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Abstract

Unhindered auditory and visual signals are essential for a sufficient speech understanding of cochlear implant (CI) users. Face
masks are an important hygiene measurement against the COVID-19 virus but disrupt these signals. This study determinates
the extent and the mechanisms of speech intelligibility alteration in Cl users caused by different face masks. The audiovisual
German matrix sentence test was used to determine speech reception thresholds (SRT) in noise in different conditions
(audiovisual, audio-only, speechreading and masked audiovisual using two different face masks). Thirty-seven CI users and
ten normal-hearing listeners (NH) were included. Cl users showed a reduction in speech reception threshold of 5.0 dB
due to surgical mask and 6.5 dB due to FFP2 mask compared to the audiovisual condition without mask. The greater propor-
tion of reduction in SRT by mask could be accounted for by the loss of the visual signal (up to 4.5 dB). The effect of each mask
was significantly larger in Cl users who exclusively hear with their CI (surgical: 7.8 dB, p=0.005 and FFP2: 8.7 dB, p=0.01)
compared to NH (surgical: 3.8 dB and FFP2: 5.1 dB). This study confirms that Cl users who exclusively rely on their CI for
hearing are particularly susceptible. Therefore, visual signals should be made accessible for communication whenever possible,
especially when communicating with Cl users.
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Introduction alterations of acoustic and visual signals impact daily com-
munication (Brown et al., 2021; Sonnichsen et al., 2022).

Understanding speech is a highly complex process involving The influence of different face masks on acoustic speech

integration of auditory and visual information (Grant et al.,
1998). Hearing-impaired listeners are especially dependent
on both modalities for sufficient communication since their
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signals has been studied thoroughly (Corey et al., 2020;
Goldin et al., 2020; Muzzi et al., 2021; Palmiero et al.,
2016). However, access to visual signals and integrative pro-
cesses may be even more relevant for speech intelligibility
than unhindered acoustic signals in hearing-impaired and
even normal-hearing listeners (NH) (Sonnichsen et al.,
2022).

In this study, we examine hindered communication mech-
anisms by evaluating two different types of face masks in CI
users and NH.

Methods

Participants

All participants provided their informed written consent
and participated on a voluntary basis. The experimental
protocol was approved by the institutional review board
(Medizinische Ethikkommission) of the University of
Oldenburg (AZ 2020-135). All participants were native
German speakers with normal or corrected-to-normal
vision, without previously known cognitive impairment,
at least 18 years of age and naive with respect to the exper-
imental audiovisual test material.

Forty post-lingually deafened CI users participated in the
study. Inclusion criteria were at least 6 months CI experience
or a percent correct score of at least 60% in the Freiburg
monosyllables test in quiet with the CI at a level of 65 dB

Table I. Demographic Data of Cl Users and Normal-Hearing
Participants. Data are Represented as Mean + Standard Deviation
(SD), if Applicable

Cl Users Normal-Hearing

Category (n=37) (n=10)
Gender, No. (%)

Female 22 (59.5%) 5 (50.0%)

Male 15 (40.5%) 5 (50.0%)
Age (years)

Mean + SD 59.2+16.2 233+37

Range 19-83 19-32
Age at implantation (years)

Mean + SD 554+182

Range 11-82
Duration of Cl use (months)

Mean + SD 43.4+£413

Range 2-197
Contralateral hearing status,

No. (%)

SSD 7 (18.9%)

AHL 16 (43.2%)

Cl-only 14 (37.8%)
Manufacturer, No. (%)

Advanced Bionics 2 (5.4%)

Cochlear 26 (70.3%)

MED-EL 9 (24.3%)

SPL. Three CI users were excluded, one due to a broken pro-
cessor and two because of exceeding the presentation limit
during training in the audiovisual condition (see paragraph
on Conditions below for further details). The remaining 37
CI users (22 female, 15 male) had a mean age of 59.2 +
16.2 years. The average age at implantation was 55.4 +
18.2 years and the average duration of CI use 43.4+41.3
months (see detailed demographic data in Table 1). In addi-
tion, ten NH (five female and five male, mean age of 23.3 +
3.7 years) with a pure tone average at 0.5, 1, 2, and 4 kHz
(PTA4) instead of PTA4 of less than 20 dB HL in both
ears participated.

