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This investigation examined age-related differences in auditory-visual (AV) integration
as reflected on perceptual judgments of temporally misaligned AV English sentences
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participants would judge asynchronous stimuli as synchronous (referred to as the
“AV simultaneity window”). The older participants were also expected to exhibit
greater declines in speech recognition for asynchronous AV stimuli than younger
participants. Talker accent was hypothesized to influence listener performance, with
older listeners exhibiting a greater narrowing of the AV simultaneity window and
much poorer recognition of asynchronous AV foreign-accented speech compared
to younger listeners. Participant groups included younger and older participants
with normal hearing and older participants with hearing loss. Stimuli were video
recordings of sentences produced by native English and native Spanish talkers.
The video recordings were altered in 50 ms steps by delaying either the audio or
video onset. Participants performed a detection task in which they judged whether
the sentences were synchronous or asynchronous, and performed a recognition
task for multiple synchronous and asynchronous conditions. Both the detection
and recognition tasks were conducted at the individualized signal-to-noise ratio
(SNR) corresponding to approximately 70% correct speech recognition performance
for synchronous AV sentences. Older listeners with and without hearing loss
generally showed wider AV simultaneity windows than younger listeners, possibly
reflecting slowed auditory temporal processing in auditory lead conditions and
reduced sensitivity to asynchrony in auditory lag conditions. However, older and
younger listeners were affected similarly by misalignment of auditory and visual
signal onsets on the speech recognition task. This suggests that older listeners
are negatively impacted by temporal misalignments for speech recognition, even
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when they do not notice that the stimuli are asynchronous. Overall, the findings
show that when listener performance is equated for simultaneous AV speech
signals, age effects are apparent in detection judgments but not in recognition of

asynchronous speech.

Keywords: auditory-visual speech perception, aging, hearing loss, foreign-accented speech, detection of
asynchronous auditory-visual speech, recognition of asynchronous auditory-visual speech

INTRODUCTION

Everyday speech recognition tasks stimulate both audition and
vision. Successful processing in both modalities requires accurate
detection and resolution of auditory and visual cues at an early
stage of processing, and binding of these separate streams of
processed auditory and visual stimuli into a unified percept at
one or more later stages of integration.]See AV integration model
of Grant and Bernstein (2019), shown in Figure 1]. Auditory
and visual features of speech stimuli are complementary to
each other, and also provide some redundancy, both of which
enhance a listener’s understanding of the speech signal and
underscore the importance of accurate integration. Additionally,
auditory-visual (AV) integration for speech signals is aided at
multiple stages of processing by the listener’s knowledge of
the language, as well as by the availability of contextual cues.
Finally, the listener’s cognitive abilities contribute to the process
of AV integration for speech. Specifically, working memory aids
prediction about the spoken message as it unfolds over time,
attention enables the listener to focus on the target message
and ignore irrelevant information, and processing speed assists
the listener in rapidly integrating, recognizing, and responding
to a spoken message. [The reader is referred to Peelle and
Sommers (2015), which proposes a dynamic process of AV
integration consisting of early and later integration mechanisms
in auditory cortex and posterior superior temporal sulcus, based
on neurophysiological evidence].

One critical property for efficient integration of multisensory
information is the temporal coherence between auditory and
visual stimuli, which occurs naturally when these signals derive
from the same source and have the same onset (Brooks et al.,
2015). For naturally occurring speech signals, the relative onset
of auditory and visual signals may not be perfectly aligned in
time when it is received by the listener. For example, due to
differences in the transmission speed of sound and light, the
auditory signal arrives later than the visual signal when the
talker is more than 10 m away from the receiver (Navarra
et al., 2009). Visible speech information also arrives sooner
than auditory information because preparatory movements of
the jaw often precede speech production (Chandrasekaran
et al., 2009; Schwartz and Savariaux, 2014). However, video
signals transmitted through high-fidelity transmission (e.g., video
presentation via television, streaming to a monitor or real-time
remote face-to-face communication), may be prone to a lag in
optical cues relative to acoustic cues (e.g., Grant et al.,, 2004).
These examples of auditory-visual asynchrony are tolerated
well by young listeners with normal hearing, who detect a
range of asynchronies in auditory and visual speech signals as

synchronous. Specifically, young normal-hearing listeners are
relatively insensitive to asynchronies between about —50 ms
(auditory lead/visual lag) to 4150 ms (auditory lag/visual
lead), such that there is a temporal window of approximately
200 ms over which asynchronous AV stimuli are detected as
simultaneous. This window is referred to as the “AV simultaneity
window” (Richards et al., 2017). The AV simultaneity window
is remarkably robust, and has been observed for isolated
nonsense syllables as well as for sentence-length materials (Grant
et al., 2004). Additionally, the range of AV asynchronies over
which young, normal-hearing adults maintain the same level of
speech recognition performance, referred to as the “AV speech
integration window,” is comparable to the 200 ms-wide AV
simultaneity window, as measured with detection judgments
(Grant and Seitz, 1998; Grant et al., 2004).

Advanced age may affect the efficiency of AV integration,
particularly for asynchronous AV signals, because of age-related
changes in auditory temporal processing. Older listeners exhibit
slowed auditory temporal processing on simple measures of
temporal acuity and duration discrimination (Fitzgibbons and
Gordon-Salant, 1994; Snell, 1997), more complex tasks of
duration discrimination in tonal sequences (Fitzgibbons and
Gordon-Salant, 1994, 2001), and recognition of time-compressed
speech (Gordon-Salant and Fitzgibbons, 1993). In contrast,
advanced age does not appear to have a consistent effect
on processing rate for visual information, with some studies
reporting age-related delays on visual gap detection and temporal
order judgment tasks (Humes et al., 2009; Busey et al., 2010) and
others reporting a minimal effect of age on temporal processing
of visual signals, depending on signal and task complexity
(Brooks et al., 2015; Guest et al., 2015). Given that older
listeners consistently show slowed auditory temporal processing
but may not experience slowed visual processing, it might be
expected that the auditory signal arrives later than the visual
signal at the central integrator, resulting in a shift in the AV
simultaneity window, possibly in the negative direction, during
the AV synchrony/asynchrony detection task. To illustrate with a
hypothetical example, an AV stimulus presented at —100 ms AV
asynchrony indicates that the auditory signal is presented 100 ms
before the visual signal (i.e., auditory lead) and may be perceived
as out of sync by younger listeners. However, if there is slowed
processing of that auditory signal by an older listener, then it
may be perceived as synchronous with the visual stimulus; the
simultaneous judgment at —100 ms would be seen as a shift in
the AV simultaneity window in the negative direction, relative to
that observed for younger listeners. It is noted that individuals
with hearing impairment, either young or old, do not show
deficits in auditory temporal processing beyond those attributed
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FIGURE 1 | Schematic of a simple model of auditory-visual speech processing, adapted from Grant and Bernstein (2019) (Reproduced with permission from

to age (Fitzgibbons and Gordon-Salant, 1994), suggesting that
individuals with hearing impairment should exhibit similar
patterns of AV integration (AV simultaneity windows and AV
speech integration) as individuals with normal hearing when they
are matched in age.

The effects of age and/or hearing loss on the detection of
AV asynchrony are somewhat mixed. Hay-McCutcheon et al.
(2009) reported that older listeners with normal hearing or
who used cochlear implants exhibited more negative thresholds
of asynchrony in the auditory lead/visual lag conditions than
middle-aged listeners, but no threshold differences in the
auditory lag/visual lead conditions. In contrast, Bagkent and Bazo
(2011) reported comparable AV simultaneity windows by young
listeners with normal hearing and older listeners with hearing
loss. Neither of these previous studies compared performance
on the AV asynchrony detection task between younger and
older listeners who were matched for hearing sensitivity, nor
between listeners with normal hearing and hearing loss who
were matched in age. The present study seeks to overcome
these limitations by evaluating the performance of three listener
groups: young listeners with normal hearing, older listeners with
normal hearing, and older listeners with hearing loss, in an effort
to tease out possible effects due to age separately from those
attributed to hearing loss.

The model of AV integration efficiency proposed by Grant and
Bernstein (2019) incorporates cognitive abilities that influence
AV speech recognition performance at multiple stages of the
integration process. Because advanced age is characterized by
declines in working memory (Park et al., 2002), processing speed
(e.g., Salthouse, 2009; Lipnicki et al, 2017), and attentional
control (Carlson et al, 1995; Milham et al., 2002), possible
deterioration of AV integration by older adults may be associated
with declines in cognitive abilities. For auditory-only signals,

recognition of noisy, accented, or fast speech by older listeners
correlates with cognitive abilities, including attention/inhibition
(Janse, 2012), processing speed (Fiillgrabe et al., 2015; Gordon-
Salant et al,, 2016), and working memory (Ronnberg et al,
2008, 2013; Gordon-Salant and Cole, 2016). For AV speech
integration tasks, it may be predicted that older people will
require more time to perform a higher-level task, such as
recognizing misaligned auditory and visual stimuli. Thus, age-
related decline in processing speed may result in poorer speech
recognition performance by older than younger listeners in
asynchronous conditions. It is therefore hypothesized that the
AV speech integration window of older listeners will be narrower
than that observed for younger listeners. This prediction is
supported, in part, by previous findings that older listeners (both
with and without hearing loss) demonstrated significant declines
in speech recognition (relative to maximum performance) in
most auditory lead/visual lag conditions, but younger listeners
rarely showed a decrement in these conditions (Gordon-Salant
et al., 2017). In that study, processing speed was identified as
the principal cognitive factor contributing to the variance in AV
speech recognition scores. Two limitations of this prior study
were that the range of auditory lag/visual lead asynchronies
was quite limited, and that all listeners were tested at the same
fixed SNR, resulting in different levels of overall performance
by the three listener groups. The current study addressed these
limitations by (1) presenting a broad range of AV asynchronies
from —450 ms to +450 ms; and (2) testing each listener at an
individually adjusted SNR to yield 70.7% correct performance in
the speech recognition task (synchronous condition).
Foreign-accented speech is ubiquitous in contemporary
society and is often characterized by differences in timing
information compared to native-English speech, including
alterations in vowel and sentence duration (Guion et al., 2000;

Frontiers in Psychology | www.frontiersin.org

January 2022 | Volume 12 | Article 772867


https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Gordon-Salant et al.

