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Cover figure. Personal protective equipment (PPE) can alter various parameters of voice qual-
ity (reduction of shimmer, improvement in Harmonic to Noise Ratio values), vocal tract articu-
lation and speech formant values (spectral tilt and slope reduction, F2, F3 reduction and F4
increase), especially when different types of PPE are used together.

Summary

Objectives. The SARS-CoV-2 pandemic required the use of personal protective equipment
(PPE) in medical and social contexts to reduce exposure and prevent pathogen transmission.
This study aims to analyse possible changes in voice and speech parameters with and without
PPE.

Methods. Speech samples using different types of PPE were obtained. Recordings were then ana-
lysed using PRAAT software (version 6.1.42). Statistical analysis was conducted using ANOVA in
Jamovi software. A post-hoc test was performed to compare PPE-related results.

Results. Statistically significant differences were found in Cepstral Peak of Prominence-
Smoothed, Harmonic to Noise Ratio (HNR), slope of Long-Term Average Spectrum (LTAS), tilt
of trendline through LTAS, shimmer parameters, HNR mean and standard deviation of vow-
els, vowels and consonants formants. HNR values increased whereas shimmer parameters
and formant values reduced using PPE [PPE combined>filtering face piece (FFP)> surgical
masks>no PPE].
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Conclusions. Our data show improvement in many parameters of voice and speech quality and modification of speech articulation when using masks,
particularly in case of combined PPE. The most relevant changes were found with a combination of face shield and FFP2 masks. This may be due to
unconscious improvements in speech articulation and increased demand on vocal folds to achieve better speech intelligibility.

Key words: voice, speech, voice quality, personal protective equipment, Sars-CoV-2

Introduction

The use of personal protective equipment (PPE) is essential
in preventing exposure to and transmission of pathogens
in hospital and indoor settings !. The selection of surgical
masks, face-filtering respirators or face shields must ensure
effective filtration capacity and fit.

Nevertheless, the use of PPE affects sound intensity and di-
rection. For example, face shields deflect sound laterally or
backward 2. PPE negatively affects voice quality and speech
intelligibility **. Several studies >3 suggest that facial masks
act as low-pass filters, attenuating high frequencies (2-
7 kHz). Surgical masks reduce sound intensity by 3-4 dB,
whereas filtering face piece (FFP) masks by about 12 dB 7.
PPE also attenuates frequencies between 1 and 8 kHz, with
surgical masks attenuating by 2 dB and FFP masks attenuat-
ing by 5.2 dB. Additionally, the use of facemasks increases
the LH1000 (low frequency energy/high frequency energy)
ratio by an average of 2.5 dB for surgical masks and 5.2 dB
for FFP masks 7. PPE limits sound projection and restricts
articulatory movement 3. It produces an average increase
in vocal intensity by about 2 dB and causes vocal fatigue,
resulting in discomfort in the vocal tract *. Finally, PPE sig-
nificantly affects hearing aid and cochlear implant users,
limiting their ability to lip-read °.

This study aims to analyse the impact of four different PPE
(surgical masks, FFP2 fold-flat facial filters, FFP2 3M™
Aura™ 9320+ facial filters, face shield) and combinations
of them (face shield combined with: i) surgical mask; or ii)
with FFP2 fold flat; iii) with FFP2 3M™ Aura™ 9320+)
on various acoustic parameters, namely fundamental fre-
quency, Jitter Local (JL), Shimmer Local (SL), shimmer
dB, Harmonic to Noise Ratio (HNR), Acoustic Voice Qual-
ity Index (AVQI), Cepstral Peak of Prominence-Smoothed
(CPPS), spectral tilt and spectral slope. Secondly, this study
aims to evaluate how these changes impact articulation
skills by analysing the changes in formant transitions.

Materials and methods

Participants meeting the following inclusion criteria were
recruited for this study in July and August 2021: age of 18
years and above with no personal history of hearing impair-
ment or vocal diseases as stated by the participants. Partici-
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pants who were not able to sustain an /a/ sound for at least
3.5 seconds were excluded. Following those criteria, 20
Italian participants (4 males, 16 females) aged between 21
and 61 [mean + standard deviation (SD): 32.9 + 13.7 years]
were included in the study following informed consent. All
provided negative COVID test results as part of their re-
cruitment. Speakers were recorded using LingWAVES 2.6
software, a WEVOSYS microphone, and a LingWAVES
SPL meter II (IEC 651, ANSI S1.4 Type 2) on a Windows
7 operating system. The files were acquired in MONO for-
mat, with a resolution of 16 bits and a sampling frequency
of 44.1 kHz. No gain adapters, peak limiters or compres-
sors were employed. Voice samples were recorded inside
a soundproof booth with a background noise level below
30 dB.

Microphone height was adjusted to match the participant’s
floor-to-mouth height. The microphone stand was posi-
tioned 30 cm away from the speaker’s mouth. Every 10
minutes, speakers were asked to take a sip of water and have
a break. An individual audio file was recorded both without
any PPE and with each type of device (surgical mask, FFP2
fold-flat facial filter, FFP2 facial filter 3SM™ Aura™ 9320+,
face shield, face shield combined with surgical mask, face
shield combined with FFP2 fold flat, face shield combined
with FFP2 3M™ Aura™ 9320+), in a random order. Most
subjects started the recording without PPE or using the one
they were already wearing. They were instructed to stand
directly in front of the microphone in a natural position and
were given no specific instructions on how to speak, except
to produce a natural sound emission.

The recording protocol consisted of (a) sustained vowel sounds
(/a/, lel, fil, lof, lu/) for at least 2.5 seconds, (b) 10 syllables
(/a/+C+/a/) with Italian voiced or voiceless stop or fricative
consonants: /p/, /b/, t/, Id/, Ik/, Ig/, 1z/, Ifl, Iv/, [fI, and (c) sen-
tences taken from Consensus Auditory-Perception Evaluation
of Voice (CAPE-V) 1, specifically the first two of five phoneti-
cally balanced sentences in the Italian language.

For each participant, 16 different vocal samples (5 vowels +
10 syllables + 1 sample with sentences) were recorded and
a total of 2560 files (20 subjects x 8 recording device x 16
speech portions) were analysed.

For sustained vowels, several parameters were detected,
including JL., SL, HNR *. The same samples were used to
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Figure 1. Statistically significant spectral parameters of CPPS (A), HNR (B), slope of LTAS (C), and tilt (D).

analyse values of jitter rap, jitter ppq5, jitter ddp, shimmer
dB, shimmer apq3, shimmer apq5, shimmer apqll, and
shimmer dda in order to define the specific features of jitter
and shimmer parameters. PRAAT software (version 6.1.42)
was used to extract acoustic spectrum parameters CPPS,
HNR, slope of Long-Term Average Spectrum (LTAS) and
tilt of trendline through LTAS from the initial audio files of
the vowels. To obtain an objective evaluation of voice qual-
ity, the AVQI was measured by analysing both sustained
vowels and continuous speech. Furthermore, 10 syllables
(consisting of the vowel /a/ and occlusive or fricative con-
sonants such as /p/, /v/, It/, [d/, Ik/, Ig/, Iz/, If], v/, [f] fol-
lowed by the vowel /a/) were considered to detect formants.
The data were manually segmented using TextGrid-PRAAT
software.