Main analysis focused on comparisons within and
between CI users and normal-hearing participants. For a
more in-depth analysis CI users were subcategorized post
hoc according to the hearing status of the contralateral ear:

1. ‘Cl-only’: Bilateral CI users or CI users with a contralat-
eral PTA4 of more than 80 dB HL and without hearing
aid usage. (n=14).

2. “Asymmetric hearing loss (AHL)”: CI users with a con-
tralateral PTA4 of more than 25dB HL (n=16).
Fourteen of them were using a hearing aid on the contra-
lateral ear.

3. “Single sided deafness (SSD)”: CI users with normal contra-
lateral hearing with a PTA4 of 25 dB HL or less (n=7).

Stimuli

The audiovisual version of the female German matrix sen-
tence test as proposed by Llorach et al. (2022) was used.
The matrix sentence test uses S-word sentences. The sen-
tences follow a fixed structure of 5-word categories:
name-verb-number-adjective-noun. In total, there are 50 pos-
sible words, 10 for each word category. The audiovisual
version of the matrix sentence test combines the audio
speech material of the female German matrix sentence test
(Wagner et al., 2014) and video recordings of the speaker
(Llorach et al., 2020). It enables a realistic and detailed anal-
ysis of speech perception and underlying mechanisms with
acoustic and visual signals (Llorach et al., 2022).

The masked stimuli were created for this experiment. To
create the masked sentences, a simple mask-shaped object
was added to the video of the audiovisual condition to
mask the mouth of the speaker (Figure 1), and the audio
signal was filtered according to the attenuation patterns of a
surgical mask type II (EN14683) and an FFP2 mask type
NR (EN 149:2001 + A1:2009). The attenuation patterns
were created by recording 30 matrix-sentences each uttered
by two female and two male speakers with and without the
two face mask types. A finite impulse response filter was
created for each face mask type. The filter parameters were
based on the difference in third-octave frequency spectra
between the sentences with and without face mask. The
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Figure |. Test material example of test conditions with and without mask. For audiovisual conditions a video of the speaker was presented
with the auditory speech signal (left). For surgical mask and FFP2 mask conditions a mask-shaped object was added to cover the speaker’s
mouth (right) and the acoustic signal was modified according to the respective acoustic filter properties. Adapted with permission from
Wolters Kluwer Health, Inc. from Sonnichsen et al. (2022), How Face Masks Interfere With Speech Understanding of Normal-Hearing
Individuals: Vision Makes the Difference. Otology & Neurotology, 43(3), 282-288. https:/doi.org/10.1097/MAO.0000000000003458. The
Creative Commons license does not apply to this content. Use of the material in any format is prohibited without written permission from
the publisher, Wolters Kluwer Health, Inc. Please contact permissions@Iww.com for further information.
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Figure 2. Mean spectral differences of four talkers’ speech (4 T)
spoken with surgical (red dashed line) and FFP2 mask (blue dotted
line) normalized to uncovered speech (black line) are shown.
Shaded areas refer to standard deviation of spectral differences on
single sentence level (red: surgical mask, blue: FFP2 mask). For
reasons of comparison, spectral attenuation of a surgical mask
with one talker (I T) from Sonnichsen et al. (2022) is replotted

(gray line).

attenuation patterns of the two masks are shown in Figure 2.
The surgical mask led to an average attenuation of 4 dB and
the FFP2 mask of 6.4 dB in the frequency range between 2.5
and 8 kHz. The original speech material of the female
German matrix sentence test was filtered accordingly and
set to the original rms-level.

