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A B S T R A C T

Recent studies provide evidence for changes in audiovisual perception as well as for adaptive cross-modal
auditory cortex plasticity in older individuals with high-frequency hearing impairments (presbycusis). We here
investigated whether these changes facilitate the use of visual information, leading to an increased audiovisual
benefit of hearing-impaired individuals when listening to speech in noise. We used a naturalistic design in which
older participants with a varying degree of high-frequency hearing loss attended to running auditory or audio-
visual speech in noise and detected rare target words. Passages containing only visual speech served as a control
condition. Simultaneously acquired scalp electroencephalography (EEG) data were used to study cortical speech
tracking. Target word detection accuracy was significantly increased in the audiovisual as compared to the
auditory listening condition. The degree of this audiovisual enhancement was positively related to individual
high-frequency hearing loss and subjectively reported listening effort in challenging daily life situations, which
served as a subjective marker of hearing problems. On the neural level, the early cortical tracking of the speech
envelope was enhanced in the audiovisual condition. Similar to the behavioral findings, individual differences in
the magnitude of the enhancement were positively associated with listening effort ratings. Our results therefore
suggest that hearing-impaired older individuals make increased use of congruent visual information to
compensate for the degraded auditory input.
1. Introduction

A lasting deprivation from auditory sensory input results in a
recruitment of auditory sensory brain regions by the other sensory mo-
dalities (Butler and Lomber, 2013; Kral, 2007; Sandmann et al., 2012).
Although cross-modal plasticity has been mostly studied in populations
with severe and early-onset hearing impairment, recent work in animals
provides evidence that similar effects can also occur following moderate
and partial hearing loss at adult age (Meredith et al., 2012; Schormans
et al., 2017). Complementing these animal data, studies in older human
individuals with high-frequency hearing impairments (presbycusis) found
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hearing-loss related shifts of visual and somatosensory responses towards
auditory cortex (Campbell and Sharma, 2013; Cardon and Sharma,
2018), changed responses to audiovisual stimulation (Musacchia et al.,
2009; Stropahl and Debener, 2017), and increased functional connec-
tivity between auditory and visual sensory brain regions (Puschmann and
Thiel, 2017). Behavioral data suggest that these neural changes go along
with increased cross-modal distractibility (Guerreiro and Van Gerven,
2017; Puschmann et al., 2014) and a higher susceptibility to the McGurk
illusion (Rosemann and Thiel, 2018; Stropahl and Debener, 2017),
providing evidence for changed audiovisual processing in
hearing-impaired individuals. The perceptual consequences of these
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Fig. 1. Forty older volunteers with varying degree of high frequency hearing
loss participated in the study. A) The figure depicts the individual pure tone
audiogram of each participant, averaged over both ears. The group mean is
shown in bold black. The mean hearing loss between 2000 and 8000 Hz served
as measure of high-frequency hearing impairment. B) Individual high-frequency
hearing loss was significantly correlated with the reported listening effort in
challenging daily-life situations, which served as an additional subjective mea-
sure of hearing impairment.
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effects for daily-life listening are however not understood at present.
It is assumed that older hearing-impaired listeners make extended use

of visual input to facilitate speech perception in adverse listening situa-
tions (Hallam and Corney, 2014; Winneke and Phillips, 2011). Previous
work has demonstrated that congruent visual input, such as viewing a
speaker's face, significantly benefits speech-in-noise perception, both in
normal-hearing and hearing-impaired individuals (Ross et al., 2006;
Sumby and Pollack, 1954; Tye-Murray et al., 2007a). On the neural level,
visual stimulation has been reported to speed up the cortical processing
of speech (Arnal et al., 2009; van Wasserhove et al., 2005; Winneke and
Phillips, 2011), to reduce the variability in firing patterns (Kayser et al.,
2010), and to increase the neural entrainment to the speech envelope
(Crosse et al., 2015), thus leading to a more robust representation of the
speech signal in auditory sensory brain regions. Congruent visual input
can restore the early cortical tracking of speech under severe levels of
background noise and may facilitate auditory stream segregation (Atil-
gan et al., 2018; Crosse et al., 2016b; Zion Golumbic et al., 2013).