Perception of AV Asynchronous Speech

Gordon-Salant et al., 2010a), lexical and suprasegmental stress
patterns (Flege and Bohn, 1989; Trofimovich and Baker, 2006;
Zhang et al., 2008; Gordon-Salant et al., 2015), and onsets
of voicing in fricatives and affricates (Gordon-Salant et al,
2010a). In addition to these auditory-based changes with foreign-
accented English, visible speech information may also be altered
as a result of differences in speech production (Summers et al.,
2010). There are few studies of AV integration with foreign-
accented speech. Atleast one study has reported a reduced benefit
of visual cues for recognition of foreign-accented speech relative
to native English speech by younger listeners (Yi et al., 2013).
In the auditory-only mode, older listeners exhibit considerable
difficulty recognizing foreign-accented speech, which appears
to be associated with the temporal modifications in foreign-
accented English coupled with older listeners’ deficits in auditory
temporal processing (Gordon-Salant et al., 2010b, 2013, 2015).
Thus, it is possible that the integration of auditory and
visual information by older listeners is more challenging when
recognizing foreign-accented speech than native English speech
in conditions with auditory or visual delays, because older
listeners will be less able to take advantage of visual and
auditory cues that are misaligned to aid in resolving this type
of speech signal. In other words, recognition of foreign-accented
speech may be quite low in auditory lead and auditory lag
conditions; the net effect is predicted to be a narrower AV
speech integration window for foreign-accented speech than
for native English. Further, it may be expected that older
listeners with and without hearing loss will recognize foreign-
accented speech more poorly in asynchronous AV conditions
than younger listeners. Older listeners with hearing loss are
expected to exhibit even narrower AV speech integration
windows than older normal-hearing listeners, given the excessive
difficulties of these listeners in recognizing foreign-accented
speech (Gordon-Salant et al., 2013).

The overall objective of this investigation was to examine the
extent to which slowed auditory temporal processing associated
with advanced age is a source of altered AV integration, as
assessed on tasks of detection and recognition of asynchronous
AV speech. The influences of talker accent, listener hearing
sensitivity, and cognitive abilities were also examined. The
main experimental questions were: (1) do age and hearing
sensitivity affect detection of AV asynchrony across a broad
range of asynchronies? (2) Do age and hearing sensitivity affect
recognition of AV asynchronous speech across a broad range
of asynchronies? (3) Is there an effect of talker native language
on listeners” detection and recognition of asynchronous speech?
(4) Do cognitive abilities affect the speech integration window?
It was predicted that older listeners with and without hearing
loss would exhibit negative shifts in the AV simultaneity window
(as measured on the detection task) and narrower AV speech
integration windows (as measured on the speech recognition
task) relative to younger listeners. It was also expected that
foreign-accented speech would result in a narrowing of both
the AV simultaneity window and the AV speech integration
window, particularly by older listeners. Finally, it was expected
that processing speed and working memory would be the
most important cognitive domains associated with recognition

of asynchronous AV signals, consistent with previous research
(Gordon-Salant etal., 2017). The results are expected to shed light
on the impact of age and hearing loss on the ability to perceive AV
signals, particularly when they are misaligned in time and spoken
with a foreign accent, as is now commonplace.

MATERIALS AND METHODS

Participants

Listeners were recruited primarily on the basis of age and hearing
sensitivity and were assigned to one of three groups of 17 listeners
per group. A power calculation was conducted to determine the
sample size with 80% power, significance level of 0.05, and an
effect size (Cohen’s d) of 0.5, using mean and standard deviation
data from a prior investigation of AV asynchrony (Gordon-Salant
et al,, 2017). The calculated sample size of 16 was increased by 1
to account for possible attrition. The young listeners with normal
hearing (YNH; females = 11) were between 18 and 26 years of age
(Mean = 20.8 years, s.d. = 50) and exhibited pure tone thresholds
<25 dB HL (re: ANSI S3.6-2018, American National Standard
Specification for Audiometers, 2018) between 250 and 4000 Hz.
The older listeners with normal hearing (ONH; females = 15)
fulfilled the same hearing criteria as the YNH listeners and were
between 65 and 76 years of age (Mean = 70.1 years, s.d. = 0.87).
The older listeners with hearing impairment (OHI; females = 3)
were between 67 and 77 years (Mean = 72.0 years, s.d. = 1.0) and
had a mild-to-moderate gradually sloping sensorineural hearing
loss. The mean audiometric thresholds of the three listener
groups are shown in Figure 2. Additional hearing criteria for
all participants were monosyllabic word recognition scores of
80% or higher on Northwestern University Test No. 6 (Tillman
and Carhart, 1966), normal tympanograms, and acoustic reflex
thresholds present at levels consistent with data reported by
Gelfand et al. (1990), indicative of normal hearing or a cochlear
lesion (for the OHI listeners). Mean word recognition scores were
99.41, 99.29, and 94.6% for the YNH, ONH, and OHI listeners,
respectively. All participants were native speakers of English
and were required to pass a cognitive screening test (Montreal
Cognitive Assessment, MoCA; Nasreddine et al.,, 2005) with a
standard passing score of 26 or higher. They also were required
to demonstrate normal visual acuity (20/40 or better), with or
without correction.

Stimuli

The stimuli were 720 IEEE sentences (Rothauser et al., 1969).
Video recordings of all 720 sentences were made by three male
native speakers of English (NE) and three male native speakers of
Spanish (NS) at a professional recording studio (National Foreign
Language Center, University of Maryland) using green-screen
technology. Details of the recording procedures are reported
in Waddington et al. (2020). Multiple speakers (rather than a
single speaker) were used to increase the generalizability of the
results. The speakers were all graduate students at the University
of Maryland and ranged in age from 28-39 years. The native
speakers of English had a general American dialect. The native
speakers of Spanish came from South American countries (Peru,
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FIGURE 2 | Mean audiometric thresholds from 250 to 8000 Hz in dB Hearing
Level (re: ANSI 2018) for the young normal-hearing listeners (YNH), older
normal-hearing listeners (ONH), and older hearing-impaired listeners (OHI).
Error bars represent one standard error of the mean.

Argentina, and Chile) and moved to the United States after the
age of 12 years. Ratings of their degree of accentedness by 10
YNH listeners indicated that they were all perceived as having
a moderate Spanish accent (scores ranging from 4.95 to 5.90 on
a scale of 1-9, with 1 indicating no accent and 9 indicating a
heavy accent). The recordings were equated in root-mean-square
(RMS) level across all speakers, and a calibration tone was created
to be equivalent to this RMS level.

A six-talker babble consisting of spoken passages in English
produced by three NE and three NS male talkers was used
as the background noise. A description of the creation of
this babble has been reported previously (Gordon-Salant et al.,
2013). A calibration tone equivalent in RMS to the babble
was also created.

Different lists of sentences were created for the three tasks
administered in the experiment; these tasks are described in detail
in the Procedures section: (a) the preliminary adaptive procedure,
(b) the AV detection task, and (c) the AV recognition task. For
the adaptive procedure, four sentence lists of 21 sentences each
were created: two lists each of the NE talkers and two lists each of
the N talkers. These lists were used to determine the individual’s
signal-to-noise ratio (SNR) prior to the detection task and prior
to the recognition task.

For the detection task, there were three lists spoken by
the three NE talkers (19 sentences/talker x 3 talkers = 57
sentences/list), and similarly, there were three lists spoken by the
three NS talkers. Each of the 19 sentences spoken by each talker
on a list was presented at a unique AV asynchrony, ranging from
—450 ms (auditory lead) to +450 ms (auditory lag) in 50 ms steps
(i.e., 19 asynchronies).

For the AV speech recognition task, 30 sentence lists were
created with 15 NE lists and 15 NS lists. Each list consisted of
four sentences spoken by each NE or NS talker, for a total of 12
sentences on a list, and featured a single AV asynchrony, ranging
from —300 ms to +400 ms in 50 ms steps. None of the sentences
were repeated between lists.

Native English Native Spanish
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FIGURE 3 | Box plots for signal-to-noise ratios (SNRs) corresponding to
approximately 70.7% correct recognition for the young normal-hearing
listeners (YNH), older normal-hearing listeners (ONH), and older
hearing-impaired listeners (OH|) listeners for native English and native Spanish
talkers. Medians: Inside box lines. Upper and lower quartiles: top and bottom
edges of the box, respectively. The endpoints of the whiskers represent the
range of values without the outliers.