Experimental Setup

The measurement setup was equal to the setup described in
Sonnichsen et al. (2022) and is described in this section.
Measurements were conducted in a sound-treated room.
Listeners were seated in front of a loudspeaker (8030C
studio monitor, Genelec, lisalmi, Finland) and a 23.8"”
screen (P2419H, DELL GmbH, Frankfurt, Germany).
Loudspeaker and screen were placed 80 cm apart from the
listener. Matlab2018 was used to perform the measurements.
The audio signals were presented through a soundcard (RME
Fireface uc). The video was time aligned to the audio signal
as described in Llorach et al. (2022) and reproduced using
VLC media player 3.0.3. The audio signals were calibrated
to a level of 85 dB SPL (C) using a PCA 322A level meter.

Conditions

Five conditions were used in this experiment:

- Audiovisual (AV)

- Audio-only (AO)

- Speechreading (SR)

- Masked audiovisual with surgical mask (AVM-S)
- Masked audiovisual with FFP2 mask (AVM-FFP)

Each condition consisted of 20 five-word-sentences. speech
reception thresholds (SRT) of 80% intelligibility (SRTgg)
were determined adaptively in test-specific stationary noise,
i.e., the noise was presented at a fixed level of 65 dB SPL
and the level of the speech signal changed according to the
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correct number of words answered by the participant (see
Llorach et al., 2022 for details). A single SRTg, value was
given for each 20-sentence set according to the adaptive pro-
cedure. The initial signal-to-noise ratio (SNR) was set to
—5dB SNR. The presented SNR was limited to 20 dB
SNR, at which the measurement was aborted automatically
to avoid levels above 85 dB SPL.

In the audio-only condition the speech signal and the noise
were presented while the screen remained black. The spee-
chreading condition consisted of video recordings of the
speaker combined with a 65 dB SPL noise and no speech
signal. This condition was used to measure the ability to speech-
read. We adopted a definition of speechreading from Strelnikov
etal. (2009) who define it as speech perception by solely viewing
a speaker’s facial expressions and lip movements.

Experiment Procedure

Listeners were given an instruction sheet containing the 5 X
10 word matrix of the speech material. Listeners conducted
two lists of 20 sentences in the AV condition for training.
Afterwards, the five conditions described before (AV, AO,
SR, AVM-S, AVM-FFP) were conducted in randomized
order. After listening to a sentence, listeners were asked to
repeat the words they understood. Guessing was permitted
and breaks between conditions were taken as needed.

All measurements were performed best-aided, meaning
SSD participants with unilateral CI and contralateral NH,
AHL participants with unilateral CI and contralateral
hearing aid if available, and CI-only participants with bilateral
CI or unilateral CI and no contralateral hearing aid. Binaural
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Figure 3. Speech reception threshold of 80% intelligibility
(SRTgp) of audiovisual training test lists (T| AV, T2 AV) and the
audiovisual test condition (AV) are shown for NH (left panel) and
Cl users (right panel). Box plots with line at median, lower and
upper box level at 25% and 75% percentiles and whiskers for
minimum and maximum values. ns = not statistically significant.

testing was chosen for all conditions to more realistically
reflect daily life situations compared to monaural testing.

Results

Data Analysis and Statistical Tests

Data are described by median values with range, unless stated
otherwise.

Besides individually measured SRTgq values for the dif-
ferent conditions two parameters were calculated for each
participant and used for statistical analysis:

- Visual benefit describing the difference in SRTg, between
the audiovisual and the audio-only condition (SRTgo(AV) —
SRTgog(AO)). It defines the improvement in speech intelligi-
bility by adding the visual signal to the audio signal.

- Reduction of speech intelligibility solely due to the acoustic
attenuation of the face masks described by the difference in
SRT between the two masked audiovisual conditions and
the audio-only condition (SRTgo(AVM-S) — SRTgo(AO)
and SRTgo(AVM-FFP) — SRTgo(AO)).

- The overall reduction in speech intelligibility by face masks
combines the loss of the visual signal with the individual
acoustic attenuation of each mask (SRTgo(AVM-S) —
SRTgo(AV) and SRTgo(AVM-FFP) — SRTgy(AV)).