Cross-modal plasticity in deaf individuals has been related to superior
perceptual performance in the visual and somatosensory modality, thus
compensating for the deprived auditory input (Hauthal et al., 2013;
Shiell et al., 2014; Stropahl et al., 2015). Building upon this view,
cross-modal plasticity and changed audiovisual processing in older in-
dividuals with high-frequency hearing impairment may potentially
facilitate the use of visual information, thus leading to an enhanced au-
diovisual benefit. In line with this, Altieri and Hudock (2014) indeed
reported a positive relationship between the degree of hearing loss and
the audiovisual enhancement in the perception of degraded speech.
Other studies however found no such effect (Rosemann and Thiel, 2018;
Tye-Murray et al., 2007a). We here reinvestigated this hypothesis using a
naturalistic listening paradigm in which older participants with varying
degrees of hearing loss attended to a continuous speech stream in
background noise and detected rare target words. To account for hearing
problems in noise in individuals with normal hearing thresholds (Alicea
and Doherty, 2017; Badri et al., 2011), standard audiometry was com-
plemented by subjective ratings of listening effort in different daily-life
situations.

Recent work has demonstrated that the cortical tracking of speech
streams in noise and audiovisual benefits on speech tracking can be
studied in naturalistic settings (Crosse et al., 2015; Ding and Simon,
2013; Zion Golumbic et al., 2013). Moreover, Crosse et al. (2016b) re-
ported that the magnitude of audiovisual enhancements in cortical
speech tracking was directly related to audiovisual benefits in listening
performance, as measured using an online target word detection task.
Following up on these studies, we here used electroencephalography
(EEG) and a speech envelope reconstruction method (Crosse et al.,
2016a) to assess speech envelope tracking in older participants while
they listened to continuous sequences of auditory or audiovisual speech
in noise and detected rare target words. Sequences containing only visual
speech served as a control for changed visual information processing in
hearing-impaired listeners. If hearing-impaired individuals benefit more
from added visual input than normal-hearing older listeners, we expected
to observe an increasing audiovisual benefit in both target word detec-
tion accuracy and the cortical tracking of speech with increasing levels of
high-frequency hearing loss and/or subjective listening effort ratings.

2. Material and methods

2.1. Participants

Forty older volunteers (18 females, age (mean� standard deviation):
63� 6 years, age range: 52–77 years) with a varying degree of bilateral
high-frequency hearing loss participated in the experiment. None of the
hearing-impaired individuals was using a hearing aid. All participants
were right-handed and reported normal or corrected to normal vision.
The experimental procedures were approved by the ethics committee of
the University of Oldenburg “Kommission für
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Forschungsfolgenabsch€atzung und Ethik” (Committee for research
outcome assessment and ethics) and written informed consent was ob-
tained from all participants.
2.2. Audiometric and cognitive pre-testing

A standard pure tone audiogram (frequency range: 125–8000Hz) was
obtained for each participant. Fig. 1A depicts the individual hearing
thresholds, averaged over both ears. The average hearing threshold
measured between 2000 and 8000Hz, averaged over both ears, served as
a measure of individual high-frequency hearing loss (Puschmann and
Thiel, 2017).

The subjective listening effort in challenging daily-life situations was
assessed using a questionnaire by Schulte et al. (2015). The questionnaire
asks for listening effort in 17 daily-life situations; 14 of them describe
settings with reduced signal quality or background noise, and with or
without eye-contact to the speaker. Participants rated the listening effort
according to the given situation on a scale from 0 (not exhausting at all)
to 10 (extremely exhausting). The average effort rating obtained for the
14 challenging settings served as marker of individual listening effort.
The 80%-speech reception threshold in noise was measured in an
adaptive free-field procedure using a German matrix sentence test
(Oldenburg sentence test; Wagener et al., 1999). Individual differences in
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overall cognitive function were assessed using a German version of the
Montreal Cognitive Assessment (MoCA) test. This screening assessment
for mild cognitive impairment tests for executive functions, attention,
concentration, working memory, short-term memory recall, visuospatial
abilities, language, as well as orientation in time and place (Nasreddine
et al., 2005).
2.3. Stimuli and task

Custom-made video recordings of a male speaker performing hu-
morous monologues served as stimulus material. The speaker spoke
standard German. The videos showed the speaker's head and shoulders,
with eyes directed into the camera to address the participants and to
create the impression of a natural listening situation. No hand move-
ments were used by the speaker and the video background was static.
Videos were recorded at a resolution of 1920� 1080 pixels with a rate of
30 frames per second. The audio track was sampled at 48 kHz with 16-bit
resolution.

Eleven monologues with a duration of four to seven minutes were
recorded. Videos were cut into consecutive 30-s trials and the root-mean-
square sound intensity of each audio track was normalized. The speech
tracks were presented at a fixed level of 65 dB(A). The audio tracks were
overlaid with a continuous multi-speaker babble noise. The babble noise
was created from the stimulus material by averaging the audio tracks of
all 30-s trials used in experiment and training (100 tracks in total). The
same noise signal was used in all trials. The noise level was adjusted to
the individual 80%-speech-reception threshold in noise to ensure that the
speech intelligibility was comparable across subjects. Auditory and visual
trials were generated by extraction or removal of the audio track. In
auditory trials, participants viewed a fixation cross presented centrally at
the screen. Stimulus presentation was conducted using Presentation
software (Version 17.0, Neurobehavioral Systems, Inc., Berkeley, CA,
USA).

