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Unimodal speech perception predicts stable individual
differences in audiovisual benefit for phonemes, words
and sentencesa)

Jacqueline von Seth,b) M�at�e Aller, and Matthew H. Davis
Medical Research Council Cognition and Brain Sciences Unit, University of Cambridge, 15 Chaucer Road,
Cambridge CB2 7EF, United Kingdom

ABSTRACT:
There are substantial individual differences in the benefit that can be obtained from visual cues during speech perception.

Here, 113 normally hearing participants between the ages of 18 and 60 years old completed a three-part experiment inves-

tigating the reliability and predictors of individual audiovisual benefit for acoustically degraded speech. Audiovisual bene-

fit was calculated as the relative intelligibility (at the individual-level) of approximately matched (at the group-level)

auditory-only and audiovisual speech for materials at three levels of linguistic structure: meaningful sentences, monosyl-

labic words, and consonants in minimal syllables. This measure of audiovisual benefit was stable across sessions and

materials, suggesting that a shared mechanism of audiovisual integration operates across levels of linguistic structure.

Information transmission analyses suggested that this may be related to simple phonetic cue extraction: sentence-level

audiovisual benefit was reliably predicted by the relative ability to discriminate place of articulation at the consonant-

level. Finally, whereas unimodal speech perception was related to cognitive measures (matrix reasoning and vocabulary)

and demographics (age and gender), audiovisual benefit was predicted only by unimodal speech perceptual abilities:

Better lipreading ability and subclinically poorer hearing (speech reception thresholds) independently predicted enhanced

audiovisual benefit. This work has implications for practices in quantifying audiovisual benefit and research identifying

strategies to enhance multimodal communication in hearing loss. VC 2025 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1121/10.0034846

(Received 14 June 2024; revised 18 November 2024; accepted 17 December 2024; published online 3 March 2025)

[Editor: James F. Lynch] Pages: 1554–1576

I. INTRODUCTION

Speech production is inherently linked to observable

motion in the face, which includes the jaw, lips, and tongue

of the speaker. Throughout the course of our lives, we

acquire substantial experience with these signals during

face-to-face conversation. It is well-established that when

the acoustic speech signal is degraded, speech cues encoded

in facial movements can provide a significant benefit to

speech perception (Sumby and Pollack, 1954). Yet, despite

the ubiquity of these signals in our everyday perceptual

experience, not everyone benefits equally. Previous work

has reported substantial individual differences in measures

of the audiovisual advantage across a wide range of speech

materials: from minimal nonsense syllables to meaningful

sentences (Aller et al., 2022; Grant et al., 1998; Grant and

Seitz, 1998; Sommers et al., 2005; Tye-Murray et al., 2016;

Van Engen et al., 2014; Van Engen et al., 2017).

A. What accounts for individual differences in
audiovisual speech perception?

The reasons for this variability remain poorly under-

stood: Only measures of lipreading ability have been reliably

linked to individual differences in audiovisual speech percep-

tion (see Bernstein et al., 2022, for review). Some research

has also suggested that the degree of acquired hearing loss

(HL) in mild-to-moderate hearing-impaired (HI) listeners

may predict better lipreading ability (e.g., Bernstein et al.,
2000; Suess et al., 2022; Tillberg et al., 1996) and enhanced

audiovisual integration for speech perception (e.g., Altieri

and Hudock, 2014; Puschmann et al., 2019). However, this

effect is not always found (Rosemann and Thiel, 2018;

Spehar et al., 2008; Tye-Murray et al., 2007a) and substantial

individual differences remain, meaning that too few of those

with age-related HL can use visual speech to mitigate the

negative consequences of HL (e.g., Punch et al., 2019).

Additionally, lipreading ability and audiovisual integration

for speech perception are notoriously difficult to train

(Preminger and Ziegler, 2008; Richie and Kewley-Port,

a)Portions of this work were presented in “Inter-individual variability and

correlates of audiovisual speech benefit in behaviour and MEG,” in 15th

Annual Meeting of the Society for the Neurobiology of Language,

Marseille, France, October 2023; “Stable individual differences in audio-

visual benefit for speech perception: Exploring the role of perceptual and

cognitive abilities,” in 15th Speech-in-Noise workshop, Potsdam,

Germany, January 2024; “Perceptual and cognitive predictors of stable

individual differences in audiovisual and unimodal speech perception,”

EPS Meeting, Nottingham, U.K., April 2024. A preprint is now available

at https://osf.io/preprints/psyarxiv/kj59f (Last viewed January 8, 2025).
b)Email: Jacqueline.vonSeth@mrc-cbu.cam.ac.uk
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2008). The small improvements in phoneme-level recogni-

tion obtained in some lipreading programmes may not gener-

alise to more natural or audiovisual speech stimuli (see

Bernstein et al., 2022, for review).

Explanations for individual differences in lipreading

and audiovisual speech perception have also been sought in

terms of nonspeech cognitive abilities. Feld and Sommers

(2009) suggested that processing speed and visuospatial

working memory may account for a large amount of the sub-

stantial individual variability in lipreading ability in younger

and older adults. They argued that if fundamentally stable

cognitive traits underlie individual differences in lipreading

and audiovisual speech perception, this may explain why

training programmes often show limited success. It is well-

established that cognitive abilities play a significant role in

auditory-only (AO) speech perception in noise (Akeroyd,

2008; Dryden et al., 2017; Heinrich et al., 2015), especially

when the signal is degraded (Pichora-Fuller et al., 1995).

However, for measures of audiovisual speech perception

and audiovisual integration for speech perception, specifi-

cally, the picture is less clear. Dual-task demands seem to

impair performance on audiovisual speech tasks (Fraser

et al., 2010; Alsius et al., 2005; Alsius et al., 2014; Buchan

and Munhall, 2011). However, susceptibility to the McGurk

effect (McGurk and MacDonald, 1976), which is frequently

used as a measure of audiovisual integration for speech per-

ception, is not related to processing speed, working memory,

or attentional control (Brown et al., 2018). Similarly, visual

enhancement of speech perception (i.e., enhanced report for

auditory-visual (AV) compared to AO speech) in school-aged

children is also not predicted by performance on cognitive

tasks measuring vocabulary knowledge, working memory, or

attentional control (Lalonde and McCreery, 2020).

B. Quantifying individual differences in audiovisual
benefit

A key challenge in this line of research is the lack of

reliable measures of audiovisual integration for speech per-

ception. The lack of correlations among different audiovi-

sual integration measures, including speech- and

nonspeech illusions, have been taken to suggest that only

measures derived from congruent speech materials may be

useful in predicting an individual’s ability to use visual

cues in ecological conditions (Wilbiks et al., 2022; but see

Dong et al., 2024; and Magnotti et al., 2020, for arguments

that susceptibility to the McGurk effect may be related to

audiovisual speech-in-noise perception). Previous research

has most frequently compared unimodal and AV perform-

ances at the same level of acoustic clarity or background

noise (BN), taking the auditory condition as a baseline

(hereafter, visual enhancement). The choice of audiovisual

integration measure has significant implications regarding

the conclusions that may be drawn, for example, concern-

ing the question of whether audiovisual integration for

speech perception declines or increases with age (Dias

et al., 2021; Sommers et al., 2005; Tye-Murray et al.,
2007a). However, even within the same measure,

establishing stable individual differences across different

speech materials has proven difficult: Visual enhancement

of consonant report does not seem to predict visual

enhancement for word or sentence report tasks (Grant and

Seitz, 1998; Sommers et al., 2005), whereas individual dif-

ferences in unimodal speech perception are highly related

across levels of linguistic structure (Grant et al., 1998;

Humes et al., 1994; Sommers et al., 2005; but for lipread-

ing ability, see Bernstein et al., 2000).

These inconsistencies suggest problems for traditional

models of audiovisual speech perception, which propose a

separate stage of multisensory integration for speech, which

should account for a significant amount of variability in

audiovisual outcomes (Altieri and Hudock, 2014; Grant

et al., 1998; Huyse et al., 2014). If individual differences in

audiovisual speech perception are related to a domain-

general audiovisual integration ability, measures of visual

enhancement should generalise across materials and levels

of linguistic structure. In a review of shortcomings of the

McGurk effect as a measure of audiovisual speech integra-

tion ability, Van Engen et al. (2017) suggested a potential

explanation for the lack of correlations: Could audiovisual

integration rely on different mechanisms at different levels

of linguistic structure (e.g., minimal syllables versus mean-

ingful sentences)? In line with this, Sommers (2021) pro-

posed that audiovisual integration for speech perception

may not be conceived of as an individual differences mea-

sure in the traditional sense—unlike working memory or

processing speed, which may be tapped into by different

tasks. However, shortcomings of the currently predominant

visual enhancement measure provide an alternative explana-

tion for these inconsistent results. It (1) may not adequately

capture integration (see Sommers, 2021, for review;

Sommers et al., 2005; Tye-Murray et al., 2010); (2) is con-

founded by differences in intelligibility between conditions;

and (3) is susceptible to ceiling and floor effects, truncating

the individual variability that is measured. So far, however,

the development of more sophisticated capacity or effi-

ciency measures to model individual differences has not

yielded promising results in terms of predicting the ability

to use visual cues at the sentence-level (Altieri and Hudock,

2014; Blamey et al., 1989; Braida, 1991; Grant and Seitz,

1998; Massaro and Cohen, 1983; Sommers et al., 2005;

Wilbiks et al., 2022).