A custom-designed AV editing software application (Scenario
Designer©, v. 1.5.3, created at the University of Maryland,
College Park, MD, United States) was used to import the video
files, scale and position the talker on the video monitor, and
insert background babble. The media files for this application
included the video recordings of the 720 sentences by each of the
NE and NS talkers, as well as asynchronous versions of each of
these videos. In the asynchronous version, the entire visual image
(V) was manipulated to occur either before or after the onset of
the audio signal. The talker was positioned in the center of the
monitor and scaled for a full head and shoulders shot, with a solid
blue screen inserted in the background. The six-talker babble was
uploaded into the Scenario Designer software and used as the
audio background noise.

Procedures

Testing was conducted in a double-walled sound-attenuating
booth at the University of Maryland. The Scenario
Designer©software installed on a Mac computer controlled
stimulus presentation and data collection. The speech and
noise channels of the computer’s audio output were directed
to separate channels of an audiometer (Interacoustics AC40,
Eden Prairie, MN, United States). The levels of the speech and
noise were controlled through the audiometer, with the speech
level fixed at 85 dB SPL for all testing and the noise level varied
individually, as described below. Calibration tones associated
with the speech and noise were used to calibrate signal levels daily
(Larson Davis 824 sound level meter with 2-cm® coupler, Provo,
UT, United States). Speech and noise signals were presented
monaurally to the listener’s better ear through an Etymotic insert
earphone (ER-3A). The video output of the Mac computer was
displayed on a television monitor (32-inch Samsung television).
The listener was seated 1-m from the television screen.
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Three tasks were conducted multiple times over the course of
the experiment: (1) the adaptive procedure; (2) AV asynchrony
detection; and (3) recognition of AV asynchronous speech. In the
adaptive procedure, synchronous AV sentences spoken by either
the NE or NS talkers were presented in a background of 6-talker
babble to the listener. The participants were asked to repeat the
sentence. A two-down, one-up adaptive rule was applied, based
on keyword accuracy (3 or more of 5 words correct — correct
response), in which the babble level was adjusted to yield the
SNR corresponding to 70.7% correct recognition (Levitt, 1971).
The initial step size was 4 dB, which was reduced to 2 dB
for sentences 5-21. The SNR corresponding to 70.7% correct
recognition was determined following the procedures described
for the Hearing in Noise test (HINT; Nilsson et al., 1994). The
adaptive procedure was presented four times over the course of
the experiment: once/each prior to the AV asynchrony detection
task for the NE talkers and the NS talkers, and once/each prior
to the AV recognition task with NE talkers and NS talkers. For
each administration, lists developed for the adaptive procedure
featuring the NE talkers were used prior to the detection and
recognition tasks with NE talkers, and a comparable procedure
was used for the tasks featuring the NS talkers. The adaptive
procedure was repeated prior to the presentation of each
experimental measure (detection or recognition) to ensure that
the SNR was adjusted to yield 70.7% correct performance in the
synchronous condition, immediately prior to the presentation of
a new experimental task.

In the AV asynchrony detection task, lists of mixed
synchronous and asynchronous AV sentences spoken by either
the NE or NS talkers were presented in the babble adjusted
to the SNR corresponding to the individual’s 70.7% correct
recognition performance. After each sentence presentation, the
listener was asked to respond “yes” if the auditory and visual
presentation of the sentence was perceived as synchronous
(in sync) and “no” if the auditory and visual presentation of
the sentence was perceived as out of sync. The experimenter
recorded each response. Each participant was presented with
all AV asynchrony detection lists over the course of the
experiment, resulting in nine judgments at each AV asynchrony
for the NE talkers and nine judgments at each AV asynchrony
for the NS talkers.

In the AV recognition task, 15 lists of sentences, each featuring
asingle AV asynchrony and spoken by either the NE or NS talkers
(total of 30 conditions), were presented to listeners at the SNR
corresponding to their 70.7% performance level for simultaneous
AV signals. Recognition scores were derived as the percent of 60
keywords repeated correctly per list at each AV asynchrony. For
each of the experimental tasks (detection and recognition), lists
were blocked by talker accent and presented in randomized order
across subjects.

Experimental testing was conducted over two visits, usually
completed within 1 week. Each visit included the adaptive
procedure, the detection task, a repeat of the adaptive procedure,
and the recognition task. All tasks for the NE talkers were
conducted during one visit, and all tasks for the NS talkers were
conducted during the other visit, with the order of these visits
randomized across subjects.

Native English
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FIGURE 4 | Mean ‘yes’ responses (total possible = 9) for each degree of AV
asynchrony, ranging from —450 ms (auditory lead) to +450 ms (auditory lag),
obtained from YNH, ONH, and OHl listeners for native English talkers (Top)
and native Spanish talkers (Bottom). Error bars represent one standard error
of the mean.

Listeners also were tested on a battery of cognitive measures.
The cognitive measures assessed working memory [Listening
SPAN (LSPAN), Daneman and Carpenter, 1980], processing
speed [Digit Symbol Coding and Symbol Search from the
Wechsler Adult Intelligence Scale (WAIS- IIT); Wechsler, 1997],
inhibition (Flanker test from the NIH Toolbox, Eriksen and
Eriksen, 1974), and executive function (Trail-making task,
forms A and B, Reitan, 1958). The Flanker task and L-SPAN
were administered via a tablet and PC, respectively, while
all other cognitive measures were administered in a paper
and pencil format.

The entire procedure was completed in approximately 4 h.
Participants were compensated for their time in the experiment.
This study involving human participants was reviewed and
approved by the University of Maryland Institutional Review
Board for Human Research. The participants provided their
written informed consent to participate in this study.
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RESULTS
Signal-to-Noise Ratio Thresholds

Initial data analysis examined the SNR values corresponding
to approximately 70% correct recognition, obtained prior to
the detection and recognition tasks. Box plots showing the
SNR results (medians, upper and lower quartiles, upper and
lower extremes) for the three listener groups in the two test
administrations for both the NE and NS talkers are shown
in Figure 3. The figure shows that the three listener groups
performed differently from each other, and the SNRs were lower
(better) for the NE than the NS talkers. In addition, SNR values
tended to decrease from the first test administration to the
second. An analysis of variance (ANOVA) was conducted on
listener SNR values in a split-plot factorial design with two
within-subjects factors (test time, talker accent) and one between-
subjects factor (group). Results revealed significant main effects
of listener group [F(2,47) = 24.53, nlzj = 0.51, p < 0.001], talker
accent [F(1,47) = 119.79, nf, = 0.48, p < 0.001], and test time
[F(1,47) = 43.50, n}Z) = 0.72, p < 0.001]. There was also a
significant accent by time interaction [F(1,47) = 5.41, nf, =0.10,
p = 0.024]. None of the other interactions were significant. Post
hoc analysis (Bonferroni) of the group effect showed that the
YNH listeners had lower SNRs than the ONH listeners (p = 0.01)
and the OHI listeners (p < 0.001), and that the ONH listeners had
lower SNRs than the OHI listeners (p < 0.001). It is likely that
the slight differences in hearing threshold between the YNH and
ONH listeners, and the substantial threshold differences between
the ONH and OHI listeners, accounted for this pattern of group
effects. The source of the interaction between talker accent and
test time appears to be a greater change in performance from
test time one to test time two for the NS talkers (mean SNR
difference = 2.36, t = 5.9, Cohen’s d = 0.83, p < 0.001) than for
the NE talkers (mean difference in SNR = 1.26, t = 4.3, Cohen’s
d = 0.61, p < 0.001). Listener performance for both NE and
NS talkers improved (SNRs lower) in test administration two
compared to test administration one.

Auditory-Visual Asynchrony Detection

The mean AV asynchrony detection judgments of the three
listener groups are shown in Figure 4. The data are plotted
as number of “yes” responses, indicating the AV stimulus was
perceived as synchronous, out of a total of nine presentations
for each AV asynchrony. As expected, listeners of all three
groups generally perceived stimuli in the 0 ms AV condition
as synchronous, for both unaccented (NE) and accented (NS)
talkers. Additionally, the mean AV simultaneity windows are
asymmetric around the synchronous (0 ms AV) condition, with
listeners showing greater sensitivity (perceiving asynchronies) for
auditory lead/visual lag stimuli compared to auditory lag/visual
lead stimuli, as reported by others (Grant et al., 2004).