The experiment consisted of a training block and ten experimental
blocks. Each block contained a complete monologue in correct order and
was composed of audiovisual, auditory, and visual trials of 30 s duration,
Fig. 2. Experimental design and behavioral data: A) During the experiment, particip
rare target words. Each experimental block contained a full monologue and consisted
randomized order. B) The figure depicts the individual (grey) and mean (black; �
diovisual task condition. Overall, the target word detection accuracy was significant
was positively correlated with the participants' high frequency hearing loss (left) an
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presented in pseudorandomized order and occurring with equal proba-
bility. Each block started with an audiovisual trial; trials of the same
condition (i.e., audiovisual, auditory, visual) did not occur back to back.
Subsequent trials were delayed by 125ms to warrant exact stimulus
timing, leading to a quasi-continuous presentation of the monologue.
Fig. 2A depicts an exemplary trial structure. In total, the experiment
contained 30 trials of each condition. Participants were instructed to
listen as closely as possible to the content of the monologue and to
respond via button-press to rare target words. The target word was dis-
played for 2 s on the video screen before the start of each block. To reduce
training effects, a different target word was selected in each block. Target
words could occur up to three times per 30-s trial (overall number of
targets per condition: audiovisual¼ 31, auditory¼ 29, visual¼ 31).
Participants were encouraged to lipread target words during visual trials.
After each block, participants had to answer three multiple-choice
questions on the content of the monologue. To minimize eye move-
ments, participants were instructed to fixate on the speaker's face or – in
auditory trials – on the fixation cross.
2.4. EEG data acquisition and preprocessing

EEG data were acquired from 64 Ag/AgCl electrodes using a Brai-
nAmp amplifier system (BrainProducts, Gilching, Germany) and an
electrode cap with an equidistant infracerebral electrode layout (Easy-
cap, Herrsching, Germany). Data were recorded with a sampling rate of
1000Hz using the nose tip as reference. An analogue bandpass filter
(0.01–250 Hz) was applied. Electrode impedances were maintained
below 10 kΩ before data acquisition.

EEG data were preprocessed using the EEGLAB toolbox (Ver-
sion13.6.5b; Delorme and Makeig, 2004) for MATLAB (Version 9.0,
MathWorks, Natick, MA, USA). Artifacts related to eye blinks, lateral eye
movements, and heart beats were pruned from the datasets using inde-
pendent component analysis. For this procedure, a copy of the EEG data
was filtered from 1 to 40 Hz, segmented into consecutive 1-s epochs,
artifact-pruned (by removing all epochs in which the signal amplitude
exceeded three standard deviations of the mean), and submitted to the
ants listened to ten short monologues performed by a male speaker and detected
of auditory, visual, and audiovisual trials of 30 s duration, presented in pseudo-
standard deviation) target word detection accuracy F1 in the auditory and au-
ly increased in the audiovisual condition. C) The individual audiovisual benefit
d the reported listening effort in challenging daily-life situations (right).
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extended infomax algorithm. The unmixing matrix obtained from this
procedure was applied to the original unfiltered EEG dataset for selection
and rejection of artifact components. The fully-automated Eye-Catch
approach (Bigdely-Shamlo et al., 2013) was used to identify independent
components reflecting eye blinks and lateral eye movements. This
method is based on the semi-automatic CORRMAP algorithm (Viola
et al., 2009), but instead of using single user-initiated templates it uses a
large database of exemplary eye scalp maps to identify eye-related arti-
fact components. Independent components reflecting cardiac activity
were identified by visual inspection of the components.

For the speech envelope reconstruction, the EEG data were offline
filtered from 0.3 to 30Hz, epoched from 0 to 30 s relative to the onset of
each trial, and downsampled to 64Hz to reduce computational demands.
Filtering was performed using separate high- and low-pass finite-impulse
response filters with a hamming window for a zero-phase digital filtering
of the data.
2.5. Speech envelope reconstruction

The broadband envelope of the speech tracks was computed. For this,
the audio signals were z-normalized and subsequently bandpass filtered
into 128 logarithmically-spaced frequency bands between 100 and
6500 Hz with a gammatone filter bank (Herzke and Hohmann, 2007;
Hohmann, 2002). The 100–6500Hz range was chosen based on previous
research suggesting a high temporal coherence between mouth move-
ments and speech envelope within this frequency range (Chandrasekaran
et al., 2009; Crosse et al., 2015; Grant and Seitz, 2000). Hilbert trans-
formation was used to compute the signal envelope within each of the
128 frequency bands. The broadband envelope was then obtained by
averaging the absolute Hilbert values across all bands. Similar to the EEG
data, the broadband envelope was filtered from 0.3 to 30 Hz using a 3rd
order Butterworth filter and downsampled to 64 Hz sampling rate for
further processing.