Here, we apply a relatively simple measure of individ-

ual differences in audiovisual speech perception, following

Aller et al. (2022), based on approaches estimating speech

reception thresholds at 50% accuracy (e.g., Macleod and

Summerfield, 1987). By comparing audiovisual and AO

speech perception in materials approximately equated for

intelligibility, we avoid confounds introduced by differences

in intelligibility between conditions as well as floor and ceil-

ing effects, which appear in the visual enhancement measure

depending on which level of acoustic clarity is chosen for

experimental conditions. We also assess whether our mea-

sure is stable across sessions (and items) and levels of lin-

guistic structure (and speakers).
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C. The current study

In recent years, rapid advances in software tools for

online experiments (De Leeuw et al., 2023; de Leeuw, 2015;

Rodd, 2024) combined with online participant panels allow

us to quickly collect reliable data from a balanced sample

across age groups and gender. These include older partici-

pants with more diverse educational backgrounds who may

not be easily targeted by university-based recruitment. This is

especially useful for individual differences research, which

requires larger samples to achieve sufficient power in testing

for cross-condition correlations (for example, comparing

audiovisual benefit across levels of linguistic structure in con-

sonant, word, and sentence report tasks). In the current study,

we aimed at quantifying the degree of audiovisual benefit

using an intelligibility-matched measure in normally hearing

(NH), working-age adults (18–60 years old). We measured

the relative intelligibility of matched AO and audiovisual

speech for materials at three levels of linguistic structure:

meaningful sentences, monosyllabic words, and minimal

consonant-vowel syllables. Isolating individual variability

across speech materials, we tested the degree to which vari-

ability in lipreading ability, hearing status, linguistic, and

cognitive ability along with demographic variables (age and

self-reported gender) explain individual differences in unimo-

dal outcomes and audiovisual benefit in speech perception.

II. METHODS

A. Participants

142 British English native speakers were recruited via

Prolific Academic.1 Participants provided informed consent

using an online consent form approved by the Cambridge

Psychology Research Ethics Committee (Application No.

PRE.2022.056). Participants were screened at the beginning

of each session using Wood’s headphone test (Woods et al.,
2017), excluding 14 participants who were compensated for

their time.

Across two sessions, 113 participants successfully com-

pleted all audiovisual speech perception tasks, and 103 partici-

pants [55 female and 48 male; age range, 18–60 years old;

mean age 6 standard deviation (SD)¼ 38.54 6 11.55] suc-

cessfully completed all tasks across three sessions, and did not

meet any outlier exclusion criteria. The target sample size

(n¼ 101) was estimated using G*Power 3.1.9.4 (Faul et al.,
2009) based on pooled effect sizes (weighted for sample size

and Hedge’s g) from previous studies investigating the reliabil-

ity of lipreading ability and visual enhancement across speech

materials (g¼ 0.26) and Pearson’s product correlations of

audiovisual benefit and enhancement measures with lipreading

ability (g¼ 0.76) and hearing status (g¼ 0.33) to achieve

power � 0.8 to test each of our three main hypotheses.

1. Outlier exclusion and data quality

We administered self-report questionnaires of attention,

technical difficulties, and task comprehension to identify

any issues that might require participants to be excluded

after each speech perception task and the cognitive and

hearing tests. For any ratings of >3 [on six-point Likert

scales for (1) attention, (2) technical difficulties, and (3)

clarity of task instructions], typed responses were manually

reviewed (n¼ 22). Data from participants with a rating of

>3 and no typed responses or responses substantiating diffi-

culties were excluded (n¼ 6), but we decided to retain par-

ticipants whose responses indicated task comprehension,

engagement, and attention (for example, correctly describ-

ing task instructions) while acknowledging that they found

the task difficult. Additional preset outlier exclusion criteria

for the cognitive and speech perception tasks included

<80% in catch trials (n¼ 4) and lapse rate of >0.0625

(n¼ 2), as well as performance of 1.5 interquartile ranges

(IQRs) below the first or above the third quartile (n¼ 5).

Additional data quality checks leading to the exclusion of

individual trials (but not participants) are detailed in individ-

ual task descriptions below.

B. Stimuli

1. General description

Consonants in minimal syllables, monosyllabic words,

and meaningful sentences were presented to participants in

separate audiovisual speech perception tasks across two ses-

sions. Video recordings were drawn from Aller et al.
(2022), Krason et al. (2023b), and Pimperton et al. (2019)

for sentence-, word-, and consonant-level materials, each

produced by a different level. Videos were cropped to show

only the face of the speakers, who performed minimal head

movements. Example images and links to video recordings

can be found in the original publications.

We manipulated the availability of visual speech cues

and the degree of acoustic clarity using noise vocoding

(Shannon et al., 1995) to create five conditions: visual-only

(VO), auditory-only low acoustic clarity (AOlow), auditory-

only high acoustic clarity (AOhigh), auditory-visual low

acoustic clarity (AVlow), and auditory-visual high acoustic

clarity (AVhigh). The availability of visual speech was

manipulated by either presenting the originally recorded

video or a video of a largely static face produced by repeat-

ing frames prior to visual speech onset. Acoustic clarity was

manipulated following the same procedure described in

Aller et al. (2022), which is based on a protocol developed

by Zoefel et al. (2020), whereby each of the 16 narrowband

envelopes env(b), extracted at logarithmically spaced

frequency bands b (70–5000 Hz, half-wave rectified, low-

pass filtered 30 Hz) is mixed with the broadband envelope

env(broadband) at proportion p, such that

envfinal bð Þ ¼ env bð Þpþ env broadbandð Þ 1� pð Þ: (1)

The resulting envelopes envfinal(b) were used to modu-

late noise in each respective frequency band. Recombined

signals yielded a mix of 16-/1-channel vocoded speech,

ranging from p¼ 1. The level of acoustic clarity was cali-

brated separately for each task to match two conditions,
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AVlow and AOhigh, for intelligibility and ensure that they

fall at an intermediate level of intelligibility (40%–60%) to

avoid floor or ceiling effects in either the audiovisual or AO

condition (see Fig. 1). Mixing proportions p were chosen

based on visual inspection and psychometric curves fit to

pilot data collected for each task (n¼ 9 for reporting isolated

words and forced-choice identification of minimal syllables,

eight females and one male, mean age 6SD¼ 31.11 6 5.15)

using the quickpsy package in R (Linares and L�opez-

Moliner, 2016). This resulted in p¼ 0 (low clarity) and

p¼ 1 (high clarity) for consonants, and p¼ 0.47 (low clar-

ity) and p¼ 1 (high clarity) for words. Additionally, we

retained the p¼ 0.2 and p¼ 0.7 conditions for sentences

based on a previous pilot study in Aller et al. (2022). The

difference between these measures was intended to show a

mean of zero and a spread of positive and negative values,

indicating the degree of audiovisual benefit obtained by

individual participants.