The approach to data analysis for both the detection and
recognition judgments was guided by the goal of comparing
data for each type of judgment to data reported previously. To
facilitate these comparisons, analyses were selected that would
enable determination of the lead and lag conditions in which

performance was significantly different from the simultaneous
(0 ms) condition. Subsequently, the AV simultaneity windows for
detection and the AV speech integration windows for recognition
could be determined. To that end, the AV asynchrony detection
judgments were analyzed with a model building approach (Hox
et al., 2017) using generalized linear mixed effects regression
analysis (glmer) in the lme4 package with R studio software
(Bates et al., 2015). The dependent variable was the binary
response (synchronous, coded as 0, and asynchronous, coded as
1) for each trial of AV stimulus presentation. Initial full model
testing included all fixed factors of talker accent (dichotomous
variable, coded as 0 = NE talker and 1 = NS talker), group
(categorical variable, coded as 0 = YNH, 1 = ONH, 2 = OHI),
and AV asynchrony conditions [(19 AV conditions, ranging
from —450 ms to +450 ms, each tested dichotomously with
0 = synchronous condition (0 ms), 1 = specific negative or
positive asynchronous condition], as well as all interactions
between these main effects. The random effects of participant and
sentence, as well as random slopes of asynchrony by participant,
also were included in the model. The full model that converged
was referenced to YNH listeners, NE talkers, and the 0 ms
(synchronous) AV stimulus presentation. The model included
the random effect of participant and significant fixed effects
of AV asynchrony between —450 and —50 ms, and between
+150 and +450 ms (based on the Wald ratio z-statistic in
the model output, which compares the coefficients estimated
value with the standard error for the coefficient when data are
normally distributed). The fixed effects of listener group and
talker native language were not significant (z > 0.05). However,
there were significant two-way interactions between talker native
language and listener group at seven asynchronies (—450, —300,
—250, —200, +300, +350, and 4450 ms), and several three-way
interactions between listener group, talker native language, and
AV asynchrony. Results of the model output are shown in the
Supplementary Material (interactions that were not significant
removed to save space).

Because the variation in the AV simultaneity window for
the two types of talkers for each listener group was of
primary interest, the three-way interactions were explored
further. To that end, subsequent general linear mixed effects
analyses were conducted in which the reference listener group
and talker’s native language were re-leveled. A significance
level of z < 0.01 from the model output was applied to
determine which AV asynchronies were detected as significantly
different from simultaneity (0 ms). This strategy permitted an
assessment of the range of AV asynchronies over which detection
performance was not significantly different from maximal
performance (at simultaneity) separately for each listener group
and talker type. Table 1 shows the results of these analyses,
including the minimum auditory lead/visual lag condition (most
negative asynchrony) at which detection performance was not
significantly different from simultaneity, the maximum auditory
lag/visual lead condition (most positive asynchrony) at which
performance also did not differ significantly from synchrony, and
the difference between these two values (i.e., the AV simultaneity
window). Three findings are apparent: (1) the AV simultaneity
window of the YNH listeners did not differ for the NS and NE
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TABLE 1 | Minimum auditory lead and maximum auditory lag asynchronies (in ms)
at which detection of AV asynchrony of three listener groups was not significantly
different from detection of simultaneous AV stimuli.

Group Talker Auditory Lead Auditory Lag AV Simult. Window
YNH NE Oms 100 ms 100 ms
NS —50 ms 50 ms 100 ms
ONH NE —-50 ms 200 ms 250 ms
NS Oms 200 ms 200 ms
OHI NE —-50 ms 200 ms 250 ms
NS 0ms 100 ms 100 ms

Also shown is the AV simultaneity window, in ms. YNH, young normal hearing;
ONH, older normal hearing; OHI, older hearing-impaired. NE, native English talker;
NS, native Spanish taker.

talkers; (2) the AV simultaneity window of the two older groups
was narrower for the NS talkers than for the NE talkers; and (3)
for the NE talker, the width of the AV simultaneity window was
wider for the two older groups than for the younger group.

Auditory-Visual Recognition

Recognition scores for the three listener groups in the 15
synchrony/asynchrony conditions for the NE and NS talkers are
shown in Figure 5. The SNR adaptive procedure was successful in
equating the three listener groups in the 0 ms AV (synchronous)
condition at approximately 70% correct level of performance,
as confirmed by one-way ANOVAs indicating no significant
performance differences between the three groups for either
the NE talkers [F(2,50) = 0.169, p = 0.845] or the NS talkers
[F(2,50) = 0.773, p = 0.467]. Mean speech recognition scores
in the synchronous condition were between 66 and 70% across
groups and talkers, indicating a close approximation to the target
70.7% recognition score.

A statistical model was fit to the sentence recognition
data using the glmer analysis, following the model building
approach described above (Hox et al., 2017). The first iteration
of model building included random effects of participant and
sentence, and random slopes of asynchrony by participant (to
examine variation in participants by level of AV asynchrony),
as well as fixed effects of listener group, talker native language
and degree of asynchrony and all interactions between these
effects. The dependent variable was the trial-by-trial number
of keywords correct out of five possible, for each sentence
presented. Initial model testing included all fixed factors of
interest: talker accent (dichotomous variable, coded as 0 = NE
talker and 1 = NS talker), group (categorical variable, coded as
0 = YNH, 1 = ONH, 2 = OHI), and AV asynchrony conditions
[15 AV conditions, ranging from —300 ms to +400 ms; each
tested dichotomously with 0 = synchronous condition (0 ms),
1 = specific negative or positive asynchronous condition], as well
as their interactions. The referent talker accent was NE, referent
group was YNH, and referent AV asynchrony condition was 0 ms.
Model testing proceeded with iteratively removing the highest-
order fixed effects and interactions that were not significant (z-
statistic > 0.05 in the model output), and re-running the model.
Improvement in model fit between the full model and subsequent
models was assessed with the ANOVA test.

Native English
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FIGURE 5 | Mean speech recognition scores for asynchronous AV IEEE
sentences, ranging from —-300 ms (auditory lead) to +400 ms (auditory lag),
obtained from YNH, ONH, and OHlI listeners for native English talkers (Top)
and native Spanish talkers (Bottom). Error bars represent one standard error
of the mean.

The best-fitting model derived from these fixed and random
effects, shown in Table 2, included the random effects of
participant and sentence item, and the fixed effect of asynchrony
condition. The fixed effects of listener group and talker
native language and all interactions were not significant and
subsequently were removed from the final model. With reference
to the 0 ms (synchronous) condition, each fixed asynchrony
condition was significantly different (z < 0.001), with the
exception of the +-50 and +100 ms AV asynchronies, as shown in
the table. That is, performance in each negative AV asynchrony
condition (—50 ms through —300 ms) was significantly different
from the synchronous condition (0 ms), and performance for the
positive AV asynchronies between +150 ms through +400 ms
was also significantly different from the synchronous condition.
Overall, the results suggest that the AV speech integration
window for sentence recognition, based on the range between the
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TABLE 2 | Final model of YNH, ONH, and OHl listener speech
recognition performance.

TABLE 3 | Mean scores (and standard deviations) of the three listener groups on
the six cognitive measures.

Coefficient SE z P
Intercept 0.84 0.17 5.06 <0.001
AV asynchrony — 300 —1.71 0.21 —8.03 <0.001
AV asynchrony — 250 —1.561 0.21 —7.20 <0.001
AV asynchrony — 200 —1.44 0.21 —6.91 <0.001
AV asynchrony — 150 —1.17 0.21 —5.68 <0.001
AV asynchrony — 100 —0.99 0.20 —4.82 <0.001
AV asynchrony — 50 —0.46 0.21 —2.23 <0.001
AV asynchrony + 50 0.41 0.22 1.84 >0.05
AV asynchrony + 100 -0.12 0.21 —0.55 >0.05
AV asynchrony + 150 —-0.42 0.21 —2.03 <0.05
AV asynchrony + 200 —0.42 0.21 —2.03 <0.05
AV asynchrony + 250 —0.66 0.20 -3.24 <0.01
AV asynchrony + 300 —1.23 0.21 —5.96 <0.001
AV asynchrony + 350 —1.40 0.21 —6.71 <0.001
AV asynchrony + 400 —1.51 0.21 —-7.19 <0.001
Talker NS x Asynch — 100 0.84 0.29 2.86 <0.01
Talker NS x Asynch — 100 x YNH —0.89 0.42 —-2.13 <0.05

minimum negative and minimum positive asynchronies where
performance was not significantly different from 0 ms, was
between 0 ms to +100 ms, or 100 ms wide, and was similar for
all three listener groups and for both NE and NS talkers.

Predictors of Recognition Performance
Mean scores (and standard errors) on the six cognitive measures
for the three listener groups are shown in Table 3. ANOVAs were
conducted separately for each of these measures and revealed a
significant effect of listener group on each test [Digit Symbol:
F(2) = 37.05, 12 = 0.61, p < 0.001; Symbol Search: F(2) = 22.13,
np = 048, p < 0.001; LSPAN: F(2) = 14.95, 1} = 0.384; Trail
Making A: F(2) = 10.97, nﬁ = 0.314, p < 0.001; Trail Making
B: F(2) = 11.78, nf) = 0.329, p < 0.001; Flanker (uncorrected):
F(2) =28.59, nf) =0.55, p < 0.001]. Post hoc multiple comparison
tests using the Bonferroni correction revealed that the YNH
listeners had significantly higher scores than the two older
listener groups on the Digit Symbol, Symbol Search, LSPAN, and
Flanker tests, and significantly lower scores than the two older
groups on the Trail Making A and B tests. However, there were
no differences in the performance between the two older groups
on any measure (p > 0.05, each measure).

The best-fitting model for the asynchronous AV sentence
recognition scores, described above, was next probed to
determine which predictor variables of cognition and hearing
sensitivity improved the model fit (based on the ANOVA test).
Model testing proceeded from the reduced model described
above to subsequently include, in separate iterations, each
of the predictor variables (all continuous variables): working
memory (L-SPAN), speed of processing (Digit Symbol Coding,
Symbol Search), attention/inhibition (Flanker score), executive
function (Trail Making A and B), pure-tone hearing thresholds
[quantified as pure-tone average of thresholds at 0.5, 1, and

YNH ONH OHI

Mean s.d. Mean s.d. Mean s.d.
Digit symbol 90.11 11.90 62.48 13.10 55.35 12.31
Symbol search 41.94 7.09 28.29 6.91 28.23 6.04
LSPAN 4.21 1.25 2.79 0.81 2.68 0.50
Trail making A 18.77 5.02 26.32 7.54 29.24 7.33
Trail making B 35.90 9.60 60.01 19.49 71.92 31.39
Flanker 112.81 5.18 97.35 7.91 98.59 6.01

TABLE 4 | Results of linear multiple regression analyses with three predictor
variables retrieved (HF-PTA, Trail Making A, and LSPAN).