The mTRF toolbox (Crosse et al., 2016a) was used to reconstruct the
broadband envelope of the speech signals from the EEG data. The un-
derlying methods have been described by O'Sullivan et al. (2015). In
short, ridge regression was used to obtain a linear mapping between the
EEG sensor data and the broadband speech envelope. A search grid and a
leave-one-out cross-validation with the goal to minimize the
mean-squared-error of the regression were used to optimize the ridge
parameter λ (grid values: 10�2, 10�1, …, 104, 5� 104, 105, …, 109).
Speech envelope reconstruction was performed using a leave-one-out
cross-validation on the subject-level to ensure that the mapping be-
tween speech envelope and EEG data does not depend on trial-specific
features but represents a general relationship between speech input
and neural response. This means that the speech envelope of a given trial
in a given experimental condition and for a specific time lag was
reconstructed using the mean regression weights obtained from all other
trials of this condition at the given time lag. The reconstruction perfor-
mance was evaluated by performing Pearson's correlation between the
reconstructed and the original speech envelope. For statistical testing, the
r values were converted to normally distributed rz values using Fisher's
z-transformation and averaged across trials.

For an initial time-resolved analysis of speech envelope tracking,
single-lag models with 64 regressors (i.e., one for each EEG channel)
were computed for each trial and 33 different time lags between stimulus
presentation and EEG signal, ranging from 0 to 500ms. Based on the
resulting rz time course, two time windows of interest, which encom-
passed the group-level peaks in the auditory and audiovisual task con-
ditions, were defined (i.e., 75–125ms, 200–240ms). For further analyses
of audiovisual enhancements, multi-lag models containing 64 � N(lags)
regressors were computed for each of these time windows and all trials. A
similar combination of single-lag models for time window identification
and multi-lag models for the final analysis of speech tracking accuracy
was previously applied by Puschmann et al. (2017).
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2.6. Data analysis

The main data analysis aimed to identify relationships between
hearing impairment and audiovisual enhancements in both target word
detection and the neural tracking of the speech envelope. Hearing
impairment was specified in terms of high-frequency hearing thresholds
and subjective listening effort in challenging daily-life situations. Given
that we expected to see an increased audiovisual gain in participants with
greater hearing impairments, we tested only for positive relationships
between these measures.

Target word detection and false alarm rates were extracted for all
three experimental conditions and F1 scores (Van Rijsbergen, 1979) were
computed as an overall measure of response accuracy. Target words were
regarded as detected if a button press was registered between 0.2 and 2 s
after the word onset. For participants failing to detect at least one target
word in a given condition, detection rates were adjusted to 0.5/N (targets
per condition) for F1 score computation. F1 scores obtained in the audi-
tory and audiovisual condition were compared using a paired t-test. The
audiovisual gain was computed as ΔF1 between both conditions. Pear-
son's correlation (one-tailed) was used to test for positive linear re-
lationships between the audiovisual gain ΔF1 and the two measures of
hearing impairment. Results are reported as statistically significant when
passing a threshold of p< .05, corrected for multiple comparisons using a
Bonferroni correction over 3 tests.

To test for audiovisual enhancements in speech envelope tracking, rz
values obtained for the auditory and audiovisual condition within the
75–125ms and the 200–240ms windows of interest were compared
using one-tailed paired t-tests (p< .05; Bonferroni correction over 2
tests). Given that no audiovisual enhancement was found in the late
window, only the individual audiovisual gain within the 75–125ms
window was analyzed as a function of hearing impairment using Pear-
son's correlation (one-sided test; p< .05, Bonferroni correction over 2
tests). The audiovisual gain was computed as (rz,audiovisual - rz,auditory)/
rz,auditory to account for subject-specific factors that may affect overall rz
values (cf. O'Sullivan et al., 2015; Presacco et al., 2016).

For a better understanding of the relationships between the different
audiological measures acquired in the experiment, we performed Pear-
son's correlations between high-frequency hearing loss, reported
listening effort in daily life settings, and speech-reception thresholds
(p< .05, Bonferroni correction over 5 tests).