2. Item characteristics

a. Consonants. Recordings of 20 consonants in mini-

mal syllables followed by /@/, spoken by a single female

speaker with a neutral (mouth closed) start and end position,

were presented in the consonant identification tasks. See the

supplementary material Table S1. Participants were

instructed to classify the sounds as if they occurred at the

start of words, where each consonant is followed by a varia-

tion of /æd/, /æt/, /Et/, or /Ed/, or a closely related syllable

(with the exception of “thaw” for /h/), to form a real mono-

syllabic word. These words, where the initial sound that is

highlighted made up the closed-set response options for the

task. Clear speech AO recordings of the same sounds pro-

duced by a male speaker were presented in the practice

phase to familiarise participants with the isolated speech

sounds and their corresponding word contexts while pre-

venting participants from learning lip configurations associ-

ated with each sound. Identical recordings of the 20

consonants, presented once in each of the 5 conditions, were

repeated across both sessions.

b. Words. Video recordings of 200 common, monosyl-

labic words, spoken in isolation by a single female speaker,

were selected from a set of items previously used in Krason

et al. (2023b) and Krason et al. (2023a). See the supplemen-

tary material Table S1 for further details. Orthographic

responses were cleaned by removing spaces and nonalpha-

betic symbols, as well as responses where participants indi-

cated that they could not identify the target word (by typing

“dk”). Responses were then scored using the Levenshtein

ratio, which were calculated using the fast Levenshtein edit

distance implemented in the PanPhon package for Python

(Mortensen et al., 2016). The edit distance measure for each

target stimulus–response pair was expressed as a percentage

of the length of the longer string and then subtracted from

100 to convert the metric into a ratio measure of word report

accuracy. Previous work has indicated that using the

Levenshtein distance to automatically score orthographic

transcriptions is highly consistent with manually scored

responses (e.g., Themistocleous et al., 2020) as spelling

errors are not unduly penalised when manual scoring is not

feasible because of the large number of responses to be eval-

uated (see Baese-Berk et al., 2023).

c. Sentences. Recordings of 100 meaningful sentences

(number of words, M 6 SD¼ 13.97 6 2.20; length, M 6 SD

¼ 5.11 6 0.71 s), a subset of the stimuli used in Aller et al.
(2022), were presented across two sessions in the sentence-

level word report tasks. Participant responses were cleaned

in the same way as responses in the isolated word report

task, removing extraneous spaces and symbols. Responses

were scored using the token sort ratio (TSR) fuzzy logic

string-matching metric (Bosker, 2021) as implemented in

the FuzzyWuzzy Python package (SeatGeek Inc., 2014). We

decided to use fuzzy string-matching metrics to score word

report over more conservative item-correct measures as they

FIG. 1. Pilot data for each task illustrate the acoustic clarity levels chosen in the main experiment, matching intelligibility in intermediate AO (blue) and

AV (purple) conditions separately for each level of linguistic structure. Audiovisual benefit is calculated as the difference between intermediate-

intelligibility conditions (50% accuracy for sentences and words and 60% accuraxy for consonants). A fifth condition included in the experiment, silent vid-

eos (VO), is not illustrated here.
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provide a better fine-grained measure of individual differ-

ences in perceptual recognition, allowing for partial matches

and not unduly penalising spelling errors and homophones

(compared to scoring the more stringent percent (%)words

correct as originally preregistered; see Bosker, 2021).

3. Counterbalancing and randomisation

Item-session and item-condition assignments were

counterbalanced across participants for the word- and

sentence-level audiovisual speech perception tasks.

Individual items were randomly assigned to sessions, result-

ing in five splits of items for each task. Ten item-condition

assignments were created across all splits, and each partici-

pant was assigned to a split (item-session assignment) and

version (item-version assignment). Additionally, in each

audiovisual speech perception task, the presentation order of

individual items was shuffled for each participant while

ensuring an equal number of conditions per block (two

blocks in each task for consonants and five blocks in each

task for words and sentences) was retained.

C. Procedure

1. General procedure

Participants completed three experimental sessions over

a period of 2–3 weeks with at least 7 days between the first

two sessions (see the supplementary material Fig. S1). All

tasks were coded in jsPsych versions 6.3 or 7.3 (De Leeuw

et al., 2023). At the start of each session, participants

adjusted their volume to a comfortable level and completed

a headphone test using antiphase sounds designed by Woods

et al. (2017) to ensure that they were all wearing binaural

headphones.

In the first two sessions, participants performed three

audiovisual speech perception tasks with materials at one of

three levels of linguistic structure (sentences, words, and

consonants in minimal syllables) and items presented in five

different conditions, varying in the availability of visual

speech cues and acoustic clarity. In both sessions, comple-

tion of these tasks was preceded by a period of vocoded

speech training in which ten sentences of degraded speech

were presented in auditory-visual and AV conditions (mix-

ing proportions p varying from 0.2 to 1), each preceded by a

written transcription of the sentence. This was to ensure that

the initial rapid perceptual learning that occurs with vocoded

speech was completed by the start of the main experiment

(Sohoglu and Davis, 2016).

At the start of session 1, participants additionally com-

pleted a short language questionnaire which screened for

language and hearing difficulties, non-native British English

speakers, and collected (voluntarily disclosed) demographic

data on age, gender identity, regional accent familiarity, pro-

ficiency in languages other than English, as well as signifi-

cant periods of time (>6 months) spent abroad.

In session 3, participants completed the digits-in-noise

(DiN) test (Smits et al., 2013) to assess individual speech-

in-noise perception thresholds and section one of the

abbreviated profile of hearing aid benefit (APHAB; Cox,

1997). Additionally, the listen-up task (Davis et al., 2019)

was administered to assess phonological discrimination

thresholds. The matrix reasoning task (MaRs; Chierchia

et al., 2019), a non-proprietary version of Raven’s progres-

sive matrices test, and the spot-the-word (STW) lexical

decision task (Baddeley et al., 1993) were used to assess

domain-general and verbal intelligence quotient (IQ),

respectively. The order of tasks was randomised for each

participant.

Finally, at the end of each audiovisual speech percep-

tion task and each of the three sessions, participants were

asked to rate their comprehension of the instructions, ability

to pay attention, and technical difficulties during the task or

session on a scale of 1–6 and provided with a textbox to pro-

vide further details of any issues that had occurred.

2. Audiovisual speech perception tasks

For each task, participants first completed a clear

speech practice block, introducing the paradigm, and for

consonants, participants completed the target stimuli. For

the sentence-level and word-level tasks, participants viewed

three example items and were asked to type back into a text-

box the words that they understood to the best of their abili-

ties. They were encouraged to guess if unsure and warned

that some of the trials may appear very difficult. They then

completed 5 blocks of word report tasks in sentence- and

word-level audiovisual speech tasks consisting of 50 and

100 unique items and trials per session, respectively. Each

item (sentence or word) was only presented once to each

participant across the entire experiment. At the level of con-

sonants, participants performed a forced-choice task and

were asked to select the target consonant out of all 20 possi-

ble options, which were presented in the context of a mono-

syllabic real word. Participants heard a male speaker

pronouncing each target consonant during practice trials and

were provided with feedback on their responses to ensure

participants could correctly match each consonant to the

answer options available. After this, they completed 2

blocks of alternative forced-choice (AFC) trials, each of

which contained 1 presentation of each item per each of the

5 conditions, for a total number of 100 trials per session.

3. Subjective hearing experience

The first section of the revised form A of the APHAB

(Cox, 1997) was administered to assess individual partici-

pant’s subjective experience of the frequency of hearing and

speech-in-noise perception difficulties in everyday life. The

APHAB includes 24 items which can be summarised into 4

subscales relating to hearing difficulties in everyday situa-

tions: ease of communication (EC), reverberation (RV), BN,

and aversiveness (AV). The overall APHAB score for each

individual participant was derived from the mean of the first

three of these scales. Participants are asked to rate state-

ments such as “I miss a lot of information when I’m listen-

ing to a lecture” (BN) from never (1% of the time) to always
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(99% of the time). Six items were scored in reverse order,

where 99% indicates no difficulties and 1% indicates severe

difficulties. Participant’s attention was drawn to that fact to

ensure that they answer each item carefully. Higher overall

scores indicate more substantial hearing difficulties. This

task was included as previous work had indicated that when

including participants with known HL, scores correlate with

individual lipreading ability (Suess et al., 2022).

Additionally, including a subjective measure may diverge

from an objective measure of hearing difficulties, especially

in mild cases or early-onset, while perceived listening effort

may predict everyday face-viewing behaviour, which could

be linked to lipreading ability or individual audiovisual ben-

efit (Puschmann et al., 2019; Rennig et al., 2020).

4. Speech reception threshold

The DiN test is an established measure of speech-in-noise

reception thresholds (SRTs), first introduced by Smits et al.
(2013) as a task to screen SRTs over the telephone. In our

implementation, we followed the procedure described and val-

idated in Smits et al. (2013). Digit triplets consisting of a ran-

domly chosen combination sampled from digits 0–9 was

presented in long-term average speech-spectrum noise, modu-

lated via a one-up, one-down adaptive procedure with a step

size of 2 dB. In each of the 24 trials, participants were asked to

report all 3 digits heard using a number pad presented on the

screen, and answers were scored as triplets. SRTs are calcu-

lated as the mean signal-to-noise ratio (SNR; dB) in the final

20 trials. The DiN was chosen as it has a high test-retest reli-

ability, correlates significantly with pure tone audiometry

thresholds, and is highly sensitive to mild-moderate HL (Van

den Borre et al., 2021), which is indicated by a SRT of

�7.4 dB SNR or above (Smits et al., 2013). Because none of

our participants reported a clinical diagnosis of HL and our

online version is not yet sufficiently validated, we refer to any

differences in hearing measured here as “subclinical.”

