
vocal loading in which acoustic changes are quite variable. For example, Sandage et al.26 reported an increase
in self-reported vocal effort and vocal symptoms (loss of
voice, hoarseness and pain in 75% to 100% of participants), but no statistically signiﬁcant changes in CPP or
mean fo, pre and post sorority recruitment event. Our
results were similar with no changes to CPP or the CPPbased estimate of mean fo, (ie, CPP fo). Still, the lack of
change in CPP fo post-workday is surprising because of
the consistent evidence for increased mean fo following
vocal loading.14−19 It may be that masks present a speciﬁc challenge in which the vocal response does not manifest as a change in mean fo. For example, it is possible
that masks reduce lip and jaw movement as well as
dampen speciﬁc resonant frequencies, making the compensatory vocal responses unique to that speciﬁc barrier.
That may have also contributed to the changes in L/H
SD observed across speciﬁc mask types, with more variability in energy production distribution across the spectrum in N95 wearers. It would be beneﬁcial to elucidate
the effects of mask-wearing on articulatory movements
and speciﬁc resonant frequencies during speech.

Limitations and future directions
Healthcare professionals have medical knowledge that may
have inﬂuenced their overall health behavior and vocal outcomes. More speciﬁcally, inclusion of SLPs—who have substantial knowledge on vocal health and hygiene programs—
could have impacted our results by either being more sensitive to their vocal behavior and/or by staving off vocal
fatigue by implementing hygiene programs. Yet, we think
this is unlikely to have affected the outcomes of the current
study because a visual inspection of the SLP data yielded no
substantial differences between SLPs and other healthcare
professionals. These results align with previous ﬁndings that
SLPs can still experience vocal fatigue and do not necessarily implement hygiene programs.51
There are several additional directions for this work.
First, the impacts of participant sex and mask type were
only investigated in a relatively small number of subjects
due to our analysis of unbalanced sub-groups. An enrollment of 26 participants per group would allow for detection
of a large effect size (Cohen’s d = 0.80) via a simple t-test
comparison of independent means (a = 0.05, power = 0.80).
Second, participants reported that they verbally communicated throughout their workday, yet no monitoring or
tracking of vocal dose was employed. Next steps could
include ambulatory monitoring52,53 and/or calculation of
vocal dose54,55 over the course of the day, as well as
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enrolling a control group comparison of maskless healthcare professionals (eg, those using telehealth during the pandemic). Third, there may be additional environmental (ie,
amount of background noise) and vocational factors that
could contribute to the presence and severity of vocal symptoms. For example, audiologists and otolaryngologists frequently encounter patients with hearing loss, which could
be an added communication challenge over the workday.
An examination of these additional factors may identify
speciﬁc professionals at higher risk for developing vocal
problems. Further, investigations into the impact of emotional and/or cognitive stress and effort should be considered. Finally, a longitudinal study on longer-term
communication and vocal health outcomes is necessary in a
larger cohort of mask-wearing workers.

CONCLUSION
This study provided information on vocal measures in
mask-wearing healthcare workers after a single workday.
We found a signiﬁcant increase in self-rated vocal effort
post-workday with further report of feeling increased
vocal effort at a frequency of “almost always.” These
ﬁndings were consistent with post-workday acoustic
changes (eg, reduced RFF offset 10, increased HNR and
vocal intensity). Still, the degree of these changes was
considered relatively mild. Additional research is needed
to determine whether these changes are greater than
those that exist for occupational voice users who are not
required to wear masks throughout their day. Future
investigations should also examine the longer-term
impacts of mask use on vocal outcomes and whether
vocal health strategies improve symptoms of vocal effort
in mask-wearing healthcare workers.
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APPENDIX A. SPEECH TASKS
1. Sustained vowels x 5 seconds in duration: /i/, /ɑ/, /u/
2. Rainbow Passage
3. Single words and sentences:
Heed Heed Heed
I wish he would heed my advice.
Who’d Who’d Who’d
I asked myself, “Who’d do that?”
Hod Hod Hod
A brick hod is a three-sided box.
My father hid food to feed the cat on Tuesday morning.
The cat happened to see the food, my father had hid in
her pod, at noon time.
The fat cat was hot from her sleep in the noon sun
beams.