Since no eye-tracking was performed during the experiment, we used
independent component time courses to control for a relationship be-
tween hearing loss and eye motion. The time course of the first principal
component that reflected lateral eye movements (as identified by the
Eye-Catch approach) was z-transformed by means of the standard devi-
ation of the corresponding topographical map. The mean variance across
the resulting signal served as a measure of lateral eye activity per subject.
We tested for linear relationships to high-frequency hearing loss and
listening effort ratings using Pearson's correlations. Participants for
which no component reflecting lateral eye-movements was identified
(N¼ 5) were treated as missing value. Additional control analyses were
performed to assess the influence of general subject-specific factors on
the behavioral and neural audiovisual gain, such as age, overall cognitive
function (as indicated by MoCa scores), and speech-reading performance
(as indicated by F1 scores and rz values obtained for the visual task
condition). Also, we tested for an effect of high-frequency hearing loss
and ratings of listening effort on F1 scores obtained in the auditory, au-
diovisual, and visual task condition. No correction for multiple compar-
isons was applied for these tests to ease the identification of potentially
confounding factors.

3. Results

3.1. Audiological data

The average high-frequency hearing threshold was 32.4� 16.4 dB
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(mean� standard deviation), with individual values ranging from 4 to
67 dB. The average listening effort across a range of challenging daily-life
situations, which was rated on a scale from 0 (not exhausting at all) to 10
(extremely exhausting), was 3.9� 2.2 (range: 0.1–8.3). The mean signal-
to-noise ratio corresponding to 80%-speech-reception in noise was
�0.8� 1.2 dB (range: �3.1 – 3.2 dB).

High-frequency hearing loss was positively correlated with the sub-
jectively reported listening effort (r¼ 0.54, p¼ .002, Bonferroni cor-
rected; Fig. 1B). This relationship however tended to be more reliable in
individuals with pronounced high-frequency hearing loss than in par-
ticipants with low high-frequency hearing thresholds (median split; sub-
group with low degree of hearing loss: r¼ .20, p¼ .971, one-tailed,
Bonferroni corrected; sub-group with high degree of hearing loss:
r¼ 0.49, p¼ .070, one-tailed, Bonferroni corrected). High-frequency
hearing loss (r¼ 0.47, p¼ .013, Bonferroni corrected), but not reported
listening effort (r¼ 0.32, p¼ .204, Bonferroni corrected), was positively
associated with the individual speech-reception threshold. Control ana-
lyses showed that subject age was not significantly related to any of the
audiological measures (hearing loss: r¼ 0.19, p¼ .244; reported
listening effort: r¼�0.24, p¼ .131; speech-reception threshold:
r¼ 0.30; p¼ .064). Likewise, no relationship to individual cognitive
performance (MoCA scores: 26� 2, range: 22–30) was found (hearing
loss: r¼ 0.11, p¼ .517; reported listening effort: r¼ 0.18, p¼ .279;
speech-reception: r¼�0.09; p¼ .581). Neither the degree of high-
frequency hearing loss (r¼ 0.08, p¼ .667) nor subjective ratings of
listening effort (r¼ 0.10, p¼ .559) were related to lateral eye activity
during the experiment.

3.2. Target word detection

The mean target word detection rate was 53.0%� 13.0% (range:
20.7%–72.4%) in the auditory and 63.8%� 10.5% (range: 35.5%–

80.7%) in the audiovisual condition. Most participants could not reliably
detect target words based on lip-reading in the visual condition (group
average: 3.2%� 6.7%; range: 0%–29.0%; 28 of 40 participants did not
detect a single target word). False alarm rates were 10.7%� 6.7% (range:
0–27.3%) in the auditory, 10.8%� 4.7% (range: 3.9–21.4%) in the au-
diovisual, and 28.8%� 40.7% (range: 0–100%) in the visual task con-
dition. In the visual condition, behavioral responses were registered for
19 of 40 participants, with only 4 of them responding more than five
times in total. Thus, further analyses concentrated on the auditory and
audiovisual task conditions.

F1 scores served as a measure of overall response accuracy. Fig. 2B
depicts F1 scores in auditory (group average: 0.66� 0.12; range:
0.32–0.82) and audiovisual trials (group average: 0.74� 0.09; range:
0.49�0.88). Response accuracy was significantly lower in the auditory
condition, which lacked any visual cues (t(39)¼ -5.2, p< .001, Bonfer-
roni corrected). Note that we aimed to account for individual differences
in speech intelligibility in noise by adjusting the signal-to-noise ratio in
the experiment to the measured 80%-speech-reception threshold. Still,
hearing impairment was negatively correlated with F1 scores in the
auditory (hearing loss: r¼�0.58, p< .001; reported listening effort:
r¼�0.47, p¼ .002) but not in the audiovisual listening condition
(hearing loss: r¼�0.31, p¼ .051; reported listening effort: r¼�0.09,
p¼ .583).