5. Categorical speech perception

Individual phonological speech discrimination thresh-

olds were measured using the listen-up task (Davis et al.,
2019). Monosyllabic, common target words (e.g., “fan” in a

female voice) were accompanied by a picture of the target

word, followed by presentation of two real-word audio-

morphed stimuli using the target word and a minimal-pair

foil (“fan” and “van” spoken by a male voice). Participants

were asked to indicate which of the two words was closer to

the target word. The acoustic difference between both words

was progressively reduced, using an adaptive procedure

(three down, one up; Levitt, 1971). Trials started with a

100% acoustic difference between the foil stimuli (i.e.,

resynthesised versions of the original speech), and the

acoustic form of each token was reduced by 16% following

three correct responses (i.e., 84% and 16% tokens were pre-

sented, subsequently, reducing to 68% and 32%, etc.). Step

size was reduced by 1/sqrt(2) at each turning point.

Therefore, the difficulty of this two-alternative forced-

choice task (2AFC) increased progressively throughout the

task until step size reached 2% and performance converged

on thresholds for distinguishing target and foil spoken

words. The outcome measure is the minimum proportion of

acoustic difference (PADRI) between speech sounds, allow-

ing an individual to identify the spoken words with 79.4%

accuracy (PADRI threshold). Each participant completed

two blocks of the listen-up task, and the PADRI threshold

was averaged across two blocks. When performance in only

one of the blocks met outlier exclusion criteria, the PADRI

threshold estimated in the other block was retained. The

inclusion of the listen-up task was not originally preregis-

tered, but we decided to include it as an exploratory predic-

tor as it provides a brief complementary test of participant-

level variability in speech perception in addition to auditory

perceptual acuity.

6. Verbal IQ

Linguistic skill was assessed using the STW lexical

decision task, which was developed by Baddeley et al.
(1993). In the STW task, participants were presented with

60 pairs of words and nonwords and asked to identify each

real word in a pair. Real words ranged from frequent to

obscure words, whereas nonwords were plausible and fol-

lowed English orthographic conventions. A practice trial

consisting of six word-nonword pairs preceded the task, and

participants were instructed to complete each trial page con-

sisting of six word-nonword pairs as quickly as possible.

Vocabulary knowledge as a proxy measure of verbal IQ was

scored as % correct identification of the real word in

nonword-word pairs. Participants were reassured that perfect

performance in this task was not expected. Additionally, tri-

als for which reaction times significantly exceeded the

expected completion time (1.5 IQRs > Q3 across all partici-

pants) were excluded from analyses.

7. Nonverbal IQ

Domain-general cognitive abilities were assessed using

the MaRs reasoning task and are available online,2 where

individual items are drawn from the open-source MaRs-IB

item bank (Chierchia et al., 2019). Each item of the MaRs-

IB was made up of a 3� 3 matrix, where eight cells contain

abstract shapes. Participants were asked to “complete the

puzzle” by selecting the missing shape from four options

presented below within 30 s of trial onset, indicated by a

countdown presented for the entire 30 s. Relationships

between items may be uni- or three-dimensional, and relate

to the colour, shape and positions between cells. Participants

saw up to 80 items, depending on how many items they

manage to complete within 8 min, at which time the task fin-

ished automatically. All participants were shown the same

randomly sampled items and distractor types (we used a

paired difference strategy for all items) in identical order to

ensure that individual differences in task performance did

not arise from item-level variation in difficulty (Zorowitz

et al., 2024).
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Trials with rapid responses (<250 ms) were excluded

from analyses. We computed the measures described in

Chierchia et al. (2019): (i) productivity (absolute number of

puzzles completed), (ii) median response time (RT) for cor-

rectly completed items, (iii) accuracy (items correct divided by

items attempted), and (iv) inverse efficiency (median RTs

divided by accuracy). For interpretability and to index accu-

racy and processing speed separately, our main measures of

interest to be included as predictors were reaction time for cor-

rectly completed items and accuracy of items attempted.

D. Statistical analysis

The study was preregistered and is available online.3 Data

were preprocessed and scored in R (version 4.2.2), MATLAB

(version 2020b) and Python (version 3.11), whereas statistical

analyses were performed in R (version 4.2.2). Anonymised

data and analysis scripts are available online.4

Linear/logistic mixed-effects models were used to esti-

mate main effects of acoustic clarity, modality (added visual

speech), and session on accuracy measures in all three

audiovisual speech perception tasks using the lme4 package

in R. Audiovisual benefit was calculated by taking the dif-

ference between intelligibility-matched audiovisual and AO

listening conditions AVlow � AOhigh. For completeness, we

estimated three different measures of test-retest reliability

across sessions: the Spearman-Brown formula, Cohen’s a,

and the intra-class correlation coefficient (ICC; even though

only two of these measures were preregistered, we report all

three; ICC allowed us to compare consistency across three

levels in our cross-task comparison). Cronbach’s a was

computed using the psych package in R (Revelle, 2024),

whereas the ICC was calculated using a two-way mixed-

effects model for absolute agreement, treating separate ses-

sions as individual raters, according to

ICC ¼ Variance between participants

Variance between participantsþ Error varianceþ Variance between sessions
: (2)

To assess across-task reliability, we calculated correla-

tions which were ceiling corrected for within-level test-

retest reliability using the Spearman-Brown formula

(adjusted by the square root of the product of the test-retest

reliability of both tasks) and estimated consistency across all

three tasks using a two-way mixed-effects ICC.

Finally, to isolate condition-specific rather than level-

specific variance as the independent variable in the regression

analysis and given the significant correlations that we

observed across levels, we decided to perform principal com-

ponent analysis (PCA) on standardised unimodal and audiovi-

sual benefit measures across levels of linguistic structure.

PCA scores (isolating variability in audiovisual benefit across

tasks) were then predicted using multiple linear regression

analysis, including standardised perceptual and cognitive

measures, as well as demographic variables (age and self-

reported gender) as independent predictors.

Additionally, we performed information transmission

analysis (Miller and Nicely, 1955) to explore the role of

phonetic feature perception (voicing, manner, and place of

articulation) in predicting sentence-level audiovisual benefit.

This analysis was not preregistered; therefore, we deem it

exploratory here. As a result of the small number of presen-

tations per item per subject, confusion matrices for phonetic

features of interest such as voicing, manner, and place of

articulation (see Table I for classification scheme), were

pooled across participants prior to the calculation of relative

transmitted feature information according to

ITrel ¼
I U;Vð Þ
H Uð Þ : (3)

Here, I(U,V) describes the mutual information between

the discrete variables describing presented and identified fea-

tures, also known as the absolute information transmitted

(ITabs), and H(U) describes the feature entropy of the target

variable [see Oosthuizen and Hanekom, 2016, for a detailed

methodological description of the classic feature information

transmission analysis (FITA) approach). Analyses were con-

ducted using functions from the entropy package in R
(Hausser and Strimmer, 2009). To estimate subject-level vari-

ability, a jackknife resampling procedure was used to produce

subaverage ITrel scores for 115 confusion matrices for n � 1.

Individual estimates oi were then retrieved from the set of

subaverage scores ji using the formula (Smulders, 2010)

oi ¼ nJ � n� 1ð Þji: (4)

Here, J represents the mean of subaverage scores across n
participants. In words, we computed the information transmis-

sion for an individual participant as the difference between

information transmission for all participants and information

transmission for all participants except that individual. We

refer to this dependent measure as retrieved relative informa-

tion transmission (retrieved ITrel) and investigated the effect of

TABLE I. Test-retest reliability measures for within-task audiovisual bene-

fit. ***p< 0.001.

Sentences Words Consonants

Cronbach’s a 0.83 [0.76 0.89]a 0.68 [0.56 0.80] 0.54 [0.37 0.71]

ICC 0.71 [0.60 0.79] 0.51 [0.36 0.64] 0.37 [0.20 0.52]

aConfidence intervals for a were estimated using the Duhachek method

(Duhachek and Iacobucci, 2004).
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added visual speech (modality) and acoustic clarity on this

dependent measure using one-way analyses of variance

(ANOVAs) on ranks (Kruskal-Wallis tests, as assumptions of

normality were not met; see Sec. III E). We also computed

pairwise comparisons of interest and investigated the relation-

ship of retrieved ITrel values to sentence-level measures of lip-

reading ability and audiovisual benefit.