Variables retrieved SNR condition
NE speech NS speech
Time 1 Time 2 Time 1 Time 2
HF-PTA (1) 0.559 0.546 0.697 0.757
Trail making A (2) 0.635 -
LSPAN (2) 0.741 0.791

Cumulative variance (?) accounted for by significant predictor variables, in the
order retrieved by stepwise multiple linear regression [first (1), second (2)], is
shown for SNRs measured at two test intervals for native English (NE) and native
Spanish (NS) talkers. Criteria for significance of each retrieved variable in the table
is p < 0.05, and the significance of each regression model associated with each
retrieved variable is p < 0.001.

2 kHz (the PTA), and as high-frequency pure-tone average
of thresholds at 1 k, 2 k, and 4 kHz (the HF-PTA)]. Scores
were converted to z-scores prior to entering each variable
sequentially into the model. None of the predictor variables
improved model fit.

Finally, an analysis was conducted to determine the cognitive
and hearing sensitivity variables that best predicted the SNRs
at which listeners achieved 70% correct performance for NE
and NS speech in the simultaneous AV condition. Because
significant differences in these SNR values were observed between
the first and second administrations, separate analyses were
conducted for each of the four dependent measures (NE and
NS speech, time 1 and time 2). Linear multiple regression
analyses were conducted using a reduced set of predictor
variables to minimize the effects of multicollinearity. The
predictor variables were the Digit Symbol Coding, LSPAN,
Flanker-uncorrected, and Trail Making A tests, and HF-PTA.
Results of the linear regression analyses with the step-wise
method are shown in Table 4, and revealed that for each SNR
measure, the predictor variable that accounted for the most
variance was HF-PTA. The Trail Making A test of executive
function accounted for additional variance in recognition of
NE speech in the first administration, and the LSPAN test
of working memory accounted for additional variance for
recognition of NS speech in both the first and second test
administrations.
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DISCUSSION

This study evaluated whether older listeners with and without
hearing loss exhibit different patterns of AV integration for
asynchronous auditory-visual sentences compared to younger
listeners with normal hearing, and whether such patterns were
influenced by talker accent and task. Results generally showed
that detection of AV asynchrony varied between younger and
older listeners, with different patterns observed for talkers
of different native language backgrounds. However, for the
speech recognition task, all three listener groups showed
comparable effects of AV asynchrony for both NE and NS
talkers. These findings and their interpretation are explained in
more detail below.

Auditory-Visual Asynchrony Detection

Younger and older listeners showed different AV simultaneity
windows across the range of AV asynchronies assessed, and
these patterns varied with talker native language. For the native
English talker, the minimum auditory lead condition perceived
as synchronous was more negative for the ONH and OHI
listeners compared to the YNH listeners. The negative shift,
on average, was 50 ms for both the ONH and OHI listeners,
consistent with the hypothesis that slowed auditory temporal
processing, but not visual processing, by older listeners may
have delayed perception of the auditory stimulus. That is, an
auditory stimulus presented prior to a visual stimulus was
perceived as more closely aligned in time to the visual stimulus
by older listeners than younger listeners, imposing an overall
negative shift in the AV simultaneity window. The findings
also showed that the derived AV simultaneity window for NE
talkers was at least twice as wide for older listeners than younger
listeners. It appears that older listeners were less sensitive to
AV asynchronies in the auditory lag/visual lead conditions than
the younger listeners, which contributed to the differences in
the width of the AV simultaneity window. The negative shift in
the asynchronous AV stimuli in auditory lead conditions that
are perceived as simultaneous by older listeners is consistent
with findings reported by Hay-McCutcheon et al. (2009). While
both the current study and that of Hay-McCutcheon et al
(2009) showed a wider range of AV asynchronies as judged
as simultaneous for older listeners than younger listeners, the
source of the increased width was different in the two studies.
Hay-McCutcheon et al. (2009) attributed the increased range
to more negative auditory lead thresholds exclusively, whereas
the source of the wider windows of older listeners in the
current study is associated with both more negative auditory
lead asynchronies and more positive auditory lag/visual lead
asynchronies yielding comparable detection performance to that
observed for simultaneous AV stimuli. The increase in the
positive side of the AV simultaneity window among older
listeners compared to younger listeners may reflect less sensitivity
to visually leading AV stimuli. This decreased sensitivity for visual
leading asynchronous AV speech may serve older listeners well
for situations where there is a delay in electronic transmission
of auditory signals relative to visual signals, such as with
hearing aids or with internet communication. The present

results, however, are in contrast to findings of Baskent and
Bazo (2011), who reported no differences in the AV simultaneity
window between younger listeners with normal hearing and
older listeners with hearing loss. One possible source of this
discrepancy may be the method used to determine the range
of AV asynchronies that are judged to be comparable to
maximum performance (observed for simultaneous AV stimuli).
Bagkent and Bazo (2011) measured the AV simultaneity window
encompassed by the 50% threshold points for auditory-leading
and visual-leading stimuli, whereas the current study measured
the window encompassed by AV asynchronies that were judged
as not significantly different from simultaneous AV stimuli.
Thus, different methods for calculating the AV simultaneity
window may yield discrepant findings; the current method
was chosen to facilitate comparison between detection and
recognition judgments.

The AV simultaneity windows were narrower for sentences
spoken by NS talkers compared to those spoken by NE talkers
for the older listeners, but not for the younger listeners. This
difference was attributed to a change in the asynchrony detection
threshold for auditory leading signals for both older listener
groups, which shifted in a more positive direction for NS talkers
relative to NE talkers, suggesting that older listeners became
more sensitive (i.e., perceived asynchrony) in auditory lead
conditions for the more challenging NS talkers. Additionally, the
OHI listeners’ judgments for visual leading signals (positive AV
asynchronies) shifted in a more negative direction, indicating
that these listeners also were highly sensitive to asynchronies
for NS talkers in visual lead conditions. While the source of
the narrower AV simultaneity windows by the older listeners
is not known, one possible explanation is that these listeners
were so challenged by the Spanish-accented speech that they paid
more attention to the visual stimuli to recognize the sentence,
and as a result, disparities in the relative onset of auditory and
visual information became more obvious. It should be noted that
the AV simultaneity window for the native English talkers was
somewhat narrower than the typical 200 ms integration window
reported in other studies for younger listeners (e.g., Grant et al.,
2004). Differences in method across the different studies likely
accounted for the variation in window size, including the use of
an adaptive procedure to equate listener performance prior to
measuring the detection thresholds for asynchronous stimuli in
the current study, as well as the use of multiple NE and NS talkers
and a babble background.

Auditory-Visual Recognition

Recognition of synchronous and asynchronous AV sentences
was examined to determine whether or not listeners” recognition
performance is affected by asynchronous presentation of AV
stimuli, and whether possible differences in AV integration
between younger and older listeners impact performance on
this task The results generally show that all listener groups
exhibited significant declines in recognition performance for
asynchronous presentation of AV sentences, when recognition
performance was equated for synchronous speech. However,
contrary to expectation, statistical modeling of the sentence
recognition scores failed to reveal effects of listener age or hearing
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loss. It was expected that older listeners would show significantly
greater declines in performance in the auditory lead conditions
compared to younger listeners, as was shown in a previous
study (Gordon-Salant et al., 2017). In auditory lead conditions,
the lips are clearly misaligned with the talker’s voice, requiring
listeners to inhibit the distracting effect of poor bi-sensory signal
alignment. It was expected that older listeners, who often have
a compromised ability to inhibit irrelevant or distracting stimuli
(e.g., Hasher and Zacks, 1988; Alain and Woods, 1999; Presacco
et al., 2016) would be more impacted by such temporal onset
misalignments that are perpetuated through the duration of the
sentence. In a previous experiment (Gordon-Salant et al., 2017),
the younger listeners performed near ceiling for the synchronous
sentence stimuli and maintained a high level of performance for
all asynchronies, indicating that they were minimally impacted
by the temporal misalignments. However, the ONH and OHI
listeners’ recognition performance for synchronous AV speech
was considerably poorer than that of the YNH listeners, and
these two older groups showed significant declines in recognition
in auditory lead conditions. It appears, then, that the current
technique of equating listener performance to the same level
in the 0 ms AV synchronous condition is critically important
for evaluating the extent to which age and hearing loss, per
sé, affect the AV speech integration window. This is reinforced
by the observation that performance of YNH, ONH, and OHI
listeners at the same fixed SNR will be inherently different,
with one group or another performing at or near the ceiling
or floor, making it difficult to observe the differential impact of
the asynchronous distortions on recognition performance by the
different listener groups. The finding that older listeners did not
exhibit significantly greater declines in speech recognition than
younger listeners in auditory lead conditions in the current study
may also reflect the effects of slowed auditory processing among
older listeners. That is, if processing of the auditory information
in auditory lead conditions is delayed among older listeners,
then the auditory signal may appear more synchronous with
the visual signal, and relatively high recognition performance
is maintained. Further investigation of this possible mechanism
is warranted, using more discrete steps of the asynchronous
stimulus presentation.