The statistical software Jamovi (version 1.8) was utilised for
statistical analysis. A two-way analysis of variance (ANO-
VA) was conducted to examine the impact of the independ-
ent variable device on the dependent variables represented by
the individual parameters. For the parameters that exhibited
statistical significance (p < 0.05), a post-hoc test was carried
out using a many-to-one comparison approach, comparing

the results obtained with all devices. Statistical significance
was set at p < 0.05.

Results

The ANOVA indicated significant differences in CPPS,
HNR, slope of LTAS, and iilt of trendline through LTAS
(Fig. 1). Significance was found even for shimmer param-
eters, HNR mean, SD of vowels and for vowels and conso-
nant formants (Figs. 2-3). Post-hoc test analyses (Tabs. I-
IV) were conducted to compare the condition without PPE
to every different PPE condition.

No PPE — surgical mask

Results show that wearing surgical masks reduces SL by
0.067%, shimmer dB by 0.06 dB, shimmer apq3 and apq5
by 0.004 dB, and shimmer dda by 0.012 dB for the vowel
/e/. The HNR for the vowels /e/ and /i/ increased by 2.3 dB
and 2 dB, respectively. Additionally, the first formant of the
vowel /a/ decreased by an average of 3 Hz, while the second
formant increased by 3 Hz. The third formant of the vowel /e/
showed an average decrease of 152 Hz. Similarly, the third and
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Figure 2. Statistically significant parameters of vowel formants: /a/ formants (A), /e/ formants (B), /i/ formants (C), /o/ F2 formants (D), /u/ F2 for-

mants (E).

fourth formants of the vowel /i/ were reduced by an average of
234 Hz and 258 Hz, respectively. As for the acoustic spectral
parameters, surgical masks resulted in an average decrease of
0.8 dB in the spectral tilt (tilt of trendline through LTAS).
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No PPE - FFP2 3M™Aura™ 9320+ mask

The FFP2 3M™ Aura™ 9320+ mask had an impact on
several important parameters. SL and shimmer dB of
the vowel /e/ were reduced on average by 1.13% and
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Figure 3. Statistically significant values of vowel spectral parameters: /e/ shimmer local (A), /e/ shimmer dB (B), /i/ shimmer local (C), /i/ shimmer
dB (D), /u/ shimmer local (E), /u/ shimmer dB (F).

0.101 dB. Similar trends were observed for shimmer values for the sustained vowels /e/ and /i/ significantly
apq3, shimmer apq5, shimmer apql1, and shimmer dda. increased by 3.9 dB and 4.1 dB respectively. Spectral
The SL and shimmer dB of vowel /i/ also showed a de- tilt only was reduced by an average of 0.8 dB in spectral
crease of 0.71% and 0.06 dB, respectively. The HNR  parameters.
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Table I. Statistically significant parameters and their variations between no PPE and surgical mask and no PPE and FFP2 3M™ Aura™ 9320+.

Device Surgical mask FFP2 3M™ Aura™ 9320+

Analysis Mean (SD) | Range (min-max) | Mean (SD) | Range (min- max) Mean (SD) Range (min-max)

CPPS 16.3 (1.49) 13.8-19.4 16.2 (1.44) 14.1-19.1 0.853 16.2 (1.7) 13.9-19.4 0.851

HNR 17 (1.96) 13.5-21.1 17.3 (1.898) 13.4-20 0.611 17.9 (1.97) 14.7-21.5 0.167

Slope -9.19 (3.48) -14--1.27 -9.41 (3.8) -15-0.53 0.084 -10.4 (3.21) -15.4--4.68 0.268

Tilt -11.3 (0,841) -12.8--9.42 -12.1 (0.725) -13.3--11 <0.001 | -12.1(0.742) -13.9--10.9 < 0.001

A-F1 940 (105) 742-1110 937 (114) 711-1087 0.923 909 (100) 700-1057 0.273

A-F2 1450 (107) 1244-1621 1453 (95.8) 1212-1580 0.929 1449 (85.4) 1241-1603 0.974

A-F3 2761 (224) 2160-3149 2631 (234) 2103-3028 0.146 2482 (253) 1918-2889 0.002

E-SL 3.200% 1.310-6.020% 2.530 1.310-4.600% 0.042 | 2.070(0.920)% 0.900-3.850% < 0.001
(1.460%) 0.961)%

E-ShimdB | 0.284 (0.13) 0.114-0.544 0.224 (0.0871) 0.116-0.399 0.046 0.183(0.08) 0.0792-0.341 < 0.001

E-Shim 0.0175 0.00607-0.0354 0.0135 0.00686-0.0254 0.047 |0.0108 (0.0056) | 0.00378-0.0211 < 0.001

apg3 (0.00892) (0.0057)

E-Shim 0.0188 0.00693-0.0358 0.0148 0.00751-0.0283 0.042 0.0122 0.00478-0.0248 < 0.001

apgb (0.00886) (0.0059) (0.00618)

E-Shim 0.0235 0.0108-0.0448 0.0194 0.00882-0.0382 0.081 0.0159 0.00726-0.0298 0.001

apq11 (0.00976) (0.00729) (0.00641)

E-Shim dda 0.0526 0.0182-0.106 0.0406 0.0206 -0.0763 0.047 |0.0324(0.0168) | 0.0113-0.0632 < 0.001
(0.0268) (0.0171)

E-Mean 19.9 (3.11) 15.2-24.5 22.2 (2.5) 17.1-25.8 0.025 23.8 (3.59) 17.7-29 < 0.001

HNR

E-SD HNR 2.98 (0.808) 1.82-4.6 3.1(0.911) 1.57-4.76 0.684 3.19 (0.661) 2.19-416 0.457

E-F2 2214 (148) 1936-2531 2105 (139) 1906-2391 0.136 2009 (165) 1749-2337 0.005

E-F3 2861 (160) 2524-3075 2709 (232) 2357-3104 0.024 2623 (184) 2254-2939 < 0.001

E-F4 3744 (330) 3194-4214 3537 (338) 3139-4293 0.053 3559 (315) 3141-4135 0.083

[-SL 2.360 0.864-4.510% 2.000 0.778-3.790% 0.218 | 1.650 (1.020)% 0.652-4.900% 0.015
(1.240)% (0.808)%

[-ShimdB | 0.208 (0.109) |  0.0771-0.399 0.177 (0.07) 0.0698-0.328 0.233 | 0.148(0.0912) 0.0584-0.444 0.019

I-Shim apg3 0.0127 0.00461-0.0267 0.0104 0.0041-0.018 0.178 0.00854 0.00345-0.0293 0.017
(0.00733) (0.00444) (0.00636)

[-Shim apg5 0.0139 0.00489-0.0285 0.0119 0.00424-0.0218 0.26 0.0093 0.00369-0.0264 0.008
(0.00777) (0.00488) (0.00572)

[-Shim 0.0177 0.00589-0.0405 0.0161 0.00532-0.0343 0.432 | 0.0125(0.0071) | 0.0045-0.0331 0.015

apq11 (0.00913) (0.00722)

[-Shim dda 0.0382 0.0138-0.0802 0.0311 0.0123-0.054 0.178 | 0.0256 (0.0191) | 0.0104-0.0878 0.017
(0.022) (0.0133)

I-Mean HNR | 20.3 (3.49) 12.6-28.4 22.3(2.4) 17.2-271 0.05 24.4 (3.08) 19.5-29.2 < 0.001

I-F2 2512 (207) 2174-2991 2392 (126) 2190-2555 0.205 2317 (180) 1976-2549 0.04

I-F3 3159 (187) 2756-3573 2925 (222) 2586-3481 0.004 2971 (155) 2730-3269 0.02

I-F4 3885 (285) 3294-4411 3627 (262) 3225-4226 0.007 3759 (280) 3359-4356 0.182

0-Mean 25.2 (2.71) 20.3-29.6 25.9 (2.46) 21.5-30.1 0.0479 27.1 (3.06) 20.9-33.2 0.065

HNR

0-F2 1118 (108) 946-1347 1137 (136) 892-1341 0.62 1142 (116) 941-1361 0.536

U-SL 1.740 0.918-3.230% 1.450 0.778-2.190% 0.178 | 1.390 (0.474)% 0.753-2.490% 0.098
(0.626)% (0.336)%

U-Shim dB 0.156 0.0801-0.288 | 0.132 (0.0317) 0.0686-0.207 0.217 | 0.124 (0.0414) 0.0748-0.215 0.105
(0.0553)
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Table |. continues.