III. RESULTS

A. Substantial individual differences in audiovisual
benefit for sentences, words and phonemes

As in previous work (Aller et al., 2022; Grant et al.,
1998; Grant and Seitz, 1998; Sommers et al., 2005; Van

Engen et al., 2014; Van Engen et al., 2017), we observed

substantial inter-individual variability in lipreading ability

and audiovisual speech processing across all three audiovi-

sual speech tasks (Fig. 2). In each of the tasks, performance

was lowest in the AOlow condition (sentences, M 6 SD

¼ 0.08 6 0.09; words, M 6 SD¼ 0.19 6 0.07; consonants,

M 6 SD¼ 0.23 6 0.08), as expected, and increased with

added acoustic clarity and added visual speech [see Fig.

3(a)], as indicated by improved fit when including fixed

effects of clarity and modality in logistic (for consonants)

and linear (for words and sentences) mixed-effects models,

according to the following specification (in the Wilkinson

notation, Wilkinson and Rogers (1973):

Accuracy � 1þModalityþ Clarity

þModality : Clarityþ Session

þ 1þModalityþ Clarity j Participantð Þ
þ 1j Itemð Þ: (5)

For sentences, model comparisons using Kenward-

Roger’s F-tests suggested that a model including clarity,

F(1,112.12)¼ 1282, p< 0.001, and modality, F(1,112.12)

¼ 667.83, p< 0.001, provided a better fit than models

FIG. 2. Individual differences in audiovisual speech perception. (a) Results of the sentence-, word-, and consonant-level audiovisual speech perception tasks

[mean 6 standard error of the mean (SEM)] as well as marginal probability densities. Asterisks (***) indicate significant main effects of clarity and modal-

ity, p< 0.001. (b) Audiovisual benefit for individual benefits is calculated as the difference in performance between AVlow and AOhigh conditions (gray

lines). (c) Individual audiovisual benefit is significantly correlated with within-level VO perception, where marginal distributions are displayed at the right

and top of the plot, respectively. The dashed gray horizontal line shows the median audiovisual benefit over participants, and the dashed black horizontal

line shows zero audiovisual benefit—i.e., equivalent accuracy for AVlow and AOhigh.
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without. Examination of the summary output indicated that

added acoustic clarity improved word report by 33% [low

versus high acoustic clarity, b¼ 0.36, standard error

(SE)¼ 0.006, t¼ 55.246], whereas the audiovisual modality

improved word report by 36% (AO versus AV condition,

b¼ 0.360, SE¼ 0.015, t¼ 24.15). There was a small but

significant interaction between clarity and modality,

F(1,8584)¼ 4.87, p¼ 0.027, b¼ 0.02, SE¼ 0.008, t¼ 2.207,

possibly driven by nonlinearities in the data introduced by

floor effects in the AOlow condition. There was also a signifi-

cant improvement in overall accuracy between sessions,

F(1,8556.59)¼ 141.90, b¼ 0.05, SE¼ 0.004, t¼ 11.912.

We observed a similar pattern of results for the word-

level task with an increased accuracy of word report with

added clarity, F(1,113.43)¼ 4703.83, p< 0.001, b¼ 0.62,

SE¼ 0.01, t¼ 112.74, and added visual speech, F(1,112.98)

¼ 1743.60, p< 0.001, b¼ 0.42, SE¼ 0.01, t¼ 55.99, as well

as a very small decrease in performance between sessions,

F(1,17548.61)¼ 13.37, p< 0.001, b¼ 0.01, SE¼ 0.003,

t¼ –3.656. There was a significant interaction of clarity and

modality also in the word-level task, F(1,17551.58)

¼ 1537.32, p< 0.001, b¼ –0.30, SE¼ 0.008, t¼ –39.209,

p< 0.001. This interaction effect is likely driven by a trend

toward the ceiling in the word-level task (AOhigh).

For the consonant-level task, we used mixed-effects

logistic regression to explore the effects of clarity, modality,

and session on the binary accuracy measure. As each partici-

pant saw each consonant per condition, by-item random

slopes were also included in this model for a full random

effects structure (see Barr et al., 2013). Model comparisons

using likelihood ratio tests indicated that models including

acoustic clarity and modality provided the best fit to the data

[clarity, v2(1)¼ 12.837, p< 0.001, b¼ 1.78, SE¼ 0.43,

z¼ 4.20; modality, v2(1)¼ 17.295, p< 0.001, b¼ 2.12,

SE¼ 0.41, z¼ 5.18. There was no significant interaction

between clarity and modality in the consonant-level task,

v2(1)¼ 0.01, p¼ 0.939. Additionally, including session as a

fixed effect improved model fit, suggesting a significant

improvement in performance between sessions,

v2(1)¼ 13.26, p< 0.001, b¼ 0.19, SE¼ 0.02, z¼ 9.746.

Finally, there were substantial individual differences in

effects of acoustic clarity and modality on accuracy.

Our measure of audiovisual benefit was calculated as the

difference in performance between the intermediate-

intelligibility conditions AVlow and AOhigh. This measure

demonstrates substantial differences between individual par-

ticipants: Some benefitted more from added visual speech

than increased acoustic clarity levels and vice versa (as indi-

cated by the slopes of lines in column b of Fig. 2, i.e., posi-

tive slopes indicating more benefit from visual speech,

whereas negative slope means more benefit from increased

acoustic clarity). For example, in the sentence-level task, 59

out of 113 participants benefitted more from added visual

speech than increased acoustic clarity, i.e., showed better per-

formance in the AVlow condition than in the AOhigh condi-

tions (for words and consonants, these proportions were less

balanced with 6 and 68, respectively, out of 113 benefitting

more from added visual speech). Over all participants, these

measures of audiovisual benefits significantly differed from

zero for words and consonants; but this difference was not

reliable for sentence-level report [sentences, mean difference

(MD)¼ 0.030, t(112)¼ 1.57, p¼ 0.119; words, MD¼ –0.19,

t(112) ¼ –16.72, p< 0.001; consonants, MD¼ 0.038,

t(113)¼ 3.59, p¼ 0.001; see Fig. 2(b)]. Nonetheless, all three

differences straddle zero and are largely unaffected by floor

or ceiling effects in the underlying data. For all three speech

tasks, the degree of audiovisual benefit (i.e., difference

between AVlow and AOhigh) was significantly correlated with

lipreading ability measured using performance in the VO

condition [sentences, r(111)¼ 0.59, p< 0.001; words,

r(111)¼ 0.57, p< 0.001; consonants, r(111)¼ 0.35,

p< 0.001; see Fig. 2(c)].

B. Audiovisual benefit is stable across sessions and
consistent across levels of linguistic structure

To establish whether our measure of audiovisual benefit

can be considered to be a stable difference between individ-

uals, we calculated test-retest reliability across two sessions

(set at least 1 week apart and containing different items) and

consistency across three levels of linguistic structure,

adjusted for within-task test-retest reliability (sentences,

words, and consonants as produced by different speakers).

According to standard interpretations of test-retest metric

values (Hedge et al., 2018), audiovisual benefit for the

sentence-level task shows good test-retest reliability,

whereas the word-level task shows moderate and the

consonant-level task shows poor-moderate test-retest reli-

ability [see Table I for a comparison of different measures

and Fig. 3(a)].

To assess whether audiovisual benefit is also consistent

across the three tasks, we calculated pairwise ceiling-

corrected Spearman-Brown correlations [accounting for

within-task test-retest reliability; see Fig. 3(b)] as well as

Cronbach’s a and ICC3,k across all three levels to assess

consistency (two-way mixed for consistency rather than

absolute agreement due to magnitude differences between

different scores, using the average across two sessions, mak-

ing ICC identical to alpha), which yielded values of

a¼ 0.65, 95% confidence interval (CI) [0.53 0.75].

Further assessing pairwise correlations between these

three measures of audiovisual benefit demonstrates moder-

ate consistency between monosyllabic words and sentences

(a¼ 0.69 or .¼ 0.75, where . is corrected for within-task

test-retest reliability) and poor to moderate consistency of

audiovisual benefit measures for words and sentences with

the consonant-level measure (words, a¼ 0.35, .¼ 0.31; sen-

tences, a¼ 0.49, .¼ 55). Low correlations may be driven

by the moderate test-retest reliability of the consonant-level

task (due to the relatively small number of trials presented).

Nonetheless, these results show that across different items,

stimulus types, and speakers, we find meaningful correla-

tions in the magnitude of audiovisual benefit individuals

derive: A linear regression model including word-

(b¼ 0.693, SE¼ 0.121, p< 0.001) and consonant-level
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audiovisual benefit (b¼ 0.370, SE¼ 0.125, p< 0.001)

explained 33% of the variance in sentence-level audiovisual

benefit, F(2,112)¼ 28.32, p< 0.001, R2¼ 0.324.

Previous studies have provided inconsistent results

regarding whether measures of lipreading ability calculated

for materials at different levels of linguistic structure are posi-

tively correlated (Bernstein et al., 2000). Exploring this here,

we observed that lipreading ability was reliably and positively

correlated across tasks [sentences-words, r(111)¼ 0.57,

p< 0.001; sentences-consonants, r(111)¼ 0.43, p< 0.001;

words-consonants, r(111)¼ 0.53, p< 0.001).