The statistical model of asynchronous AV sentence
recognition performance also failed to show an effect of
talker native language. Thus, listeners showed the same pattern
of decline in speech recognition scores with AV asynchronies for
both the NE and NS talkers. This finding was also contrary to
expectation, as recognition of the asynchronous sentences spoken
by NS talkers was expected to be extremely challenging, especially
for older listeners. The method of equating performance for
simultaneous AV stimuli separately for the NS and NE
talkers likely reduced the expected performance declines for
asynchronous NS sentences. The final model revealed that for
both talker accents, recognition performance in the auditory
lead conditions between —50 and —300 ms was significantly
different from performance in the synchronous condition.
Similarly, recognition performance in the visual lead/auditory
lag conditions between +150 and +400 ms was significantly
different from the synchronous condition. Based on these results,

the AV asynchronies over which listener performance was
comparable to that observed in the simultaneous AV condition
(i.e., the AV speech integration window) was 100 ms wide, for
speech produced by both NE and NS talkers. This window is
comparable to the AV simultaneity window identified in the AV
detection task for NE and NS talkers for young normal-hearing
listeners. However, for older listeners, the AV integration window
observed for recognition judgments was narrower than the AV
simultaneity window on the detection task, particularly for
the NE talker. Taken together, these results suggest that even
though older listeners may be relatively insensitive in detecting
asynchronies in AV speech stimuli, the same stimuli have a
deleterious impact on recognition performance. In contrast,
younger listeners appear to have difficulty accurately recognizing
asynchronous AV sentences at the same asynchronies where they
detect the presence of asynchrony.

These  findings have implications for everyday
communication. For example, there are many face-to-face
interactions in daily life where the auditory and visual speech
information may be misaligned in time, including internet
communication (i.e., Zoom meetings), television programming,
excessive distance between talker and receiver, or electronic
amplification of the talker’s speech with additional signal
processing (see Gordon-Salant et al., 2017 for a review). The
current findings suggest that all listeners, regardless of age
and hearing loss, may have considerable difficulty accurately
recognizing such asynchronous signals. Although the older
listeners did not exhibit significantly poorer recognition
performance or different speech integration windows than the
younger listeners, these findings may not reflect age-related
performance patterns in everyday listening situations, where
the SNR is not individually adapted, but rather is similar for all
listeners, depending on their location in the auditory scene.

Cognitive measures and hearing sensitivity were not
significant predictor variables for recognition of asynchronous
AV sentences. Two possibilities may account for these findings.
The first is that the specific measures used to quantify cognitive
ability were not sufficiently sensitive to identify individual
variation. The second is that there was not sufficient variation
in speech recognition performance among the listeners in the
asynchronous AV conditions, because listener performance
was equated in the synchronous condition. A related issue
is the method of setting SNR prior to testing perception of
asynchronous speech. A previous study of age-related differences
in recognition of asynchronous AV stimuli (Gordon-Salant
et al., 2017) presented asynchronous AV stimuli at the same
SNR to all listeners, with some groups performing near ceiling
and other groups performing near floor for particular stimuli.
In that study, the cognitive measure of speed of cognitive
processing contributed to variation in recognition performance
in asynchronous conditions. Thus, the results are very different
when stimuli are presented at the same fixed SNR to all
participants vs. when stimuli are presented at an individually
adjusted SNR to equate performance level across participants.
Comparing the present findings with those reported previously
(Gordon-Salant et al., 2017) tentatively suggests that the method
of setting SNR, and the resulting level of recognition performance
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for synchronous AV signals, are important factors in determining
the impact of cognitive abilities on recognition of asynchronous
AV speech signals presented in noise. That is, adjusting the SNR
on an individual basis may have provided compensation for
the effects of cognitive decline or hearing sensitivity, or both. It
appears that these predictors may be relevant when the SNR is
fixed, as in many everyday listening situations.

Signal-to-Noise Ratio Thresholds

The SNRs corresponding to 70.7% correct recognition
performance were significantly better during the second
administration compared to the first administration for both
NE and NS talkers. The adaptive measure was conducted twice
with the same talkers (NE or NS) on each test day in order to
equate performance immediately prior to the administration of
the detection task and the recognition task. The improvement
in SNR threshold in the second administration on the same
test day may reflect, in part, a simple effect of learning the
task (as sentences were not repeated). However, performance
improved significantly more for the NS talkers than the NE
talkers (effect size was strong for NS talkers and moderate for
NE talkers), and may be one manifestation of rapid adaptation
to foreign-accented speech reported previously (Clarke and
Garrett, 2004; Bradlow and Bent, 2008; Gordon-Salant et al,
2010c¢; Bieber and Gordon-Salant, 2021). The effect of listener
group did not interact with test time nor talker accent, indicating
that both groups showed the same improvement with the
second administration of the adaptive procedure. The rapid
improvement in recognition of foreign-accented speech by
younger and older listeners is consistent with previous findings
(Gordon-Salant et al., 2010c; Bieber and Gordon-Salant, 2017)
and is underscored here as a variable to control in future studies
that employ multiple presentations of foreign-accented speech.
Listener high-frequency pure-tone average accounted for the
most variance in SNR scores across the two test administrations
and for NE and NS speech. These results are highly consistent
with prior findings of the importance of hearing sensitivity
for recognition of speech in noise (e.g., Humes and Dubno,
2010), as well as the importance of working memory for
recognition of degraded speech (Ronnberg et al., 2013), when
the speech signals are presented in the auditory mode. However,
the current findings extend these principles to recognition
of speech presented in the AV mode and to recognition of
foreign-accented speech.

Summary and Conclusion

This experiment examined integration of asynchronous AV
native English and foreign-accented sentences by younger and
older listeners, as manifested on detection and recognition tasks.
Compared to younger listeners, older listeners are less sensitive
to auditory lead asynchronies and perceive wider ranges of
AV asynchronous sentences as synchronous, especially for NE
talkers. These findings reflect possible age-related slowing of
auditory speech streams in auditory lead/visual lag conditions
and reduced sensitivity to asynchrony in auditory lag/visual lead
conditions. In contrast, younger and older listeners with normal
hearing and older listeners with hearing loss showed comparable

patterns of AV speech integration, indicating that listener age
and hearing loss did not impact recognition of asynchronous
AV sentences. Although the AV simultaneity window determined
from detection judgments was wider for NE talkers than NS
talkers by older listeners, there were no differences in recognition
performance for NE and NS talkers across a broad range of
AV asynchronies. Overall, these findings suggest that unlike
younger listeners, older listeners’ speech recognition may be
negatively impacted by asynchronous AV speech stimuli that they
judged as synchronous.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly
available. The data can be found here: http://hdl.handle.net/1903/
28269.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by University of Maryland Institutional Review
Board. The patients/participants provided their written informed
consent to participate in this study.

AUTHOR CONTRIBUTIONS

SG-S designed the experiments, oversaw data collection, analyzed
data, and wrote the manuscript. MS assisted with stimulus
creation, implemented and performed the experiments, and
conducted some of the data analyses. KO collected and
analyzed some of the data. GY-K was involved in designing
the experiments and manuscript preparation. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by the National Institute on Aging of
the NIH (Grant # R0O1AG009191) awarded to SG-S.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the contributions of Bryan
Anderson and Mike Buckhout-White for creating the recordings
used in the experiments, and to Bryan Anderson for developing
the Scenario Designer© software.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpsyg.2021.
772867/full#supplementary-material

Frontiers in Psychology | www.frontiersin.org

January 2022 | Volume 12 | Article 772867


http://hdl.handle.net/1903/28269
http://hdl.handle.net/1903/28269
https://www.frontiersin.org/articles/10.3389/fpsyg.2021.772867/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyg.2021.772867/full#supplementary-material
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Gordon-Salant et al.

Perception of AV Asynchronous Speech

REFERENCES

Alain, C., and Woods, D. L. (1999). Age-related changes in processing auditory
stimuli during visual attention: evidence for deficits in inhibitory control and
sensory memory. Psychol. Aging 14, 507-519. doi: 10.1037//0882-7974.14.3.507

ANSI S3.6-2018, American National Standard Specification for Audiometers
(2018). (Revision of ANSI §3.6-1996, 2004, 2010). New York: American National
Standards Institute.