Device Surgical mask FFP2 3M™ Aura™ 9320+
Analysis Mean (SD) | Range (min-max) m Range (min-max) nm Range (min-max) “
U-Shim 0.00883 0.00422-0.0193 0.00689 0.0034-0.0135 0.125 0.0066 0.00295-0.0115 0.078
apq3 (0.0044) (0.00228) (0.00234)
U-Shim 0.00935 0.00494-0.0179 0.00795 0.00438-0.0113 0.272 0.00778 0.00358-0.0156 0.219
apgb (0.00354) (0.00196) (0.00309)
U-Shim 0.0135 0.00721-0.0202 0.012 0.00649-0.0228 0.374 0.0115 0.0054-0.0229 0.258
apqii (0.00401) (0.00359) (0.00491)
U-Shim dda 0.0265 0.0127-0.0579 0.0207 0.0102-0.0404 0.125 0.0198 0.00884-0.0346 0.078
(0.0132) (0.00683) (0.00702)

U-SD HNR 2.93 (0.881) 1.19-4.67 3.08 (0.955) 1.78-4.84 0.629 3.25(0.814) 1.8-4.74 0.308
U-F2 905 (176) 653-1392 892 (121) 658-1157 0.074 890 (108) 729-1110 0.694
/p/ initial 1334 (113) 1154-1516 1356 (110) 1161-1516 0.627 1325 (106) 1101-1489 0.848
frequencies
(Hz)
/d/ final 1545 (109) 1318-1737 1572 (106) 1327-1782 0.575 1552 (103) 1360-1752 0.881
frequencies
(H2)
/t/ final 1491 (90) 1316-1715 1527 (108) 1310-1681 0.391 1506 (108) 1279-1725 0.727
frequencies
(H2)
/2/ final 1488 (108) 1304-1673 1503 (108) 1272-1670 0.722 1513 (99.6) 1365-1662 0.547
frequencies
(H2)
/z/ range -78.1 (109) -237 —164 -89.2 (105) -389 - 79.9 0.822 -62.8 (92.5) -225 - 205 0.755
(Hz)
N/ final 1404 (106) 1186-1547 1439 (115) 1182- 1645 0.388 1410 (99.8) 1163-1529 0.896
frequencies
(H2)
/g/ final 1599 (88) 1428-1758 1605 (96.9) 1396-1759 0.898 1583 (94.5) 1439-1789 0.739
frequencies
(Hz)
/K/ final 1536 (103) 1312-1761 1552 (96.8) 1385- 1715 0.701 1540 (83.6) 1418-1695 0.928
frequencies
(H2)

/f/ final 150 (109) 1325-1803 1505 (81.2) 1338-1715 0,949 1487 (110) 1309-1683 0,638
frequencies

(H2)

grey: no statistically significant values.

The usage of the FFP2 3M™ Aura™ 9320+ mask resulted
in a decrease in the values of formants F1, F2, and F3 for
the vowel /a/ (decreased by 31 Hz, 1 Hz, and 279 Hz re-
spectively) and all minimum and maximum values of the
three formants. The values of F2 and F3 for the vowels /e/
and /i/ were reduced by 205 Hz and 238 Hz, respectively,
for /e/, and by 195 Hz and 188 Hz, respectively, for /i/.

No PPE - FFP2 fold-flat mask
The FFP2 fold-flat mask increased the HNR value by 1.3 dB

in the LTAS and by 3.8 dB and 3.4 dB in sustained vowels
/e/ and /i/ respectively. The shimmer parameters for vowels /e/
and /i/ were reduced. The spectral slope and spectral tilt de-
creased significantly by 2.81 dB and 1.2 dB respectively. The
F3 of vowel /a/, F2, F3, and F4 of vowels /e/ and /i/ were lower,
measuring 227 Hz, 198 Hz, 249 Hz, and 370 Hz, respectively.
An increase in the frequencies of F2, F3, and F4 of vowel /i/
was detected, measuring 290 Hz, 230 Hz, and 201 Hz, respec-
tively, along with an increase in the average values of the maxi-
mum and minimum for each of these formants.
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Table II. Statistically significant parameters and their variations between No PPE and FFP2 fold-flat.