C. Audiovisual benefit is independently predicted by
relatively poorer hearing and better lipreading ability

Having confirmed that our measure of audiovisual ben-

efit shows sufficient convergent validity, we performed PCA

using the principal function in the psych package on stand-

ardised audiovisual benefit scores to isolate participant-level

variability across tasks. All three benefit measures loaded on

one component, which explained 60% of the variance in the

data, with loading strengths of 0.88 for sentences, 0.80 for

words, and 0.63 for consonants. Multiple linear regression

was then used to predict variability in this PCA score from

cognitive and hearing measures, as well as demographic var-

iables (see Table II).

We decided to include RTs (for correct items) and accu-

racy (for attempted items) for the MaRs as separate predic-

tors to improve interpretability (compared to a trade-off

measure, such as inverse efficiency) and index processing

speed (RT) and reasoning ability (accuracy). RT and

accuracy (%) in the MaRs were weakly correlated with age

[RT, r(101)¼ 0.26, p¼ 0.011; %, r(101)¼ 0.20, p¼ 0.038],

indicating declines in reasoning speed but increases in rea-

soning accuracy with age (but neither of those correlations

survived correction for multiple comparisons; see Fig. 4).

Both of these measures of matrix reasoning ability were pos-

itively associated with performance on the STW task [RT,

r(101)¼ 0.34, p< 0.001; %, r(101)¼ 0.35, p< 0.001]. As

expected, STW performance was moderately positively cor-

related with age [r(101)¼ 0.49, p< 0.001], in line with pre-

vious observations of increased verbal IQ in older

individuals (Hartshorne and Germine, 2015). There were no

significant relationships between the hearing or speech per-

ception measures, and none of these measures were corre-

lated with age (see Fig. 4).

A series of model comparison F-tests suggested that

only poorer hearing, as indicated by higher speech reception

FIG. 3. Test-retest reliabilities of audiovisual benefits (a) across sessions and (b) across levels of linguistic structure are shown. Values depicted represent

the Spearman-Brown measure, which is ceiling corrected for within-task re-test reliability in the across-task measure in (b).

TABLE II. Summary of results for cognitive and perceptual measures. The

measures and participants included in the multiple regression analysis are

contained herein.

Measure N M SD

Vocabulary knowledge (STW accuracy) 103 0.675 0.191

Matrix reasoning (RT correct in s) 103 8.283 3.650

Matrix reasoning (accuracy for items attempted) 103 0.805 0.084

Frequency of hearing difficulties (%APHAB) 103 0.323 0.049

Speech reception threshold (DiN dB SNR) 103 �10.233 0.933

PADRI threshold (listen up) 103 0.165 0.056

Age 103 38.544 11.549
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thresholds (worse performance) estimated using the DiN test

[F(1)¼ 4.298, p¼ 0.041] and better lipreading ability, mea-

sured as the mean of (standardised) VO performance across

all three tasks [F(1)¼ 87.845, p< 0.001] predicted individ-

ual differences in audiovisual benefit, F(9,93)¼ 12.33,

R2¼ 49.9%; dropping either of these but none of the other

predictors, significantly affected model fit [see the Fig. 5(a)

and 5(b) and supplementary material Table S3)].

Previously, it has been suggested that speech-in-noise

perception may explain some variability in lipreading ability

(Bernstein, 2018; Watson et al., 1996). However, variance

partitioning analysis indicated that lipreading ability and

speech reception thresholds independently predicted audio-

visual benefit. Lipreading ability uniquely explained 45%

[F(1,100)¼ 77.448, p< 0.001] of the variance in audiovi-

sual benefit, whereas speech perception thresholds explained

7% [F(1,100)¼ 8.644, p¼ 0.006] with only 2% of variance

shared between the two predictors [Fig. 5(c)]. A third vari-

able included in this analysis, age, which has been associ-

ated previously with a decline in lipreading ability and

speech reception thresholds and trended toward significance

in the full regression model, did not explain any joint or

unique variance in audiovisual benefit, F(1,100)¼ 0.294,

p¼ 0.589.

D. Unimodal speech perception is associated with
demographic variables and domain-general cognitive
abilities

We also explored whether hearing status, verbal and

nonverbal cognitive abilities, age, and gender explained any

of the variability observed in performance in two unimodal

conditions not used to calculate audiovisual benefit: VO and

AOlow (see Fig. 6 and the supplementary material Fig. S2).

FIG. 5. Results of multiple linear regression analysis predicting audiovisual benefit. (a) Forest plot illustrates results for the full regression model, predicting

audiovisual benefit PCA scores across levels. Filled circles indicate a significant predictor. (b) Partial regression plot is shown for the two predictors which

significantly contribute to model fit. (c) Variance partitioning results indicate that hearing and lipreading ability independently explain variability in audiovi-

sual benefit. Significance of partitions was tested using regularized discriminant analysis (RDA) across 999 permutations.***p< 0.001, **p< 0.01, and

*p< 0.05.

FIG. 4. Correlation matrix of cognitive, perceptual, and demographic pre-

dictors included in multiple linear regression analyses. ***p< 0.001,

**p< 0.01, and *p< 0.05, corrected for multiple comparisons using the

Holm-Bonferroni adjustment. %, accuracy; APHAB, subjective hearing;

DiN, objective hearing; PADRI, listen up.
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We, again, extracted variability across levels using

PCA to isolate modality-specific, level-independent vari-

ability. AOlow performance loaded on one component

explains 53% of the overall variance with loading strengths

of 0.76 for sentences, 0.82 for words, and 0.57 for conso-

nants. Model comparisons (see the supplementary material

Table 4) revealed that better performance in the AO modal-

ity was associated with younger age [F(1)¼ 12.724,

p< 0.001] and predicted by matrix reasoning accuracy

[F(1)¼ 5.106, p¼ 0.026] and performance in the STW task

[F(1)¼ 9.085, p¼ 0.003], explaining 31.6% of the variance

in performance, F(8,94)¼ 6.886, p< 0.001. As a result of

some (but not substantial) indication of multicollinearity of

this model (variance inflation factor¼ 2.3), we also per-

formed variance partitioning here to explore potential asso-

ciations between age and measures of verbal and nonverbal

IQ. This suggested that matrix reasoning accounted for 16%

of the variance [F(1,100)¼ 21.047, p¼ 0.001], where 9%

variance is shared between the two cognitive measures and

a nonsignificant unique contribution of STW performance

[F(1,100) ¼ 2.949, p¼ 0.087], whereas age independently

explained 8% of the variance in AO word report,

F(1,100)¼ 5.05, p¼ 0.020, see Fig. 6(a).

All three measures of lipreading ability were loaded on

a single PCA component, explaining 67% of the variance in

the data, with loading strengths of 0.81 for sentences, 0.86

for words, and 0.79 for consonants. VO perception was

related only to our two demographic measures, F(8,94)

¼ 2.662, p¼ 0.011, R2¼ 11.5%. Model comparisons sug-

gested that lipreading ability decreased with age

[F(1)¼ 5.812, p¼ 0.017], and participants identifying as

female were better overall at lipreading than those identify-

ing as male [F(1)¼ 4.675, p¼ 0.033], see Fig. 6(b). None of

the other measures predicted individual differences in lip-

reading ability. See the supplementary material Table S5.

Unlike that for audiovisual benefit, speech reception thresh-

olds estimated in the DiN task did not meaningfully contrib-

ute to model fit, F(1)¼ 0.939, p¼ 0.335. Overall, these

results suggest that whereas audiovisual benefit is related to

perceptual abilities, unimodal speech perception (audio only

and VO) is associated with demographic variables (such as

age/gender) and (for auditory speech perception) measures

of domain-general cognition.

E. Exploratory: Sentence-level audiovisual benefit is
predicted by visual perception of place and manner of
articulation features

Our previous analyses have indicated that perceptual

rather than non-signal-related cognitive variables predict

individual differences in audiovisual benefit for all three lev-

els of linguistic structure tested. We, therefore, embarked on

exploratory analyses to identify the perceptual cues that are

most relevant to audiovisual speech perception and may be

better exploited by participant showing enhanced audiovi-

sual benefit. Our focus here is on perception of specific

articulatory features that might explain variability in conso-

nant identification. To this end, we used a classic

information theoretic approach to quantify transmission of

phonetic cues in unimodal and audiovisual perception of

consonants: FITA (Files et al., 2015; Grant et al., 1998;

Jesse and Massaro, 2010; Lalonde and Werner, 2019; Miller

and Nicely, 1955; Walden et al., 1975).