Bagkent, D., and Bazo, D. (2011). Audiovisual asynchrony detection and
speech intelligibility in noise with moderate to severe sensorineural hearing
impairment. Ear. Hear. 32, 582-592. doi: 10.1097/AUD.0b013e31820fca23

Bates, D., Maechler, M., Bolker, B., and Walker, S. (2015). Fitting linear mixed-
effects models using Ime4. J. Statist. Softw. 67, 1-48. doi: 10.18637/jssv067.
i01

Bieber, R. E., and Gordon-Salant, S. (2017). Adaptation to novel foreign-
accented speech and retention of benefit following training: influence of aging
and hearing loss. J. Acoust. Soc. Am. 141, 2800-2811. doi: 10.1121/1.498
0063

Bieber, S. R., and Gordon-Salant, S. (2021). Improving older adults’ understanding
of challenging speech: auditory training, rapid adaptation and perceptual
learning. Hear. Res. 402, 1-16. doi: 10.1016/j.heares.2020.108054

Bradlow, A. R., and Bent, T. (2008). Perceptual adaptation to non-native speech.
Cognition 106, 709-729. doi: 10.1016/j.cognition.2007.04.005

Brooks, C.]., Anderson, A.]., Roach, N. W., McGraw, P. V., and McKendrick, A. M.
(2015). Age-related changes in auditory and visual interactions in temporal rate
perception. J. Vis. 15, 1-13. doi: 10.1167/15.16.2

Busey, R., Craig, J., Clark, C., and Humes, L. (2010). Age-related changes in
visual temporal order judgment performance: relation to sensory and cognitive
capacities. Vis. Res. 50, 1628-1640. doi: 10.1016/j.visres.2010.05.003

Carlson, M. C., Hasher, L., Zacks, R. T., and Connelly, S. L. (1995). Aging,
distraction, and the benefits of predictable location. Psychol. Aging 10, 427-436.

Chandrasekaran, C., Trubanova, A., Stillittano, S., Caplier, A., and Ghazanfar,
A. A. (2009). The natural statistics of audiovisual speech. PLoS Comput. Biol.
5:¢1000436. doi: 10.1371/journal.pcbi.1000436

Clarke, C. M., and Garrett, M. F. (2004). Rapid adaptation to foreign-accented
English. J Acoust. Soc. Am. 116, 3647-3658. doi: 10.1121/1.1815131

Daneman, M., and Carpenter, P. (1980). Individual differences with working
memory and reading. J. Verb. Learn. Verb. Behav. 19, 450-466. doi: 10.1016/
S0011-5371(80)90312-6

Eriksen, B. A., and Eriksen, C. W. (1974). Effects of noise letters upon identification
of a target letter in a non-search task. Percept. Psychophys. 16, 143-140. doi:
10.3758/BF03203267

Fitzgibbons, P., and Gordon-Salant, S. (1994). Age effects on measures of auditory
temporal sensitivity. . Speech Hear. Res. 37, 662-670. doi: 10.1044/jshr.3703.
662

Fitzgibbons, P., and Gordon-Salant, S. (2001). Aging and temporal discrimination
in auditory sequences. J. Acoust. Soc. Am. 109, 2955-2963. doi: 10.1121/1.
1371760

Flege, J. E., and Bohn, O.-S. (1989). An instrumental study of vowel reduction
and stress placement in Spanish-accented English. Stud. Sec. Lang. Acquis. 11,
35-62. doi: 10.1017/S0272267100007828

Fiillgrabe, C., Moore, B. C. J., and Stone, M. A. (2015). Age-group differences
in speech identification despite matched audiometrically normal hearing:
contributions from auditory temporal processing and cognition. Front. Aging
Neurosci. 6:347. doi: 10.3389/fnagi.2014.00347

Gelfand, S. A., Schwander, T., and Silman, S. (1990). Acoustic reflex thresholds
in normal and cochlear-impaired ears: effects of no-response rates on 90th
percentiles in a large sample. J. Speech Hear. Disor. 55, 198-205. doi: 10.1044/
jshd.5502.198

Gordon-Salant, S., and Cole, S. S. (2016). Effects of age and working memory
capacity on speech recognition performance in noise among listeners with
normal hearing. Ear. Hear. 37, 592-602. doi: 10.1097/AUD.0000000000000316

Gordon-Salant, S., and Fitzgibbons, P. (1993). Temporal factors and speech
recognition performance in young and elderly listeners. J. Speech Hear. Res. 36,
1276-1285. doi: 10.1044/jshr.3606.1276

Gordon-Salant, S., Yeni-Komshian, G., Fitzgibbons, P., and Cohen, J. I. (2015).
Effects of age and hearing loss on recognition of unaccented and accented
multisyllabic words. J. Acoust. Soc. Am. 137, 884-897. doi: 10.1121/1.4906270

Gordon-Salant, S., Yeni-Komshian, G., Fitzgibbons, P., Cohen, J. I., and Waldroup,
C. (2013). Recognition of accented and unaccented speech in different maskers
by younger and older listeners. J. Acoust. Soc. Am. 134, 618-627. doi: 10.1121/
1.4807817

Gordon-Salant, S., Yeni-Komshian, G., Pickett, E., and Fitzgibbons, P. J. (2016).
Perception of contrastive bi-syllabic lexical stress in unaccented and accented
words by younger and older listeners. J. Acoust. Soc. Am. 139, 1132-1148.
doi: 10.1121/1.4943557

Gordon-Salant, S., Yeni-Komshian, G. H., and Fitzgibbons, P. J. (2010a).
Recognition of accented English in quiet by younger normal-hearing listeners
and older listeners with normal hearing and hearing loss. J. Acoust. Soc. Am.
128, 444-455. doi: 10.1121/1.3397409

Gordon-Salant, S., Yeni-Komshian, G. H., and Fitzgibbons, P. J. (2010b).
Perception of accented English in quiet and noise by younger and older
listeners. J. Acoust. Soc. Am. 128, 3152-3160. doi: 10.1121/1.3495940

Gordon-Salant, S., Yeni-Komshian, G. H., Fitzgibbons, P. J., and Schurman, J.
(2010c). Short-term adaptation to accented English by younger and older
listeners. J. Acoust. Soc. Am. 128, EL200-EL204. doi: 10.1121/1.3486199

Gordon-Salant, S., Yeni-Komshian, G. H., Fitzgibbons, P. J., Willison, H. M.,
and Freund, M. S. (2017). Recognition of asynchronous auditory-visual speech
by younger and older listeners: a preliminary study. J. Acoust. Soc. Am. 142,
151-159. doi: 10.1121/1.4992026

Grant, K. W., and Bernstein, J. G. W. (2019). “Toward a Model of Auditory-Visual
Speech Intelligibility” in Multisensory Processes. Springer Handbook of Auditory
Research. eds A. Lee, M. Wallace, A. Coffin, A. Popper, and R. Fay (Germany:
Springer). 33-58. doi: 10.1007/978-3-030-10461-0_3

Grant, K. W., Greenberg, S., Poeppel, D., and van Wassenhove, V. (2004).
Effects of spectro-temporal asynchrony in auditory and auditory-visual speech
processing. Semin. Hear. 25, 241-255.

Grant, K. W, and Seitz, P. F. (1998). Measures of auditory-visual integration
in nonsense syllables and sentences. J. Acoust. Soc. Am. 104, 2438-2450. doi:
10.1121/1.423751

Guest, D., Howard, C. J., Brown, L. A., and Gleeson, H. (2015). Aging and the rate
of visual information processing. J. Vis. 15, 1-25. doi: 10.1167/15.14.10

Guion, S. G., Flege, J. E,, Liu, S. H., and Yeni-Komshian, G. Y. (2000). Age of
learning effects on the duration of sentences produced in a second language.
Appl. Psychol. 21, 205-228. doi: 10.1017/SO142716400002034

Hasher, L., and Zacks, R. T. (1988). “Working memory, comprehension, and
aging: a review and a new view” in The Psychology of Learning and Motivation:
advances in Research and Theory. ed. G. H. Bower (Cambridge: Academic
Press). 193-225.

Hay-McCutcheon, M. J., Pisoni, D. B, and Hunt, K. K. (2009). Audiovisual
asynchrony detection and speech perception in hearing-impaired listeners with
cochlear implants: a preliminary analysis. Int. J. Audiol. 48, 321-333.

Hox, J. J., Moerbeek, M., and Van de Schoot, R. (2017). Multilevel Analysis:
techniques and Applications, 2nd Edn. New York: Routledge/Taylor & Francis
Group.

Humes, L. E., Busey, T. A, Craig, J. C., and Kewley-Port, D. (2009). The effects of
age on sensory thresholds and temporal gap detection in hearing, vision, and
touch. Atten. Percept. Psychophys. 71, 860-871. doi: 10.3758/ APP.71.4.860

Humes, L. E., and Dubno, J. R. (2010). “Factors affecting speech understanding in
older adults,” in The Aging Auditory System, eds. S. Gordon-Salant, R. Frisina,
A. Popper and R. Fay (New York, NY: Springer), 211-257.

Janse, E. (2012). A non-auditory measure of interference predicts distraction
by competing speech in older adults. Neuropsychol. Dev. Cogn. B Aging
Neuropsychol. Cogn. 19, 741-758. doi: 10.1080/13825585.2011.652590

Levitt, H. (1971). Transformed up-down methods in psychoacoustics. J. Acoust.
Soc. Am. 49, 467-477.