Device FFP2 fold-flat

Analysis Mean (SD) Range (min-max) Mean (SD) Range (

CPPS 16.3 (1.49) 13.8-19.4 16.2 (1.58) 13.6-19.9 0.854
HNR 17 (1.96) 13.5-21.1 18.3 (2.5) 13-22.4 0.04
Slope -9.19 (3.48) -14--1.27 -12 (2.91) -17.8--4.73 0.011
Tilt -11.3 (0.841) -12.8--9.42 -12.5(0.811) -13.9--11.2 < 0.001
A-F1 940 (105) 742-1110 892 (95.9) 702-1111 0.088
A-F2 1450 (107) 1244-1621 1424 (81.6) 1271-1574 0.467
A-F3 2761 (224) 2160-3149 2534 (305) 1795-2941 0.012
E-SL 3.200 (1.460%) 1.310-6.020% 1.920 (0.607)% 1.040-3.730% < 0.001
E-Shim dB 0.284 (0.13) 0.114-0.544 0.171 (0.0547) 0.092-0.33 < 0.001
E-Shim apg3 0.0175 (0.00892) 0.00607-0.0354 0.00962 (0.00355) 0.00466-0.0206 < 0.001
E-Shim apq5 0.0188 (0.00886) 0.00693-0.0358 0.0111 (0.00366) 0.00556-0.0212 < 0.001
E-Shim apqg11 0.0235 (0.00976) 0.0108-0.0448 0.0157 (0.00496) 0.00859-0.029 < 0.001
E-Shim dda 0.0526 (0.0268) 0.0182-0.106 0.0289 (0.0106) 0.014-0.0617 < 0.001
E-Mean HNR 19.9 (3.11) 15.2-24.5 23.7 (3.09) 16.7-28 < 0.001
E-SD HNR 2.98 (0.808) 1.82-4.6 3(0.877) 1.76-4.8 0.944
E-F2 2214 (148) 1936-2531 2016 (168) 1613-2325 0.007
E-F3 2861 (160) 2524-3075 2612 (141) 2374-2830 < 0.001
E-F4 3744 (330) 3194-4214 3374 (255) 2970-4098 < 0.001
I-SL 2.360 (1.240)% 0.864-4.510% 1.700 (0.908)% 0.770-3.780% 0.023
I-Shim dB 0.208 (0.109) 0.0771-0.399 0.151 (0.0798) 0.0674-0.334 0.028
I-Shim apg3 0.0127 (0.00733) 0.00461-0.0267 0.00886 (0.0055) 0.00398-0.0227 0.027
I-Shim apgb 0.0139 (0.00777) 0.00489-0.0285 0.00984 (0.00555) 0.00411-0.0241 0.02
I-Shim apq11 0.0177 (0.00913) 0.00589-0.0405 0.0132 (0.00667) 0.00527-0.0289 0.033
[-Shim dda 0.0382 (0.022) 0.0138-0.0802 0.0266 (0.0165) 0.0119-0.0682 0.027
I-Mean HNR 20.3 (3.49) 12.6-28.4 23.7 (3.85) 16-31.3 0.001
|-F2 2512 (207) 2174-2991 2222 (303) 1523-2643 0.002
I-F3 3159 (187) 2756-3573 2929 (226) 2490-3368 0.005
|-F4 3885 (285) 3294-4411 3684 (311) 3255-4301 0.034
0-Mean HNR 25.2(2.71) 20.3-29.6 25.6 (4.07) 16.2-30.9 0.691
0-F2 1118 (108) 946-1347 1124 (108) 887-1290 0.886
U-SL 1.740 (0.626)% 0.918-3.230% 1.710 (0.681)% 0.894-3.710% 0.908
U-Shim dB 0.156 (0.0553) 0.0801-0.288 0.152 (0.0619) 0.077-0.339 0.856
U-Shim apg3 0.00883 (0.0044) 0.00422-0.0193 0.00861 (0.00381) 0.00392-0.0207 0.861
U-Shim apgb 0.00935 (0.00354) 0.00494-0.0179 0.00955 (0.004) 0.00493-0.0218 0.877
U-Shim apg11 0.0135 (0.00401) 0.00721-0.0202 0.0136 (0.0063) 0.0069-0.0299 0.97
U-Shim dda 0.0265 (0.0132) 0.0127-0.0579 0.0258 (0.0114) 0.0118-0.062 0.861
U-SD HNR 2.93(0.881) 1.19-4.67 3.08 (0.887) 1.85-4.62 0.621
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Table Il. continues.

Device FFP2 fold-flat

Analysis Mean (SD) Range (min-max) Mean (SD) Range (min-max)

U-F2 905 (176) 653-1392 939 (168) 763-1543 0.372
/p/ initial frequencies 1334 (113) 1154-1516 1341 (111) 1091-1496 0.87
(Hz)

/d/ final frequencies 1545 (109) 1318-1737 1529 (99.1) 1306-1716 0.741
(Hz)

/t/ final frequencies (Hz) 1491 (90) 1316-1715 1477 (97.4) 1277-1641 0.729
/z/ final frequencies (Hz 1488 (108) 1304-1673 1489 (87.7) 1347-1664 0,979
/z/ range (Hz) -78.1 (109) -237--164 -86.2 (87.9) -278--46.7 0.869
v/ final frequencies 1404 (106) 1186-1547 1422 (90) 1229-1536 0.655
(Hz)

/g/ final frequencies 1599 (88) 1428-1758 1572 (116) 1418-1929 0.568
(H2)

/k/ final frequencies 1536 (103) 1312-1761 1542 (96.1) 1399-1784 0.887
(H2)

/f/ final frequencies 150 (109) 1325-1803 1502 (88.2) 1351-1659 0.892
(Hz)

grey: not statistically significant values.

No PPE - face shields

Face shields decreased the SL and shimmer dB values
of the vowels /e/ and /i/ by 1.23% (0.108 dB) and 0.95%
(0.084 dB) respectively. The HNR showed an average in-
crease of 2.2 dB in the LTAS and increases of 5.9 dB for
vowel /e/, 6 dB for vowel /i/, and 2.6 dB for vowel /o/. The
SD of HNR increased by 0.64 dB in the vowel /u/. Addi-
tionally, face shields reduced the values of CPPS, spectral
slope, and spectral tilt by an average of 1.6, 8.41 dB, and
0.9 dB, respectively. The F1, F2, and F3 formants of the
vowel /a/ were decreased by 111 Hz, 103 Hz, and 245 Hz,
respectively, while F2 of vowel /e/ decreased by 199 Hz.
The F4 formant of vowel /e/ increased by 192 Hz, and F2
of vowels /i/, /o/, and /u/ decreased by 265 Hz, 94 Hz, and
83 Hz, respectively. Furthermore, the initial frequency of
the formant transition of consonant /p/ and the final frequen-
cies of formant transitions of /t/ and /k/ showed a decrease.

No PPE - face shield + surgical mask

The combination of a face shield and a surgical mask in-
creased the HNR values of vowels /e/, /i/, and /u/. The SL
parameters changed in vowels /e/ and /i/, with a decrease
of 0.89% and 0.75%, respectively. The shimmer dB value
was reduced on average by 0.076 dB in vowel /e/ and by
0.065 dB in vowel /i/. The amplitude perturbation param-
eters CPPS, spectral slope, and spectral tilt were also de-
creased by an average of 1.6, 8.41 dB, and 1.5 dB, respec-

tively. The F1, F2, and F3 pitches of vowel /a/ were lower
(by 110 Hz, 114 Hz, and 326 Hz respectively), as were F2
and F3 of vowel /e/ (by 243 Hz and 164 Hz, respectively)
and F2 of vowel /i/ (by 328 Hz). The formant transition of
/p/ was decreased on average by 97 Hz, while the transi-
tions of /v/, /k/, and /f/ were decreased by 79 Hz, 123 Hz,
and 138 Hz, respectively.

No PPE - face shield + FFP2 3M™ Aura™ 9320+ mask
The combination of the face shield and FFP2 ‘platypus’
modified the shimmer and HNR parameters. The mean and
SD of HNR increased by 8.3 dB and 0.7 dB in the vowel /e/,
by 8 dB in the vowel /i/, and by 0.89 dB in the vowel /u/. The
spectral CPPS value decreased by 1, the spectral slope value
decreased by 8.41 dB, and the spectral tilt value decreased
by 1.4 dB. The F1 and F3 formants of the vowel /a/, and the
F2 and F3 formants of the vowel /e/ and /i/ decreased. In ad-
dition, the transitions of /d/, /z/, /g/, /{/ amounted to 143 Hz,
110 Hz, 122 Hz, and 93 Hz, respectively.

No PPE - face shield + FFP2 fold-flat mask

The combination of a face shield and an FFP2 “parrot” mask
resulted in a reduction in shimmer parameters for the vowel
sounds /e/ and /i/. However, there was an increase in SL and
shimmer dB for the vowel sound /u/. The mean and SD values
of HNR increased by 7 dB and 0.87 dB, respectively, for the
vowel /e/. Average HNR also increased for the vowel sounds
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Table Illl. Statistically significant parameters and their variations between no PPE — face shield and no PPE - shiel+FFP2 fold-flat.