Statistical analysis was conducted using GraphPad Prism
(GraphPad Software, Version 9.2.0, San Diego, CA). SRTgq
and SRTgg-differences were tested on normal distribution
using the Shapiro-Wilk test. If normal distribution was vio-
lated, non-parametric test statistics were used. Friedman’s
tests with Dunn’s multiple comparisons were applied on the
SRT data for within subjects’ analysis separately for NH and
CT users (Figure 3 and Figure 4). Between subjects’ analysis
was performed using the Kruskal-Wallis test with Dunn’s mul-
tiple comparisons separately on the SRT-differences for visual
benefit and the acoustic attenuation of the face masks
(Figure 5). Between subjects’ analysis of the combined
effect of missing visual information and acoustic attenuation
due to the face masks was conducted using a separate
Brown-Forsynthe and Welch ANOVA test with Dunnett’s
T3 multiple comparisons test. Speechreading scores between
NH and CI users overall were compared using the
Mann-Whitney-U test and subgroup analysis was conducted
using the Kruskal-Wallis test. Linear Regressions and
Spearman’s rank correlation coefficient (r;) were calculated
for speechreading scores vs. visual benefit (Figure 6).

All p-values were adjusted for multiple comparisons and a
p-value < 0.05 was considered statistically significant.

No significant differences between the two training lists
and between the second training list and the audiovisual con-
dition were detected for CI users or NH (Figure 3), showing
that sufficient training was applied prior to the measurements
of different conditions.
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Figure 4. Speech reception threshold values of 80% intelligibility (SRTgo) for audiovisual (AV), audio-only (AO), surgical mask (AVM-S) and
FFP2 mask (AVM-FFP) for NH (left panel) and Cl users (right panel). Box plots with line at median, lower and upper box level at 25% and
75% percentiles and whiskers for minimum and maximum values. ns = not statistically significant, significance level: * p <0.05, ** p <0.01,

% b <0.001.

Speech Reception Thresholds

Figure 4 shows SRTgy-values and statistical comparisons
across conditions for CI users (right panel) and NH (left
panel). CI users demonstrated a median SRTg, of 0.2 dB
SNR (range: —6.1 to 11.8) in the audio-only condition
(AO), meaning that 80% of words were understood correctly,
if the speech was presented 0.2 dB louder than the noise of
65dB SPL. There was a significant improvement to a
median SRTg, of —5.0 dB SNR (range: —9.9 to 3.7, p<
0.001), when visual cues were added to the audio signal.
On the other hand, the FFP2 mask led to a significant reduc-
tion in SRTgy (median SRTgy: 1.7 dB SNR, range: —4.3 to
16.6, p=0.003) compared to AO. The surgical mask did
not show any significant effect on SRTg, (median SRTgq:
0.4 dB SNR, range: —5.3 to 10.5, p>0.99) compared to AO.

NH yielded a median SRTgy of —6.9 dB SNR in AO
(range: —8.3 to —5.4 dB SNR). Compared to CI users NH
showed a less distinct but still significant improvement in
AV (median SRTgy: —9.8dB SNR, range: —12.4 to
—8.1 dB SNR, p=0.02) when having visual and acoustic
information available. The acoustic attenuation of the
masks did not show a statistically significant effect on SRT
compared to AO. Median SRTg, were —5.9dB SNR
(range: —7.3 to —5.3dB SNR, p>0.99) for the surgical
mask and —4.9 dB SNR (range: —6.5 to —3.4 dB SNR, p=
0.06) for the FFP2-mask.

Visual Benefit and Acoustic Attenuation

The median visual benefit was —4.5 dB for CI users and
—2.7dB for NH. The acoustic attenuation was less due to
the surgical mask (CI users: 0.2 dB, NH: 0.9 dB) than due
to the FFP2 mask (CI users: 2.1 dB, NH: 2.2 dB). The com-
bination of visual information loss and acoustic attenuation
lead to a reduction in SRT of 5.0 dB and 3.8 dB due to the
surgical mask, and of 6.5 dB and 5.1 dB due to the FFP2
mask for CI users and NH, respectively.