Consistent with the previous literature (e.g., Grant et al.,
1998), we expected that place of articulation would be most

easily transmitted in the visual or audiovisual modality,

whereas voicing and manner would be more easily recog-

nised in the auditory modality. We statistically assessed two

comparisons of interest: (1) AOlow compared to VO (i.e.,

which features are better transmitted in two low intelligibil-

ity conditions that convey only auditory or only visual infor-

mation); (2) AOnlyhigh compared to AVisuallow, (i.e., which

features are better transmitted in intermediate-intelligibility,

AO, and AV conditions; see Fig. 7). Additionally, We con-

ducted a factorial analysis to investigate main effects of

auditory clarity (low/high) and visual information (absent/

present) for the four auditory conditions (excluding VO). As

the data analysed are retrieved ITrel values, assumptions of

normality are violated (as confirmed by Shapiro-Wilk tests;

voicing, W¼ 0.821, p< 0.001; manner, W¼ 0.778,

p< 0.001; place, W¼ 0.705, p< 0.001), therefore, nonpara-

metric tests were used for statistical analysis.

Kruskal-Wallis H tests indicated that there was a main

effect of modality [v2(1)¼ 16.543, p< 0.001), as well as a

main effect of clarity [v2(1)¼ 231.299, p< 0.001] for trans-

mission of the voicing feature [see Fig. 7(a)]. Transmission

was significantly better in the AOlow condition than in the

VO condition (MD¼ 0.00871, z¼ 4403, p¼ 0.001 corrected

for multiple comparisons using the Holm method) and better

in the AOhigh condition compared to the AVlow condition

(MD¼ 0.0348, z¼ 6101, p< 0.001). These observations

suggest an overall auditory advantage for transmission of

voicing information. These findings are consistent with the

existing literature, indicating that voicing information is typ-

ically considered to be absent in visual speech signals

(Lisker et al., 1977; but see Raphael, 1972, 1975; and Van

Son et al., 1994). Nonetheless, the presence of a main effect

of modality is interesting as it suggests that visual informa-

tion can enhance perception of consonantal voicing con-

trasts when combined with auditory signals—for instance,

because visual information can signal the timing of closure

for stop consonants.

For manner of articulation, the picture was more complex:

There was a main effect of modality [v2(1)¼ 85.506,

p< 0.001] and clarity [v2(1)¼ 206.027, p< 0.001] on relative

information transmission [see Fig. 7(b)]. Manner cues were

better transmitted in the VO than the AOlow condition

(MD¼ 0.0434, z¼ 537, p< 0.001) but more easily transmitted

in the AOhigh than in the AVlow condition (MD¼ 0.0274,

z¼ 5472, p< 0.001), suggesting that although some manner

information is available in the VO condition, at higher levels

of acoustic clarity, the auditory modality contains more reli-

able cues to the manner feature.

For place of articulation, there was a main effect of

modality [v2(1)¼ 251.617, p< 0.001] as well as a main
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FIG. 6. Partial regression plots for cognitive and demographic predictors of unimodal speech perception. (a) Partial regression plots and variance partition-

ing results for the regression analysis predicting AOlow. (b) Predictors of VO speech perception.***p< 0.001 and *p< 0.05.

FIG. 7. Results of the FITA. Retrieved values reflect relative information transmitted for (a) voicing, (b) manner of articulation and (c) place of articulation

features across five conditions, including significance levels for pairwise comparisons for conditions of interest, ***p< 0.001. (d) Correlations of sentence-

level lipreading ability (accuracy in the VO condition) with visual transmission of voicing, manner, and place of articulation features; (e) relationship of

sentence-level audiovisual benefit with visual feature transmission; and (f) correlation of audiovisual benefit calculated using retrieved ITrel with sentence-

level audiovisual benefit are shown. Correlations are corrected for multiple comparisons using the Holm adjustment.
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effect of clarity [v2(1)¼ 37.419, p< 0.001; see Fig. 7].

Transmission was lowest in the AOlow condition, which was

significantly worse than transmission in the VO condition

according to a Wilcoxon sign-rank test (MD¼ 0.0597,

z¼ 177, p< 0.001). Finally, transmission of the place fea-

ture was better in the AVlow than in the AOhigh condition

(MD¼ 0.0467, z¼ 513, p< 0.001), indicating an overall

advantage of the visual modality for transmitting place of

articulation information. As for voicing, this is largely con-

sistent with the existing literature, showing that visual

speech provides valuable cues to place of articulation.

Previous studies have pointed to the importance of place of

articulation extraction for audiovisual speech perception

(e.g., Grant et al., 1998). For instance, ability to extract

place information is a significant predictor of individual sus-

ceptibility to the McGurk effect (Brown et al., 2018; Strand

et al., 2014)

Finally, we explored a possible relationship between

our retrieved ITrel values for lipreading ability (VO) and

audiovisual benefit [retrieved ITrel(AVlow) – retrieved

ITrel(AOhigh)] at the consonant-level for each feature and

sentence-level lipreading and audiovisual benefit measures

[see Figs. 7(d)–7(f)]. These analyses suggested that the abil-

ity to extract manner and place of articulation features in the

visual modality predicted individual differences in sentence-

level lipreading ability [manner, .(111)¼ 0.46, p< 0.001;

place, .(111)¼ 0.42, p< 0.001] and audiovisual benefit

[manner, .(111)¼ 0.36, p< 0.001; place, .(111)¼ 0.39,

p< 0.001], whereas the visual transmission of voicing did

not explain any variability in either measure at the sentence-

level [VO, .(111)¼ 0.11, p¼ 0.712; benefit, .(111)¼ 0.01,

p¼ 0.888]. Furthermore, the relative transmission of place

of articulation information in the matched AVlow and

AOhigh conditions was meaningfully related to individual

differences in sentence-level audiovisual benefit [.(111)

¼ 0.27, p¼ 0.016], whereas this was not the case for audio-

visual benefit for either voicing [.(111)¼ 0.09, p¼ 0.741]

or manner [.(111)¼ 0.12, p¼ 0.616] feature transmission.

Therefore, despite the small number of presentations that

our estimates are based on, we find a reliable relationship

between perception of consonantal place and manner fea-

tures and sentence-level measures of individual differences

in visual and audiovisual speech. Overall, these results indi-

cate that ability to extract manner and place of articulation

cues visually and the ability to extract place information

audiovisually, relative to a participant’s AO performance

when identifying individual consonants, is related to audio-

visual benefit for sentence-level speech.

IV. DISCUSSION

Not all listeners can benefit equally from visual infor-

mation to enhance speech perception (Grant et al., 1998).

Here, we investigated individual differences in audiovisual

speech perception using a matched, intermediate-

intelligibility measure of audiovisual benefit. Macleod and

Summerfield (1987) similarly compared SRTs at 50%

accuracy in AO and AV conditions, respectively. Measuring

the relative intelligibility of matched AO and audiovisual

speech, rather than comparing changes in intelligibility due

to added visual cues better avoids floor and ceiling effects

and confirms that audiovisual benefit is stable across time.

Crucially, unlike previous studies using more conventional

visual enhancement measures (Grant et al., 1998; Sommers

et al., 2005; Tye-Murray et al., 2010), we found that this

audiovisual benefit measure is correlated across different

speech materials (sentences, words, and consonants), sug-

gesting that audiovisual integration relies on common mech-

anisms across levels of linguistic structure.

Isolating participant-level variability across levels of

linguistic structure, we found that individual differences in

audiovisual benefit were predicted by perceptual rather than

cognitive abilities: Better lipreading abilities and higher

DiN SRTs (relatively poorer hearing) independently pre-

dicted enhanced audiovisual benefit. Conversely, unimodal

speech perception was associated with cognitive measures

(matrix reasoning and vocabulary) and demographic varia-

bles (age and gender). Using information transmission anal-

yses, we further showed that visual speech perception and

audiovisual benefit for sentence perception are predicted by

individual differences in the perception of place of articula-

tion (and to a lesser-degree, manner of articulation) features

during a consonant identification task. These findings point

to common speech perception mechanisms that support

audiovisual benefit in speech listening.

A. A common mechanism underlying audiovisual
benefit across levels of linguistic structure

In the present study, we find reliable correlations for

our measure of audiovisual benefit across speech materials

probed at different levels of linguistic structure. That is, the

degree of benefit obtained at the level of minimal syllables

predicts the relative magnitude of benefit obtained at the

level of monosyllabic words and meaningful sentences

(each of which were additionally produced by a different

speaker). Previous work has most commonly not been able

to establish such a relationship, for example, using the

visual enhancement (VE) measure (Grant and Seitz, 1998;

Sommers et al., 2005). Grant et al. (1998) found no reliable

correlations between consonant- and sentence-level VE in

older HI listeners, whereas Sommers et al. (2005) found

only one moderate correlation between word- and

sentence-level VE in younger, NH but not older (NH and

HI) listeners, and no statistically reliable association could

be established for consonant-level VE to higher-level mea-

sures. These limited or null findings for AV speech are

surprising given that in unimodal conditions, similar cross-

task correlations are typically reliable (Bernstein et al.,
2000; Grant et al., 1998; Humes et al., 1994; Sommers

et al., 2005).