Device Shield + FFP2 fold flat Face shield
Analysis Mean (SD) Range (min-max) Mean (SD) Range (min-max) Mean (SD) | Range (min-max)
CPPS 16.3 (1.49) 13.8-19.4 14.7 (1.56) 11.6-17.6 0.002 | 14.7 (1.49) 11.3-17.7 0.001
HNR 17 (1.96) 13.5-21.1 19.5(2.29) 13.5-22.3 <0.01119.2(1.87) 15.6-22.2 < 0.001
Slope -9.19 (3.48) -14--1.27 -19.3 (2.58) -22.9--12.5 <0.01 -17.6 -25--8.96 < 0.001
(3.87)
Tilt -11.3 (0.841) -12.8--9.42 -12.8 (0.44) -13.5--12 < 0.01 -12.2 -13.3--10 < 0.001
(0.738)
A-F1 940 (105) 742-1110 817 (67) 661-932 <0.01 | 829 (65.9) 684-950 < 0.001
A-F2 1450 (107) 1244-1621 1355 (131) 1132-1561 0.01 | 1347 (119) 1183-1577 0.005
A-F3 2761 (224) 2160-3149 2372 (343) 1768-2983 < 0.01 | 2516 (276) 2044-3109 0.007
E-SL 3.200 (1.460%) 1.310-6.020% 2.290 (1.370)% 0.873-7.020% 0.006 1.970 1.080-3.770% < 0.001
0.732)%
E-Shim Db 0.284 (0.13) 0.114-0.544 0.209 (0.13) 0.0811-0.668 0.013 0.176 0.0984-0.342 < 0.001
(0.0659)
E-Shim 0.0175 0.00607-0.0354 0.0116 0.00274-0.039 0.004 0.0098 0.00315-0.02 < 0.001
apg3 (0.00892) (0.00815) (0.0044)
E-Shim 0.0188 0.00693-0.0358 0.0129 0.00433-0.0379 0.003 0.0114 0.00531-0.0236 | < 0.001
apgs (0.00886) (0.00762) (0.00488)
E-Shim 0.0235 0.0108-0.0448 0.018 (0.00962) 0.00649-0.0507 0.02 0.0158 0.00828-0.0308 0.001
apq11 (0.00976) (0.00525)
E-Shim dda 0.0526 0.0182-0.106 0.0349 (0.0244) 0.00822-0.117 0.004 0.0294 0.00946-0.0599 | < 0.001
(0.0268) (0.0132)
E-MeanHNR | 19.9 (3.11) 15.2-24.5 26.9 (3.39) 19.8-33.6 <0.01 | 25.8(3.38) 21.7-33.5 < 0.001
E-SD HNR 2.98 (0.808) 1.82-4.6 3.85(0.923) 2.28-6.22 0.002 | 3.33(1.01) 1.96-5.7 0.217
E-F2 2214 (148) 1936-2531 1867 (320) 1089-2270 < 0.01 | 2015 (263) 1311-2393 0.007
E-F3 2861 (160) 2524-3075 2641 (218) 2157-3002 0.001 | 2759 (269) 2210-3221 0.131
E-F4 3744 (330) 3194-4214 3699 (383) 3032-4399 0.675 | 3936 (354) 3084-4589 0.07
[-SL 2.360 (1.240)% 0.864-4.510% 1.540 (0.932)% 0.533-4.660% 0.005 1.410 0.522-2.490% 0.001
0.614)%
[-Shim dB 0.208 (0.109) 0.0771-0.399 0.137(0.0838) 0.0494-0.417 0.007 0.124 0.046-0.215 0.001
(0.052)
[-Shim apg3 0.0127 0.00461-0.0267 0.00763 0.00251-0.0253 0.004 | 0.00718 0.0024-0.0149 0.002
(0.00733) (0.00519) (0.00396)
[-Shim apg5 0.0139 0.00489-0.0285 0.00875 0.00288-0.0269 0.003 | 0.00778 0.00315-0.0146 | < 0.001
(0.00777) (0.00552) (0.00342)
[-Shim 0.0177 0.00589-0.0405 0.0121 0.00407-0.0357 0.009 0.0107 0.00461-0.0179 0.001
apq1i (0.00913) (0.00754) (0.00384)
[-Shim dda | 0.0382 (0.022) 0.0138-0.0802 | 0.0229 (0.0156) 0.00752-0.0759 0.004 0.0215 0.00719-0.0448 0.002
0.0119)
[-Mean HNR 20.3 (3.49) 12.6-28.4 27.5(3.74) 19.4-32.5 <0.01 | 26.3(3.27) 21.7-32.8 < 0.001
I-F2 2512 (207) 2174-2991 2047 (344) 1223-2566 <0.01 | 2247 (333) 1377-2690 0.006
I-F3 3159 (187) 2756-3573 2967 (233) 2512-3453 0.018 | 3130 (321) 2651-3861 0.718
I-F4 3885 (285) 3294-4411 3849 (287) 3350-4252 0.704 | 3990 (312) 3482-4456 0.268
0-Mean 25.2 (2.71) 20.3-29.6 27.7 (3.26) 21.7-341 0.017 | 27.8 (3.28) 21.2-33.8 0.014
HNR
0-F2 1118 (108) 946-1347 1055 (142) 817-1365 0.133 | 1024 (125) 802-1251 0.018
>

386




Impact of individual protector devices on voice quality

Table Ill. continues.

Shield + FFP2 fold flat Face shield

Device

Analysis m Range (min-max) m Range (min-max) “m Range (min-max) n

U-SL 1.740 (0.626)% 0.918-3.230% 2.170 (0.959)% 0.870-3.860% 0.041 1.860 0.911-4.670% 0.558
(0.840)%

U-ShimdB | 0.156 (0.0553) 0.0801-0.288 0.197 (0.0907) 0.0775-0.362 0.035 0.172 0.0811-0.439 0.416
(0.0816)

U-Shim 0.00883 0.00422-0.0193 0.0107 0.00344-0.0212 0.144 | 0.00953 0.00378-0.0267 0.576

apq3 (0.0044) (0.00537) (0.0052)

U-Shim 0.00935 0.00494-0.0179 0.0124 0.00471-0.0228 0.017 0.0103 0.00484-0.0285 0.481

apgb (0.00354) (0.00584) (0.00534)

U-Shim 0.0135 0.00721-0.0202 | 0.018 (0.00828) 0.00783-0.0388 0.012 0.0142 0.00662-0.0311 0.688

apq11 (0.00401) (0.00582)

U-Shim dda 0.0265 0.0127-0.0579 0.032 (0.0161) 0.0103-0.0636 0.144 | 0.0286 0.0113-0.0801 0.576

0.0132) (0.0156)

U-SD HNR 2.93 (0.881) 1.19-4.67 3.66 (1.18) 2.03-6.28 0.021 | 3.57 (1.14) 2.23-6.54 0.044

U-F2 905 (176) 653-1392 811 (71,9) 703-963 0.015 | 822 (89.3) 700-1000 0.032

/p/ initial 1334 (113) 1154-1516 1258 (195) 890-1572 0.103 | 1219 (166) 938-1567 0.013

frequencies

(H2)

/d/ final 1545 (109) 1318-1737 1408 (205) 958-1649 0.005 | 1471 (140) 1160-1663 0.127

frequencies

(Ha)

/t/ final 1491 (90) 1316-1715 1373 (143) 1143-1651 0.005 | 1394 (108) 1215-1606 0.02

frequencies

(H2)

/z/ final 1488 (108) 1304-1673 1382 (174) 1036-1671 0.012 | 1473 (115) 1236-1683 0.718

frequencies

(H2)

/2/ range -78.1 (109) -237-164 -145 (151) -510--44.6 0.173 | 2.28 (260) -334--907 0.103

(H2)

N/ final 1404 (106) 1186-1547 1380 (137) 1166-1586 0.529 | 1347 (149 1134-1620 0.144

frequencies

(H2)

/g/ final 1599 (88) 1428-1758 1417 (224) 1031-1788 <0.01 | 1527 (130) 1233-1772 0.124

frequencies

(H2)

/K/ final 1536 (103) 1312-1761 1390 (174) 1117-1767 <0.01 | 1434 (151) 1085-1745 0.019

frequencies

(Hz)

/[ final 1508 (109) 1325-1803 1436 (162) 1132-1703 0.107 | 1422 (164) 1172-1773 0.053

frequencies

(H2)

grey: not statistically significant values.