Subcategorization according to hearing status of the con-
tralateral ear revealed distinct differences between CI sub-
groups and NH. Throughout all conditions the SSD group
performed better than the AHL group and similar as NH.
The AHL group performed better than the CIl-only group.
The visual benefit was significantly larger for the Cl-only
group (—5.9dB) compared to NH (-2.7 dB, p=0.025).
For AHL and SSD the visual benefit of —3.6 dB for both
groups was in between NH and ClI-only, but not significantly
different from the other subgroups (see Figure 5, left).

The effect of acoustic attenuation of the masks on speech
intelligibility was similar for all CI subgroups and NH, and
showed the largest reduction in SRT of 1.3 to 2.2 dB for
the FFP2 mask and less than 1 dB for the surgical mask
(compare Figure 5 middle for the surgical mask and right
for the FFP2 mask).

The combined effect of missing visual information and
acoustic attenuation due to the face masks was largest for
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Figure 5. Visual benefit (left, difference of speech reception
threshold of 80% intelligibility (SRTgo) between audio-only and
audiovisual condition), and acoustic attenuation effect of the
surgical mask (middle, SRTgo-difference between surgical mask
and audio-only condition) and FFP2 mask (right, SRTg,-difference
between FFP2 mask and audio-only condition) are shown for
subgroups of Cl users and normal-hearing listeners (NH). Cl user
subgroups: single-sided-deafness (SSD), asymmetric hearing loss
(AHL) and Cl-only. Box plots with line at median, lower and
upper box level at 25% and 75% percentiles and whiskers for
minimum and maximum values. significance level: * p <0.05.
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Figure 6. Correlation of speechreading scores and visual benefit
shown for subgroups of Cl users and normal-hearing listeners
(NH). Cl user subgroups: single-sided-deafness (SSD), asymmetric
hearing loss (AHL) and Cl-only. Lines depict linear regression
lines.

the Cl-only group with an SRT reduction of 7.8 dB (range:
2.0 to 13.6) for the surgical mask and 8.7 (range: 3.1 to
15.6) dB for the FFP2 mask. Significant differences were
found compared to NH (surgical: 3.8 dB, range: 2.3 to 5.8,
p=0.005; FFP2: 5.1 dB, range: 2.7 to 6.9, p=0.01) and
SSD (surgical: 4.1 dB, range: 1.4 to 5.3, p=0.007; FFP2:
5.1 dB, range: 2.7 to 6.0, p=0.007).

Speechreading and its Correlation to Visual Benefit

Overall, CI users showed on average slightly lower spee-
chreading scores than NH (CI: 30%, range: O to 61%; NH:

40.5%, range: 5 to 76%). However, no significant difference
was found (p = 0.25). A further analysis on subgroups (includ-
ing NH as one of the groups) did not show significant differ-
ences either (Cl-only: 43%, range: 0% to 61%; AHL: 29%,
range: 0% to 59%; SSD: 27%, range: 3% to 53%; p=0.37).
The ability to speechread was significantly correlated with
the visual benefit over all groups of listeners (r,—0.59,
p<0.001). Better speechreading performance correlated with
a larger visual benefit, although large individual differences
could be noted. Further analyses for each subgroup and NH
revealed significant rank correlations for SSD, AHL and
Cl-only (r;=-0.86, p=0.02; ry;=-0.62, p=0.01; ry,=-0.71,
p=0.005, respectively). Correlations are shown in Figure 6.

Discussion

Face mask wearing during the COVID-19 pandemic revealed
the importance of visual and unfiltered acoustic cues for ade-
quate speech understanding for CI users and NH. Daily com-
munication and important aspects of CI rehabilitation were
adversely affected by the pandemic and associated preven-
tive measures such as face masks (Aschendorff et al., 2021;
Gordon et al., 2021). However, they provided an effective
and therefore necessary tool to reduce virus transmission
(Howard et al., 2021).