The audiovisual gain ΔF1 ranged from �0.12 to 0.30, with 32 out of
40 participants showing an accuracy increase in the audiovisual condi-
tion. Individual differences in ΔF1 were positively associated with the
degree of high-frequency hearing loss (r¼ 0.43, p¼ .008, Bonferroni
corrected; one-tailed test) and with the reported listening effort in
challenging daily-life settings (r¼ 0.50, p¼ .001, Bonferroni corrected;
one-tailed test), suggesting that listeners with greater hearing impair-
ment experienced an increased benefit from the additional visual input
(Fig. 2C). A control analysis showed no relationship betweenΔF1 and age
(r¼�0.16, p¼ .334) or MoCA scores (r¼ 0.15, p¼ .369). Also, the in-
dividual audiovisual gain ΔF1 was not correlated with F1 scores obtained
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for the visual condition (r¼�0.16, p¼ .326).

3.3. Speech envelope reconstruction

Fig. 3A depicts the speech envelope reconstruction accuracy rz for the
three listening conditions as a function of relative time lag between
auditory input and EEG response. Two time windows of interest (i.e.,
75–125ms, 200–240ms; indicated in grey) were defined based on the
group-level peaks of envelope reconstruction accuracy in the auditory
and audiovisual conditions. Paired t-tests revealed a significant audio-
visual enhancement in rz within the early time window (t(39)¼ 4.9,
p< .001, Bonferroni corrected, one-tailed), while no enhancement was
observed in the 200–240ms window (t(39)¼ -0.3, p¼ .612). Fig. 3B
shows the topography of mean decoder weights for all conditions within
both windows of interest.

To investigate whether the audiovisual gain in speech envelope
tracking was, similarly to the behavioral gain, directly related to indi-
vidual hearing impairment, correlation analyses were performed. Given
that no audiovisual enhancement was observed within the late time
window of interest, we only considered the 75–125ms interval. We
found that the individual audiovisual gain within this time window was
positively associated with the reported listening effort in challenging
daily-life situations (r¼ 0.38, p¼ .016, Bonferroni corrected; one-tailed
test; Fig. 3C). The audiovisual gain and the degree of high-frequency
hearing loss were not correlated (r¼ 0.16, p¼ .333, Bonferroni cor-
rected; one-tailed test). Similar to our behavioral data, no relationship
between the reported audiovisual gain and the reconstruction accuracy
obtained in the visual condition was found (r¼�.001, p¼ .995).

For a better visualization of the observed effect, we computed the
mean speech envelope reconstruction accuracy in the auditory and au-
diovisual task condition as a function of time lag for two subgroups of
participants, those with the smallest and highest ratings of listening effort
(quartile split; Fig. 3D). While participants reporting low listening effort
hardly benefitted from the additional visual input, participants with high
listening effort ratings showed a qualitative increase in speech recon-
struction accuracy in the audiovisual condition, in particular at early time
lags around the chosen time window of interest.

4. Discussion

We here investigated whether hearing-impaired older individuals
benefit more from visual cues, such as seeing a speaker's face, when
listening to speech in noise than age-matched listeners with normal
hearing. In line with this hypothesis, we observed a positive relationship
between the individual degree of hearing impairment – quantified using
a standard audiogram and subjective ratings of listening effort in chal-
lenging daily-life situations – and the audiovisual benefit in target word
detection accuracy. On the neural level, the audiovisual enhancement of
speech envelope tracking increased with increasing levels of reported
listening effort.

4.1. Audiovisual enhancement of target word detection performance

Congruent visual input can facilitate the perception of speech in
background noise, both in young and older listeners, with or without
hearing impairments (Baskent and Bazo, 2011; Sommers et al., 2005;
Tye-Murray et al., 2007a). While audiovisual enhancements are most
effective at low signal-to-noise ratios, additional visual input also facili-
tates speech perception at moderate noise levels, corresponding to our
results (Ross et al., 2006; Sumby and Pollack, 1954). Some previous
studies suggested a positive relationship between presbycusis and au-
diovisual enhancements in speech-in-noise perception (Altieri and
Hudock, 2014; Moradi et al., 2016), whereas others did not reveal any
differences between normal-hearing and hearing-impaired older listeners
(Rosemann and Thiel, 2018; Tye-Murray et al., 2007a). Most previous
studies however assessed the reception of individually presented