/i/ and /u/. The formants F1, F2, F3 of the vowel sound /a/
were reduced by 123 Hz, 95 Hz, and 389 Hz, respectively.
The same trend was observed for the F2 and F3 formants of
the vowel sound /e/ (reduced by 347 Hz and 220 Hz, respec-
tively), as well as for the F2 and F3 formants of the vowel
sound /i/ (reduced by 465 Hz and 192 Hz, respectively), and

the F2 formant of the vowel sound /u/ (reduced by 94 Hz).
In addition, the final frequencies of the transitions /d/, /t/,
/z/, Ig/, and /k/ were decreased by 137 Hz, 118 Hz, 106 Hz,
182 Hz, and 146 Hz, respectively.

Our data suggest that using various devices leads to an in-
crease in HNR in LTAS and the vowel sounds /e/ and /i/,
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Table IV. Statistically significant parameters and their variations between no PPE - shield+surgical mask and no PPE — shield+3M™ Aura™ 9320+.

Device Shield + surgical mask Shield + 3M™ Aura™ 9320+
Analysis Mean (SD) | Range (min-max) Mean (SD) Range (min-max) Mean (SD) Range (min-max)
CPPS 16.3 (1.49) 13.8-19.4 14.7 (1.37) 11.9-16.6 0.001 15.3 (1.59) 12.1-18.9 0.036
HNR 17 (1.96) 13.5-21.1 19.1 (1.71) 16.4-23.1 0.001 19.7 2.12) 15-22.1 <0.01
Slope -9.19 (3.48) -14--1.27 -17.6 (3.55) -23.8--8.27 <001 | -17.6(4.2 -26--9.44 <0.01
Tilt -11.3(0.841) -12.8--9.42 -12.8 (0.517) -13.4--11.9 <0.01 | -12.7 (0.536) -13.6--11.9 <0.01
A-F1 940 (105) 742-1110 830 (76.5) 680-1007 <0.01 826 (73.4) 683-978 <0.01
A-F2 1450 (107) 1244-1621 1336 (128) 1144-1529 0.002 1384 (148) 1078-1605 0.069
A-F3 2761 (224) 2160-3149 2435 (286) 1830-2973 <0.01 | 2359 (303) 1695-2804 <0.01
E-SL 3.200 (1.460%) = 1.310-6.020% | 2.310(1.090)% 1.000-5.780% 0.007 | 2.000 (0.855)% | 0.797-3.980% <0.01
E-ShimDb | 0.284 (0.13) 0.114-0.544 0.208 (0.0977) 0.0879-0.527 0.012 | 0.182(0.0779) 0.0748-0.368 <0.01
E-Shim 0.0175 0.00607-0.0354 0.0117 0.00406-0.0342 | 0.004 0.0101 0.00328-0.0211 <0.01
apg3 (0.00892) (0.00689) (0.00522)
E-Shim 0.0188 0.00693-0.0358 0.0132 0.00532-0.0312 | 0.005 0.0115 0.00407-0.024 <0.01
apgs (0.00886) (0.00615) (0.00514)
E-Shim 0.0235 0.0108-0.0448 0.0187 0.00841-0.0365 | 0.04 0.0165 0.00737-0.0325 0.003
apq11 (0.00976) (0.00753) (0.00678)
E-Shim dda 0.0526 0.0182-0.106 0.0351 (0.0207) 0.0122-0.103 0.004 0.0302 0.00984-0.0634 | <0.01
(0.0268) (0.0157)
E;\ll\gean 19.9 (3.11) 15.2-24.5 25.9 (2.61) 22.5-33.2 <0.01| 28.2(3.01) 23.3-32.7 <0.01
E-SD HNR 2.98 (0.808) 1.82-4.6 3.5(0.963) 2.03-5.33 0.067 | 3.68(0.875) 2.13-5.3 0.014
E-F2 2214 (148) 1936-2531 1971 (253) 1435-2353 0.001 1835 (303) 1042-2328 <0.01
E-F3 2861 (160) 2524-3075 2697 (229) 2183-3110 0.015 2585 (223) 2069-3074 <0.01
E-F4 3744 (330) 3194-4214 3805 (335) 3301-4511 0.56 3718 (346) 3165-4281 0.81
I-SL 2.360 (1.240)% | 0.864-4.510% 1.610 (0.667)% 0.918-3.410% 0.01 | 1.520(0.972% | 0.843-5.180% 0.004
I-Shim dB 0.208 (0.109) 0.0771-0.399 0.143 (0.0585) 0.084-0.302 0.012 | 0.136 (0.0868) 0.0756-0.466 0.006
I-Shim 0.0127 0.00461-0.0267 0.00791 0.0043-0.0192 | 0.006 0.00758 0.00343-0.0324 0.004
apq3 (0.00733) (0.00391) (0.00637)
-Shim 0.0139 0.00489-0.0285 0.00923 0.00453-0.02 0.007 0.00834 0.00445-0.0271 0.002
apgs (0.00777) (0.0043) (0.00517)
-Shim 0.0177 0.00589-0.0405 | 0.013(0.00534) | 0.00695-0.0239 | 0.026 0.0117 0.00572-0.0282 0.005
apq11 (0.00913) (0.00556)
I-Shim dda | 0.0382 (0.022) | 0.0138-0.0802 | 0.0237 (0.0117) | 0.0129-0.0577 | 0.006 (8812317) 0.0103-0.0971 0.004
IH—I\N/IF(:an 20.3 (3.49) 12.6-28.4 26.5(3.29) 19.7-33.5 <0.01| 28.3(2.88) 22.5-34.2 <0.01
|-F2 2512 (207) 2174-2991 2184 (330) 1488-2630 < 0.01 1928 (437) 1059-2505 <0.01
I-F3 3159 (187) 2756-3573 3006 (341) 2428-3934 0.057 2905 (287) 2509-3494 0.002
I-F4 3885 (285) 3294-4411 3922 (309) 3390-4434 0.703 3821 (335) 3337-4429 0.498
aNhéean 25.2 (2.71) 20.3-29.6 26.5 (3.41) 16.8-31.8 0.203 28.4 (3.71) 20.6-34.4 0.003
0-F2 1118 (108) 946-1347 1053 (131) 808-1309 0.103 1058 (128) 866-1275 0.133
U-SL 1.740 (0.626)% | 0.918-3.230% 1.820 (0.637)% 0.752-2.990% 0.699 | 1.750 (0.525)% | 0.950-2.660% 0.948
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Table IV. continues.