We demonstrated that the detrimental effect of surgical and
FFP2 masks was largely due to the loss of the visual signal and
to a smaller proportion by attenuation of high frequency regions
in the acoustic signal, if the overall level was kept constant. This
applied to CI users and NH. However, the effect was more pro-
nounced for CI users, especially for those who exclusively rely
on their CI for hearing. A recent study suggests that our findings
are in line with the individual subjective perception of CI users
in everyday life situations during the COVID-19 pandemic.
Homans and Vroegop (2021) reported that 84% of CI users
believed that the loss of lipreading ability alone or in combina-
tion with the attenuated speech signal was the reason for limited
communication with face masks. Only 14% felt that the atten-
uated speech signal alone impaired their ability to communicate
(Homans & Vroegop, 2021).

Acoustic Effects

The acoustic attenuation properties of the two mask types
were similar as in previous studies (Corey et al., 2020;
Mcleod et al., 2022; Sonnichsen et al., 2022). The amount
of SRT reduction for NH due to acoustic attenuation was
less for the surgical (0.9 dB) and FFP2 (2.2 dB) mask than
could be expected according to the importance of spectral
weighting to speech intelligibility by means of the speech
intelligibility index as presented by Mcleod et al. (2022).
Note that possible differences according to level with and
without mask were equalized in our study. The spectral atten-
uation of the FFP2 mask had a significant effect on speech
intelligibility for the CI users in our study. In contrast, Vos
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et al. (2021) found no significant difference in speech recog-
nition of CI users for acoustic filter properties of N95 masks,
which have very similar acoustic properties compared to
FFP2 masks (Corey et al., 2020). However, their experimen-
tal setup differed from that of our study since speech under-
standing was only tested in quiet (Vos et al., 2021), which is
less challenging for CI users (Fu & Nogaki, 2005). In addi-
tion, their cohort appeared to consist of a high percentage
of CI users with an above-average performance of >80% in
the AzBio sentence test in quiet (Vos et al., 2021), possibly
leading to ceiling effects (Brant et al., 2018).

Speechreading

Our data show that the main proportion of the reduction in
speech intelligibility by face masks was due to the loss of
the visual signal, which is equivalent to the loss of the possi-
bility to speechread (see Figure 5, left). Speechreading (for a
definition please see methods section) is a process that is
influenced by many different parameters related to the partic-
ipant (e.g., hearing loss (Auer & Bernstein, 2007), age
(Schreitmiiller et al., 2018; Tye-Murray et al., 2016), motiva-
tion (Van Tasell & Hawkins, 1981)) or the test material (e.g.,
talker familiarity (Yakel et al., 2000), complexity of the test
material (Auer, 2010; Kaiser et al., 2003)). Previous studies
have shown an advantage in speechreading for
hearing-impaired listeners and CI users compared to NH
(Auer & Bernstein, 2007; Kaiser et al., 2003; Rouger et al.,
2007; Schreitmiiller et al., 2018). Within our study it
appears that either CI users underperformed or NH overper-
formed in the speechreading condition as both scores were
similar. However, it is important to note that the authors’
experience is that speechreading scores of both groups are
highly individual with a great range of individual results, pre-
sumably due to the different factors described previously. CI
users in the study of Schreitmiiller et al. (2018) showed a
small advantage in speechreading scores (CI mean spee-
chreading score: 37.7%) compared to our study in a similar
experimental setup. The authors discuss that participants
with low scores partially showed impaired motivation
(Schreitmiiller et al., 2018). It has been shown that manipu-
lation of motivation to guess can influence speechreading
test results (Van Tasell & Hawkins, 1981). Likewise, the
combination of an already challenging speechreading condi-
tion with a persistent noise distraction could have hindered
motivation to interpret the visual signals and led to low
scores in some of our participants. Hearing-impaired listeners
have been shown to be significantly more distracted by noisy
environments than NH, which might have led to slightly
reduced (but non-significant) speechreading scores of CI
users compared to NH in our study (Fu & Nogaki, 2005;
Zheng et al., 2017). This effect has been demonstrated for
speechreading in babble for NH (Myerson et al., 2016). It
implies that measurements without noise might improve
speechreading scores in CI users.