Fig. 3. A speech envelope reconstruction approach was applied to study the neural tracking of the speech envelope. A) The figure shows the mean speech envelope
reconstruction accuracy rz (�standard error of the mean) as a function of the time lag of the EEG signal relative to the audio input, from 0 to 500ms. The auditory (A)
and audiovisual (AV) conditions show two distinct peaks in reconstruction accuracy, around 109 and 209ms after auditory stimulus presentation. Grey boxes highlight
two time windows of interest surrounding these peaks (75–125ms; 200–240ms). No robust tracking of the auditory speech envelope was observed in the visual (V)
condition. A statistically significant increase of rz in the audiovisual as compared to the auditory condition was only observed in the early time window of interest (***;
p < .001, Bonferroni corrected). B) The figure depicts the mean scalp topography of the regression weights used for speech envelope reconstruction in the auditory,
audiovisual, and visual condition within the two time windows of interest. C) Within the early time window of interest, the audiovisual gain in envelope recon-
struction accuracy was positively correlated with the individual listening effort in daily-life. No significant association was observed with the degree of high-frequency
hearing loss. D) The figure shows rz as a function of time lag for two sub-groups of participants, which reported the least and highest listening effort in challenging
daily-life settings. While the low-effort subgroup shows hardly any audiovisual benefit on speech envelope reconstruction, a profound increase in early speech en-
velope reconstruction accuracies can be observed for the high-effort group.
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phonemes, words, or short sentences in noise, whereas we here measured
the detection of rare target words embedded into a continuous speech
stream. The continuous stimulation resembles a natural listening situa-
tion and places additional cognitive demands – in terms of attention,
vigilance, and executive control – on the listener (Johnsrude and Rodd,
2016). On the other hand, it provides rich contextual cues that can
facilitate speech perception and target word detection. Previous work
suggested that hearing-impaired participants may benefit more from
contextual cues in speech-in-noise reception tasks (Gordon-Salant, 2005;
Pichora-Fuller et al., 1995). However, subjects with high amounts of
hearing-impairment still showed reduced behavioral performance and
envelope tracking (cf. Fig. 3D) in the auditory condition. Given that
contextual cues were comparable in the auditory and audiovisual trials, it
seems unlikely that these cues affect the reported positive relationship
between audiovisual gain and hearing loss.

It has been previously demonstrated that individual differences in
speech-in-noise perception can be partially related to differing cognitive
abilities (e.g., auditory attention, working memory), suggesting that
cognitive resources support speech perception in adverse listening con-
ditions (Anderson et al., 2013; Peelle, 2018; Zekveld et al., 2013).
Hearing-impaired listeners are thought to strongly rely on cognitive
mechanisms when listening to speech in noise to compensate for the
degraded sensory input (Campbell and Sharma, 2013; Peelle and Wing-
field, 2016). We speculate that, in the context of our experiment,
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hearing-impaired participants may have attributed a considerable share
of cognitive resources to speech-in-noise perception, leading to reduced
performance in the actual target word detection task. Congruent visual
input facilitates speech-in-noise processing and may thus allow the
hearing-impaired participants to reallocate resources to the target word
detection. Normal-hearing participants may be less reliant on cognitive
resources for perceiving speech in noise, thus limiting the audiovisual
benefit. In line with this view, Rosemann and Thiel (2018) reported an
increased recruitment of frontal brain regions in hearing-impaired as
compared to normal-hearing older participants when listening to audi-
tory speech in noise but no difference in activation patterns for congruent
audiovisual speech, suggesting that the cognitive load of
hearing-impaired individuals approaches normal levels (i.e., similar to
normal-hearing listeners) in audiovisual settings.
4.2. Neural tracking of audiovisual speech

It has been argued that audiovisual enhancements in speech percep-
tion rely on the temporal coherence between the speech envelope and lip
movements (Grant and Seitz, 2000). Schroeder et al. (2008) proposed
that lip motion strengthens the phase-alignment of auditory cortical os-
cillations to the speech input. In line with this idea, previous work sug-
gests that lip movements entrain neural activity in human auditory cortex
(Besle et al., 2008; Micheli et al., 2018; Park et al., 2016).



S. Puschmann et al. NeuroImage 196 (2019) 261–268
Several studies demonstrated a facilitation of cortical speech enve-
lope tracking for audiovisual as compared to auditory-only speech
(Crosse et al., 2015; Zion Golumbic et al., 2013). This audiovisual
enhancement in speech envelope tracking is most evident in the presence
of background noise or when listening selectively to one out of multiple
competing speakers (Crosse et al., 2016b; Zion Golumbic et al., 2013).
Extending these data obtained in young and healthy listeners, we here
show that an audiovisual enhancement in speech envelope tracking can
be observed in older listeners. Moreover, we found that the magnitude of
this effect is related to the reported listening effort in challenging
daily-life situations, which served as a subjective marker of hearing
impairment. Noteworthy, the audiovisual enhancement of speech enve-
lope tracking was only found in the early time window of interest,
reflecting cortical processing occurring 75–125ms after the acoustic
signal entered the listener's ear. This suggests that the congruent visual
input mainly strengthened the cortical sensory processing of the speech
signal.