Device
Analysis

Shield + surgical mask

Shield + 3M™ Aura™ 9320+

o 50) | Range (o | oan 50) | Rangs (v | 7| ean (D) | Rang (v | P

U-ShimdB | 0.156 (0.0553) 0.0801-0.288 0.162 (0.0563) 0.074-0.272 0.75 | 0.158 (0.0469) 0.0871-0.239 0.917

U-Shim 0.00883 0.00422-0.0193 | 0.00885 (0.004) | 0.00333-0.0178 | 0.984 0.00843 0.00305-0.0136 0.753

apg3 (0.0044) (0.00323)

U-Shim 0.00935 0.00494-0.0179 0.0102 0.00368-0.0175 | 0.499 0.00967 0.00434-0.0138 0.805

apgb (0.00354) (0.00387) (0.00312)

U-Shim 0.0135 0.00721-0.0202 0.0149 0.00639-0.0267 | 0.431 0.0145 0.00703-0.0276 0.566

apqli (0.00401) (0.00521) (0.00504)

U-Shim dda 0.0265 0.0127-0.0579 0.0266 (0.012) | 0.00998-0.0534 | 0.984 0.0253 0.00914-0.0409 0.753
(0.0132) (0.0097)

U-SD HNR 2.93(0.881) 1.19-4.67 3.65(1.12) 2.29-5.7 0.024 | 3.82(0.943) 2.57-5.82 0.005

U-F2 905 (176) 653-1392 847 (94.8) 684-989 0.134 833 (92.5) 703-1093 0.063

/p/ initial 1334 (113) 1154-1516 1237 (159) 947-1545 0.037 1291 (173) 986-1557 0.355

frequencies

(Hz)

/d/ final 1545 (109) 1318-1737 1513 (137) 1252-1768 0.509 1402 (245) 818-1745 0.003

frequencies

(H2)

/t/ final 1491 (90) 1316-1715 1421 (148) 1154-1750 0.091 1412 (203) 1050-1709 0.057

frequencies

(Hz)

/z/ final 1488 (108) 1304-1673 1412 (129) 1127-1651 0.07 1378 (196) 1056-1709 0.009

frequencies

(Hz

/z/ range -78.1 (109) -237--164 -154 (160) -438--81.1 0.122 -174 (192) -704--172 0.053

(H2)

N/ final 1404 (106) 1186-1547 1325 (153) 1089-1580 0.044 1351 (132) 1081-1591 0.178

frequencies

(H2)

/g/ final 1599 (88) 1428-1758 1527 (150) 1231-1818 0.124 1477 (211) 1002-1791 0.01

frequencies

(H2)

/K/ final 1536 (103) 1312-1761 1413 (155) 1120-1725 0.005 1479 (188) 987-1758 0.189

frequencies

(H2)

/f/ final 1508 (109) 1325-1803 1370 (207) 998-1716 0.002 1415 (150) 1152-1698 0.037

frequencies

(Hz)

grey: not statistically significant values.

as well as a decrease in Shimmer values, spectral tilt, and
spectral slope. Many modifications in formants and transi-
tions were observed with different PPE.

Discussion

Our study revealed changes in several acoustical voice pa-
rameters when using PPE, suggesting an improvement in
vocal quality in limited phonation tasks due to an increase

in the intensity of harmonics. We observed a gradual in-
crease in HNR value, an important parameter for assessing
vocal quality, in LTAS and for the vowels /e/ and /i/. Our
results find support in the current literature, where an in-
crease in HNR has been reported with surgical and KN95
masks !

Shimmer parameters were reduced when using different de-
vices compared to the condition without PPE. Conversely,
shimmer increased when wearing PPE in combination. In
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particular, the highest increase was noted using a face shield
and surgical mask together. This suggests that performing
voice assessment with a medical mask alters most of the
acoustic and aerodynamic parameters. This result confirms
what has been assessed in previous studies, where a reduc-
tion of jitter (%) and shimmer (%) values was found when
the volume was increased, especially wearing a N95 mask .
In contrast to a previous report 3, these findings suggest that
vocal quality improves due to an increase in the intensity of
harmonics compared to noise in the voice. This discrepancy
may be attributed to the different methods used to acquire
vocal samples. Previous studies utilised dummies to pro-
duce sounds using devices *’. This condition leads to a dif-
ficult detection of the unconscious individual changes made
by subjects during examinations . As facial PPE alters the
configuration of articulatory organs and the intensity of
emitted sound '*!°, we hypothesise that the subsequent in-
voluntary hyper-articulation enriches the spectrum of vocal
emission with harmonics. The SD of HNR results imply an
increase in the variability of the values obtained.

The use of FFP2 masks, combined with a face shield, reduc-
es the F3 frequency for the /a/ vowel, leading to increased
protrusion of lips and slight retraction of the constriction
in the oral cavity '°. As the oral constriction moves forward
toward the palatal zone, F4 values for /e/ and /i/ vowels F4
increase '°. This may be due to the heightened intensity of
speech and changes in articulation caused by the altered
perception of one’s own voice. The emission of vowel /i/
using PPE, except for a face shield, leads to a decrease in
F2. This aligns with the retraction of the oral constriction '®
due to the modified perception of words and limitations in
movement while wearing PPE. Interestingly, the presence
of a face shield and its combinations significantly decreases
F2 for the posterior vowels /o/ and /u/, which is consist-
ent with findings by Joshi et al. "". This indicates hyper-
articulation with lip protrusion '¢, which is unconsciously
performed in response to perceived resonance phenomena.
In addition, Lin et al. found decrease in F3 and documented
an increasing trend of FO, MPT, F1 and F2. Moreover, in
that study, the change in loudness was much more evident
than that in pitch due to the fact that participants tried to
make their voices sound clearer wearing PPE '3,
Qualitative observation of formant transitions suggests that
the use of a face shield and PPE leads to less linear for-
mants, making it difficult to identify and manually segment
them in the PRAAT software TextGrid.

To our knowledge, this is the first study on voice param-
eter modification with PPE analysing formants’ transition
in syllables and spectral tilt. Spectral tilt, in particular, is
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increasingly relevant in the analysis of acoustic spectrum
and vocal quality. The decreasing values of spectral tilt and
spectral slope identified in the study, particularly noticeable
with the use of face shields and their combinations with
other devices, indicate an increase in the high-frequency
component of the voice. This outcome directly suggests
that delivering speech with these different devices requires
greater vocal intensity: higher vocal intensity implies great-
er vocal effort and an emphasis on high frequencies rather
than low frequencies in speech. Apparently, this is in con-
trast with some studies that found reduction of vocal in-
tensity with PPE 37, and thus the condition may depend on
sound emission with dummies, since there is no subjective
and unconscious modification in sound emission. However,
further study on vocal intensity is necessary to better define
intensity modification in vocal emission with face devices.
A qualitative analysis of the AVQI results also reveals that
using face shields alone leads to an increase in AVQI val-
ues: the reflection and resonance waves caused by the face
shield may negatively impact vocal quality.

Patients in the study reported greater difficulties when asked
to speak with a face shield and FFP2 masks. The subjective
increment in vocal effort during sound emission with PPE
has been previously reported in literature and shown to cause
difficulties in voice-breathing coordination !': we qualitative-
ly observed a reduction in phonation time and an increase in
pauses during speech for air supply. During sustained speech,
patients needed to adjust their airflow management by in-
creasing the volume of inhaled air before phonation. This
resulted in more vocal effort to compensate for the loss of
energy. However, if this state persists, it can lead to dryness
of the mucous membranes and dysfunctional behaviour, pos-
sibly causing organic and/or functional dysphonia '°. Future
research should be dedicated to this topic.