In our study a comparison of younger CI users (<50 years,
n=38), older CI users (>50 years, n =29) and NH revealed no
significant age-dependent differences in speechreading
scores although this has been shown before. Schreitmiiller
et al. (2018) describe an age dependency of visual-only
(speechreading) conditions as speechreading scores decrease
with increasing age of NH and CI users. Our results do not
match these findings. However, they could be possibly con-
founded by the different sample sizes in our study. Also, the
effects of age-related differences in speechreading scores on
audiovisual speech understanding seem to be less pro-
nounced (Huyse et al., 2014; Tye-Murray et al., 2016).

Visual Benefit

Visual benefit which is the difference between AV and AO
conditions consists not only of the information obtained
from speechreading, but also of additional information
derived from the complex process of audiovisual integration
(Grant et al., 1998; Stevenson et al., 2017). This process is
influenced by the individual’s ability to integrate auditory
and visual information and depends on many factors such as
lexical difficulty or talker characteristics (Kaiser et al., 2003).
Two previous studies using the audiovisual German matrix
sentence test found greater visual benefits in young and elderly
NH than our study (Gieseler et al., 2020; Llorach et al., 2022).
The study by Gieseler et al. (2020) used fluctuating noise
(ICRA-250) instead of stationary noise, therefore the visual
benefit is not directly comparable to our study. In the study
by Llorach et al. (2022), the participants did more training
trials and were tested with more lists in total (the training
trials and the test conditions involved 23 lists). It is likely that
they became more familiar with the speaker’s face and therefore
improved their audiovisual scores (Lander & Davies, 2008).

Audiovisual Integration

Due to the experimental design speechreading and audiovi-
sual integration are inseparable in our study. Both influence
the visual benefit, but the authors can only estimate the
extent to which loss of audiovisual integration alone causes
altered communication by face masks. Interestingly, we
found that some participants who scored 0% in the SR con-
dition, still benefited from additional visual input
(Figure 6). When data from the ten CI users with the
lowest SR scores (3.5% words correct, range: 0 to 14) were
analyzed we still found a visual benefit of —1.9 dB (range:
—11.5 to —1.2). These results are consistent with the findings
of Grant et al. (1998) who described the same phenomenon
for participants with low speechreading performances in
their study. This highlights the importance of audiovisual
integration despite limited speechreading skills or poor moti-
vation to actively speechread.

Face masks, especially because of the lack of visual informa-
tion, showed a greater reduction in speech intelligibility for the
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Cl-only group compared to NH (Figure 5). This is in accordance
with a study that found greater integration proficiency in Cl users
compared to NH. It seems that CI users continue to rely on visual
information and audiovisual integration after CI surgery, espe-
cially in challenging environments (Rouger et al., 2007). This
at least partially explains the greater impact of face masks on
speech intelligibility in Cl-only users. However, NH and SSD
listeners in our study population appear to use similar speech rec-
ognition strategies as the reduction in speech intelligibility due to
face masks was rather similar.

Limitations

The performance of AHL listeners was more variable than of
NH and SSD participants. As mentioned before, the AHL
group was very diverse regarding the hearing status of the
contralateral ear. It can be assumed that listeners with
weaker hearing abilities on the contralateral ear made more
use of audiovisual integration. Since binaural testing was
used the hearing status of the contralateral ear was critical
for overall speech intelligibility within this experimental
setup. Monaural testing could determine the impact of face
masks solely on the CI ear, but our free field approach is
not suitable to completely exclude the contralateral ear. A
possible solution could be streaming the audio signal, so it
can only be detected with the CI. However, in this study
we were aiming to reflect real-life situations as close as pos-
sible with accounting for different hearing status of the con-
tralateral ear and its impact on binaural hearing with CIL.

Conclusion

Cl users rely considerably on visual cues for sufficient speech
understanding in noise. Therefore, face mask wearing during
the COVID-19 pandemic impairs daily communication, par-
ticularly by the loss of the visual signal. CI users who rely
solely on their CI for hearing are especially vulnerable to
this impairment. NH seem less impaired by masks because
of a greater utilization of the acoustic signal. However,
both groups benefit from visual cues when communicating.
These aspects should be considered when communicating
while wearing a face mask.
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