We were not able to reconstruct the envelope of the acoustic speech
signal from the visual stimulation itself (cf. Fig. 3A). This disagrees to
prior findings by Crosse et al. (2015, 2016b), showing robust
vision-based speech envelope reconstruction. While the studies differ in
several technical aspects from our current experiment (i.e., higher
number of EEG channels, longer stimulus blocks used for reconstruction),
it seems unlikely that these factors can explain the differing reconstruc-
tion performance (cf. Fuglsang et al., 2017; Mirkovic et al., 2015).
Instead, it may be speculated that differences in envelope reconstruction
accuracy arise from study-specific differences in the actual visual stim-
ulation (i.e., amateur vs. trained speaker, absence vs. frequent usage of
hand gestures, nonrecurring vs. recurring presentation of the same
stimulus material across different task conditions). Also, we cannot rule
out a potential role of the tested population (i.e., older vs. young adults).
Previous data show decreased lip-reading abilities in older as compared
to young individuals (cf. Tye-Murray et al., 2007b). In agreement with
this notion, Crosse et al. (2015, 2016b) found significantly higher visual
target word detection rates than observed in our experiment, suggesting
that young individuals could extract more information from the visual
input. However, despite being unable to robustly extract speech infor-
mation from the visual stimuli, our participants still showed a clear au-
diovisual enhancement of speech envelope tracking and target detection
performance. This suggests that the observed audiovisual benefit does
not rely on the extraction of speech information from the visual input per
se, but on a vision-based facilitation of auditory sensory processing (cf.
Schroeder et al., 2008).

Recent EEG data show increased auditory cortex responses to visual
and somatosensory input in older listeners with moderate degrees of
high-frequency hearing loss (Campbell and Sharma, 2013; Cardon and
Sharma, 2018). Using functional magnetic resonance imaging, Pusch-
mann and Thiel (2017) observed a positive relationship between the
degree of high-frequency hearing loss and functional connectivity be-
tween right middle temporal area MT/V5, which is involved in visual
motion processing, and secondary auditory cortex while processing
congruent audiovisual input. These data suggest that the aged auditory
cortex adapts to compensate for degraded auditory sensory input,
possibly by integrating more information from other sensory modalities.
In our view, it seems likely that the observed association between hearing
impairment and the behavioral as well as the neural audiovisual gain is
related to cross-modal neuroplastic changes of the auditory cortex.
Opposing this idea, EEG data by Musacchia et al. (2009) showed
decreased audiovisual effects on the latency and amplitude of early
auditory-evoked responses in hearing-impaired as compared to
normal-hearing listeners, suggesting a reduced neural integration of au-
diovisual information in hearing-impaired individuals. Similarly, Mer-
edith et al. (2012) found that cross-modal plasticity in adult animals
leads to a reduced multisensory integration at the level of auditory
cortex.

It should be noted that no eye-tracking was performed in this study.
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While our data show no relationship between hearing loss and EEG-
markers of eye motion, we cannot rule out that individual differences
in fixation and gaze direction may have modulated the effect of visual
input in speech-in-noise settings. Hence, the basis of the increased au-
diovisual enhancement in hearing-impaired listeners is not clear at pre-
sent. Additional work is needed to investigate the nature of this effect in
more detail and to better understand how older hearing-impaired lis-
teners make use of non-auditory cues to support speech processing in
challenging daily-life situations.
4.3. Summary

Our data provide evidence for a positive relationship between the
degree of age-related hearing problems and the perceptual benefit from
seeing a speaker's face in a noisy listening setting. On the neural level,
this effect was associated with an audiovisual enhancement of early
cortical speech envelope tracking, possibly reflecting a lip motion-
induced entrainment of auditory cortex oscillations to speech input
(Schroeder et al., 2008). We speculate that the increased effect of
congruent visual input on auditory sensory processing in older
hearing-impaired individuals is related to adaptive cross-modal plasticity
of the auditory cortex (Campbell and Sharma, 2013; Puschmann and
Thiel, 2017). Potentially, neuroplastic changes may allow
hearing-impaired listeners to make more use of visual input, which may
help to partially compensate for the degraded auditory sensory input.
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