Conclusions

This study demonstrated that PPE can alter various pa-
rameters of vocal tract articulation, voice quality, and
speech formant values, especially when different types
of PPE are used together. The reduction of shimmer and
the improvement in HNR values with different devices
demonstrates modification in voice quality related to the
hyper-articulation of the vocal tract. These changes, al-
though unconsciously perceived, lead to better speech
emission during limited phonation tasks. These findings
are supported by the reduction in negative spectral tilt and
spectral slope values. CPPS values suggest that the use of
a face shield negatively affects the harmonisation of the



sound’s acoustic spectrum compared to the other PPE. In
this regard, shimmer parameters and HNR values change
the most when using surgical or FFP2 masks in combina-
tion with a face shield. However, it is important to note
that the improvements in HNR and sound stability may be
limited to recorded samples, while the effect of prolonged
phonation with PPE is still not fully elucidated: prolonged
speech may lead to increased vocal effort, which can re-
sult in worse vocal quality and increased vocal fatigue '°.
Therefore, using only a surgical mask can limit changes
in acoustic spectrum parameters and ensure better vocal
quality with less fatigue. The necessity of increased vocal
effort requires practice of good vocal hygiene and correct
use of different speech modalities. Speech professionals
should be consulted to provide proper guidance and expla-
nations on the correct use of vocal modalities.

Conflict of interest statement
The authors declare no conflict of interest.

Funding
This research did not receive any specific grant from fund-
ing agencies in the public, commercial, or not-for-profit
sectors.

Author contributions

VC, EZ, AM, EG, LM: conceptualisation; VC, EZ, AM,
LM: methodology; VC, EZ, AM, LM: formal analysis and
investigation; VC, EZ: writing - original draft preparation;
VC, EZ, AM, RN: writing - review and editing; AM, EG:
supervision.

Ethical consideration

This study was approved by the Institutional Ethics Com-
mittee of Emilia Nord Health District (protocol number
177/2020, March 11th, 2020) and by the Institutional Eth-
ics Committee of University Hospital, Direzione Sanitaria
dell’ Azienda Ospedaliero-Universitaria, Modena (protocol
number 7531, March 11th, 2020).

The research was conducted ethically with all study pro-
cedures being performed in accordance with the require-
ments of the World Medical Association’s Declaration of
Helsinki. Written informed consent was obtained from each
participant for study participation and data publication.

Impact of individual protector devices on voice quality

References

' World Health Organization. Infection prevention and control of epi-
demic- and pandemic-prone acute respiratory infections in health care.
World Health Organization, Geneva; 2014. Available from https://
www.ncbi.nlm.nih.gov/books/NBK214359

2 Corey RM, Jones U, Singer AC. Acoustic effects of medical, cloth,
and transparent face masks on speech signals. J Acoust Soc Am
2020;148:2371. https://doi.org/10.1121/10.0002279

3 Maryn Y, Wuyts FL, Zarowski A. Are acoustic markers of voice
and speech signals affected by nose-and-mouth-covering respira-
tory protective masks? J Voice 2023;37:468.E1-468.E12. https://doi.
org/10.1016/j.jvoice.2021.01.013

4 Johnson AT. Respirator masks protect health but impact perfor-
mance: a review. J Biol Eng 2016;10:4. https://doi.org/10.1186/
$13036-016-0025-4

5 Mendel LL, Gardino JA, Atcherson SR. Speech understanding us-
ing surgical masks: a problem in health care? ] Am Acad Audiol
2008;19:686-695. https://doi.org/10.3766/jaaa.19.9.4

¢ Nguyen, DD, McCabe P, Thomas D, et al. Acoustic voice character-
istics with and without wearing a facemask. Sci Rep 2021;11:5651.
https://doi.org/10.1038/s41598-021-85130-8

7 Atcherson SR, Mendel LL, Baltimore W1J, et al. The effect of conven-
tional and transparent surgical masks on speech understanding in indi-
viduals with and without hearing loss. J Am Acad Audiol 2017;28:58-
67. https://doi.org/10.3766/jaaa.15151

8 Shindler A, Ginocchio D, Ricci Maccarini A, et al. CAPE-V (Con-
sensus Auditory-Perceptual Evaluation of Voice): Italian version. Acta
Phoniatr Lat 2006;28:383-391.

° GamaR, Castro ME, van Lith-Bijl JT, et al. Does the wearing of masks
change voice and speech parameters? Eur Arch Otorhinolaryngol
2022;279:1701-1708. https://doi.org/10.1007/s00405-021-07086-9

10 Yu M, Jin Q, Zhang W, et al. Effects of different medical masks on
acoustic and aerodynamic voice assessment during the COVID-19
pandemic. Medicine (Baltimore) 2023;102:E34470. https://doi.
org/10.1097/MD.0000000000034470

' Barsties V, Latoszek B, Jansen V, et al. The impact of protective face
coverings on acoustic markers in voice: a systematic review and
meta-analysis. J Clin Med 2023;12:5922. https://doi.org/10.3390/
jem12185922

12° Muzzi E, Chermaz C, Castro V, et al. Short report on the effects of
SARS-CoV-2 face protective equipment on verbal communica-
tion. Eur Arch Otorhinolaryngol 2021;278:3565-3570. https://doi.
org/10.1007/s00405-020-06535-1

13 Ribeiro VV, Dassie-Leite AP, Pereira EC, et al. Effect of wearing
a face mask on vocal self-perception during a pandemic. J Voice
2022;36:878.e1-878.¢€7. https://doi.org/10.1016/j.jvoice.2020.09.006

14 Harrington J. Acoustic phonetics. In: Hardcastle WJ, Laver J, Gibbon
FE, eds. The handbook of phonetic sciences. Second Edition. Hobo-
ken (NJ): Blackwell Publishing Ltd.; 2010. p. 81-129.

15 Joshi A, Procter TKP. COVID-19: acoustic measures of voice in indi-
viduals wearing different facemasks. J Voice 2021;37:971.e1-971.e8.
https://doi.org/10.1016/j.jvoice.2021.06.015

16 LinY, Cheng L, Wang Q, et al. Effects of medical masks on voice as-
sessment during the COVID-19 pandemic. J Voice 2023;37:802.e25-
802.€29. https://doi.org/10.1016/j.jvoice.2021.04.028

391


https://www.ncbi.nlm.nih.gov/books/NBK214359
https://www.ncbi.nlm.nih.gov/books/NBK214359
https://doi.org/10.1121/10.0002279
https://doi.org/10.1016/j.jvoice.2021.01.013
https://doi.org/10.1016/j.jvoice.2021.01.013
https://doi.org/10.3766/jaaa.15151
https://doi.org/10.1007/s00405-021-07086-9
https://doi.org/10.1097/MD.0000000000034470
https://doi.org/10.1097/MD.0000000000034470
https://doi.org/10.3390/jcm12185922
https://doi.org/10.3390/jcm12185922
https://doi.org/10.1016/j.jvoice.2020.09.006
https://doi.org/10.1016/j.jvoice.2021.06.015
https://doi.org/10.1016/j.jvoice.2021.04.028