Lipnicki, D. M., Crawford, J. D., Dutta, R, et al. (2017). Age-related cognitive
decline and associations with sex, education and apolipopoprotein E.
genotype across ethnocultural groups and geographic regions: a collaborative
cohort study. PLoS Med. 14:¢1002261. doi: 10.1371/journal.pmed.100
2261

Milham, M. P., Erickson, I. I, Banich, M. T., Kramer, A. F., Webb, A., Wszalek, T,
etal. (2002). Attentional control in the aging brain: insights from an fMRI study
of the Stroop task. Brain Cog. 49, 277-296. doi: 10.1006/brcg.2001.1501

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead, V.,
Collin, I, et al. (2005). The Montreal Cognitive Assessment, MoCA: a brief

Frontiers in Psychology | www.frontiersin.org

January 2022 | Volume 12 | Article 772867


https://doi.org/10.1037//0882-7974.14.3.507
https://doi.org/10.1097/AUD.0b013e31820fca23
https://doi.org/10.18637/jssv067.i01
https://doi.org/10.18637/jssv067.i01
https://doi.org/10.1121/1.4980063
https://doi.org/10.1121/1.4980063
https://doi.org/10.1016/j.heares.2020.108054
https://doi.org/10.1016/j.cognition.2007.04.005
https://doi.org/10.1167/15.16.2
https://doi.org/10.1016/j.visres.2010.05.003
https://doi.org/10.1371/journal.pcbi.1000436
https://doi.org/10.1121/1.1815131
https://doi.org/10.1016/S0011-5371(80)90312-6
https://doi.org/10.1016/S0011-5371(80)90312-6
https://doi.org/10.3758/BF03203267
https://doi.org/10.3758/BF03203267
https://doi.org/10.1044/jshr.3703.662
https://doi.org/10.1044/jshr.3703.662
https://doi.org/10.1121/1.1371760
https://doi.org/10.1121/1.1371760
https://doi.org/10.1017/S0272267100007828
https://doi.org/10.3389/fnagi.2014.00347
https://doi.org/10.1044/jshd.5502.198
https://doi.org/10.1044/jshd.5502.198
https://doi.org/10.1097/AUD.0000000000000316
https://doi.org/10.1044/jshr.3606.1276
https://doi.org/10.1121/1.4906270
https://doi.org/10.1121/1.4807817
https://doi.org/10.1121/1.4807817
https://doi.org/10.1121/1.4943557
https://doi.org/10.1121/1.3397409
https://doi.org/10.1121/1.3495940
https://doi.org/10.1121/1.3486199
https://doi.org/10.1121/1.4992026
https://doi.org/10.1007/978-3-030-10461-0_3
https://doi.org/10.1121/1.423751
https://doi.org/10.1121/1.423751
https://doi.org/10.1167/15.14.10
https://doi.org/10.1017/SO142716400002034
https://doi.org/10.3758/APP.71.4.860
https://doi.org/10.1080/13825585.2011.652590
https://doi.org/10.1371/journal.pmed.1002261
https://doi.org/10.1371/journal.pmed.1002261
https://doi.org/10.1006/brcg.2001.1501
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Gordon-Salant et al.

Perception of AV Asynchronous Speech

screening tool for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695-699.
doi: 10.1111/j.1532-5415.2005.53221.x

Navarra, J., Hartcher-O’Brian, J., Piazza, E., and Spence, C. (2009). Adaptation to
audiovisual asynchrony modulates the speeded detection of sound. Proc. Natl.
Acad. Sci. U.S.A. 106, 9169-9173. doi: 10.1073/pnas.0810486106

Nilsson, M., Soli, S. D., and Sullivan, J. A. (1994). Development of the Hearing In
Noise Test for the measurement of speech reception thresholds in quiet and in
noise. J. Acoust. Soc. Am. 95, 1085-1099. doi: 10.1121/1.408469

Park, D. C., Lautenschlager, G., Hedden, T., Davidson, N. S., Smith, A. D,
Smith, P. K., et al. (2002). Models of visuospatial and verbal memory across
the adult life span. Psychol. Aging 17, 299-320. doi: 10.1037/0882-7974.17.
2.299

Peelle, J. E., and Sommers, M. S. (2015). Prediction and constraint in audiovisual
speech perception. Cortex 68, 169-181. doi: 10.1016/j.cortex.2015.03.006

Presacco, A., Simon, J. Z., and Anderson, S. B. (2016). Evidence of degraded
representation of speech in noise, in the aging midbrain and cortex.
J. Neurophysiol. 116, 2346-2355. doi: 10.1152/jn.00372.2016

Reitan, R. M. (1958). Validity of the trail making test as an indicator of organic
brain damage. Percept. Mot. Skills 8, 271-276. doi: 10.1038/nn.2331

Richards, M. D., Goltz, H. C., and Wong, A. M. F. (2017). Alterations in audiovisual
simultaneity perception in amblyopia. PLoS One 12:e0179516. doi: 10.1371/
journal.pone.0179516

Roénnberg, J., Lunner, T., Zekveld, A., Sérqvist, P., Danielsson, H., Lyxell, B.,
et al. (2013). The ease of language understanding (ELU) model: theoretical,
empirical, and clinical advances. Front. Syst. Neurosci. 7:31. doi: 10.3389/fnsys.
2013.00031

Rénnberg, J., Rudner, M., Foo, C., and Lunner, T. (2008). Cognition counts: a
working memory system for ease of language understanding (ELU). Int. J.
Audiol. 7, $99-S105. doi: 10.1080/14992020802301167

Rothauser, E. H., Chapman, W., Guttman, N., Nordby, K. S., Silbiger, H. R., and
Urbanek, G. E. et al. (1969). IEEE recommended practice for speech quality
measurements. IEEE Transac. Acoust. Speech Sign. Proces. 17, 225-246.

Salthouse, T. A. (2009). When does age-related cognitive decline begin? Neurobiol.
Aging 30, 507-514. doi: 10.1016/j.neurobiolaging.2008.09.023

Schwartz, J.-L., and Savariaux, C. (2014). No, there is no 150 ms lead of visual
speech on auditory speech, but a range of audiovisual asynchronies varying
from small audio lead to large audio lag. PLoS Comput. Biol. 10:e1003743.
doi: 10.1371/journal.pcbi.1003743

Snell, K. B. (1997). Age-related changes in temporal gap detection. J. Acoust. Soc.
Am. 101, 2214-2220. doi: 10.1121/1.418205

Summers, C., Bohman, T. M., Gillam, R. B., Pena, E. D., and Bedore, L. M. (2010).
Bilingual performance on nonword repetition in Spanish and English. Int. J.
Lang. Commun. Disord. 45, 480-493. doi: 10.3109/13682820903198058

Tillman, T. W., and Carhart, R. W. (1966). An Expanded Test for Speech
Discrimination Utilizing CNC Monosyllabic Words. Northwestern University
Auditory Test No. 6. SAM-TR-66-55. Dayton: USAF School of Aerospace
Medicine. 1-12. doi: 10.21236/ad0639638

Trofimovich, P., and Baker, W. (2006). Learning second language suprasegmentals:
effect of L2 experience on prosody and fluency characteristics of 12 speech. Stud.
Second. Lang. Acquis. 28, 1-30. doi: 10.1017/S0272263106060013

Waddington, E., Jaekel, B. N., Tinnemore, A., Gordon-Salant, S., and Goupell, M. J.
(2020). Recognition of accented speech by cochlear-implant listeners: benefit
of audiovisual cues. Ear Hear. 41, 1236-1250. doi: 10.1097/AUD00000000000
0842

Wechsler, D. (1997). Wechsler Adult Intelligence Scale, Third Edition (WAIS-III).
San Antonio: Pearson Assessment.

Yi, H. G., Phelps, J. E., Smiljanic, R., and Chandrasekaran, B. (2013). Reduced
efficiency of audiovisual integration for nonnative speech. J. Acoust. Soc. Am.
134, EL387-EL393. doi: 10.1121/1.4822320

Zhang, Y., Nissen, S. L., and Francis, A. L. (2008). Acoustic characteristics of
English lexical stress produced by native Mandarin speakers. J. Acoust. Soc. Am.
123, 4498-4513. doi: 10.1121/1.2902165

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Gordon-Salant, Schwartz, Oppler and Yeni-Komshian. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Psychology | www.frontiersin.org

14

January 2022 | Volume 12 | Article 772867


https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1073/pnas.0810486106
https://doi.org/10.1121/1.408469
https://doi.org/10.1037/0882-7974.17.2.299
https://doi.org/10.1037/0882-7974.17.2.299
https://doi.org/10.1016/j.cortex.2015.03.006
https://doi.org/10.1152/jn.00372.2016
https://doi.org/10.1038/nn.2331
https://doi.org/10.1371/journal.pone.0179516
https://doi.org/10.1371/journal.pone.0179516
https://doi.org/10.3389/fnsys.2013.00031
https://doi.org/10.3389/fnsys.2013.00031
https://doi.org/10.1080/14992020802301167
https://doi.org/10.1016/j.neurobiolaging.2008.09.023
https://doi.org/10.1371/journal.pcbi.1003743
https://doi.org/10.1121/1.418205
https://doi.org/10.3109/13682820903198058
https://doi.org/10.21236/ad0639638
https://doi.org/10.1017/SO272263106060013
https://doi.org/10.1097/AUD000000000000842
https://doi.org/10.1097/AUD000000000000842
https://doi.org/10.1121/1.4822320
https://doi.org/10.1121/1.2902165
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

	Detection and Recognition of Asynchronous Auditory/Visual Speech: Effects of Age, Hearing Loss, and Talker Accent
	Introduction
	Materials and Methods
	Participants
	Stimuli
	Procedures

	Results
	Signal-to-Noise Ratio Thresholds
	Auditory-Visual Asynchrony Detection
	Auditory-Visual Recognition
	Predictors of Recognition Performance

	Discussion
	Auditory-Visual Asynchrony Detection
	Auditory-Visual Recognition
	Signal-to-Noise Ratio Thresholds
	Summary and Conclusion

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