A potential explanation for this lack of correlations pro-

posed previously (Sommers, 2021; Sommers et al., 2005;

Van Engen et al., 2017) is that audiovisual integration for

speech perception may rely on different mechanisms across
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levels of linguistic structure. In a multistage model of audio-

visual speech perception (Peelle and Sommers, 2015),

mechanisms relying on the complementarity of audiovisual

information at the level of phonetic features (e.g.,

Summerfield et al., 1997) or whole words (e.g., auditory and

visual neighbourhoods, Tye-Murray et al., 2007b) could be

differentially engaged depending on the linguistic complex-

ity of the speech materials presented. This account might

also extend to sentence perception—for example, if visually

mediated cortical entrainment is a mechanism that enhances

sensitivity to upcoming, quasi-rhythmic continuous speech

(Peelle and Sommers, 2015), this might not easily apply to

isolated syllables or single words.

However, other speech perception mechanisms—e.g.,

predictive processing of mouth-leading speech—more plau-

sibly operate at multiple levels of linguistic structure

(Chandrasekaran et al., 2009; Karas et al., 2019). Mouth-

leading speech refers to cases in which visual cues precede

corresponding acoustic speech in time. For example, when

articulating the phoneme “m,” a preparatory gesture of clos-

ing the lips can provide a visual speech cue before auditory

cues to place are apparent. This is sometimes referred to as a

“visual speech head start” (Karas et al., 2019) that may

facilitate audiovisual speech perception (van Wassenhove

et al., 2005). However, the frequency of these mouth-

leading events in natural speech remains unclear (Schwartz

and Savariaux, 2014). By this view, perception of visual

articulation activates phonological representations, which

can support speech perception when auditory cues are

degraded or absent. This shared mechanism, relying on sim-

ple phonetic representations, may explain common sources

of variability that we observe when combining multiple lev-

els of linguistic structure and our finding of a link between

perception of consonantal features and audiovisual benefit.

That our observations also generalise across different speak-

ers (which may introduce additional noise in across-task

comparisons, e.g., Hazan et al., 2010; Heald and Nusbaum,

2014) is striking and suggests that similar effects might also

be observed in ecological listening situations.

Of course, the amount of lexical and semantic context

available to listeners may impact speech recognition in

unimodal and audiovisual conditions (e.g., Iverson et al.,
1998; Smayda et al., 2016). In our work, this is evident in

the pilot data, explaining why our intermediate conditions

of interest are created using different levels of acoustic

clarity. Measuring audiovisual benefit based on matched,

intermediate-intelligibility conditions, thus, alleviates

intelligibility confounds in comparing across modalities

and tasks. Unlike other measures used in studying audiovi-

sual speech perception, our intelligibility-matched mea-

sure of AV benefit shows moderate or good test-retest

reliability. Previous work has noted the apparent lack of

success of audiovisual speech training at the group level

(e.g., Preminger and Ziegler, 2008) and commented that

audiovisual benefit may implicitly be assumed to be stable

within an individual. However, this assumption has not

explicitly been tested, especially in research specifically

designed to investigate individual differences (Grant

et al., 1998; Sommers et al., 2005; Tye-Murray et al.,
2007a; Tye-Murray et al., 2016). Here, we show that our

measure of individual differences generalises across time

when participants are tested on different items and, fur-

thermore, exhibit reliable cross-task correlations, even for

tests assessing different levels of linguistic structure, with

measures adjusted for within-task test-retest reliability.

This approach, of (a) estimating audiovisual benefit at

comparable, intermediate levels of acoustic clarity across

materials, (b) avoiding floor and ceiling effects, (c) esti-

mating test-retest reliability, and (d) taking task reliability

into account for cross-task correlations was successful in

showing consistent AV benefits for speech materials. We,

therefore, encourage future studies of audiovisual speech

training to consider the methods proposed here when test-

ing for changes in the use of visual speech to support

degraded speech perception.

A natural next step for this work will be to test whether

individual differences in AV benefit are similarly apparent

in HI individuals. However, in populations with more vari-

able hearing abilities (e.g., in HL, where acoustic degrada-

tion levels similar to those used here are likely to introduce

floor effects), we recommend the investigation of individual

speech perception thresholds determined using an adaptive

procedure to quantify the relative visual benefit (Macleod

and Summerfield, 1987). Alternatively, researchers should

consider testing a range of levels (guided by pilot experi-

ments) rather than limiting their experiment to one or two

levels of degradation determined a priori. Where automatic

scoring methods are more challenging—for example, when

working with sentence-level word reports tasks in online

experiments (but see Borrie et al., 2019; and Bosker, 2021,

for recent advances in this area) —sampling at multiple lev-

els would present an alternative option to prevent floor and

ceiling effects.

B. The role of cognitive, perceptual, and demographic
variables in explaining individual differences

Having confirmed that individual differences in audio-

visual benefit are stable over time and consistent across lev-

els of linguistic structure, we set out to investigate the role

of cognitive, perceptual, and demographic variables in

explaining these individual differences. Importantly, we do

not attempt to isolate the integration stage here but instead

take a holistic approach to understanding individual differ-

ences in audiovisual speech benefit across levels of linguis-

tic complexity. This represents a more ecological approach:

assessing audiovisual speech perception, in general, rather

than understanding audiovisual integration as a discrete,

separable part of the process. To understand the role of lin-

guistic and cognitive abilities as well as auditory perceptual

acuity, we administered several well-established psychomet-

ric tests in our final session. We also recruited a balanced

sample across the adult age range (18–60 years old, mean-

¼ 38 years old), and recorded participant’s self-identified

gender.
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Whereas auditory speech perception was predicted by

demographic (age and gender) and domain-general cogni-

tive abilities, we found that only unimodal perceptual abili-

ties predicted individual differences in audiovisual benefit.

This is in line with previous research: It is well-established

that cognitive abilities correlate with performance on speech

perception tasks (especially at the sentence-level, Heinrich

et al., 2015), and auditory speech perception and lipreading

ability decline with age (Tye-Murray et al., 2010; Tye-

Murray et al., 2016). A common finding in previous work is

a lipreading advantage for female participants (which may

be due to differences in strategy or gaze behaviour, e.g., see

Bernstein, 2018), which we also find here. Finally, the idea

that individual differences in audiovisual enhancement is a

consequence of differences in unimodal perceptual abilities

has been suggested previously (Sommers, 2021; Tye-

Murray et al., 2016). We extend these previous findings by

using a number of speech task-external measures, capturing

different aspects of auditory perceptual acuity. Additionally,

we explored the role of phonetic feature information across

modalities and how individual variability in their transmis-

sion at the consonant-level generalises to higher levels of

linguistic structure. We will discuss our findings with regard

to each of these factors in turn.

1. Cognitive and linguistic abilities

Our results suggest that measures of language and

domain-general cognition are associated with individual dif-

ferences in auditory but not visual speech perception or

audiovisual benefit. This is in line with previous work: It is

well-established that individual differences in cognitive

measures and language proficiency predict performance on

AO speech recognition tasks, even after accounting for indi-

vidual differences in audibility in consonant-, word-, and

sentence-level tasks (Akeroyd, 2008; Besser et al., 2013;

Humes et al., 1994; Moradi et al., 2013; Moradi et al.,
2014). Although more specific measures have previously

been linked to speech recognition (specifically, measures of

working memory such as n-back tasks; see Besser et al.,
2013), we find that shared, domain-general, variance

between our cognitive and linguistic tasks predicts better

AO performance across levels of linguistic structure.

Specifically, after accounting for the unique variance in the

MaRs and shared variance with the STW vocabulary mea-

sure, vocabulary knowledge itself no longer significantly

explained variability in AO performance. This finding could

reflect influences of fluid intelligence on performance in

working memory tasks (Harrison et al., 2015; Wiley et al.,
2011) or the influence of domain-general neural mecha-

nisms shown by impaired perception of degraded speech in

individuals with brain lesions affecting fluid intelligence

(MacGregor et al., 2022). Alternatively, scoring word report

tasks using more granular string-matching metrics (Bosker,

2021) might have attenuated the influence of linguistic

knowledge on relative performance (Stevenson et al., 2015).

Previous studies, however, have been less clear on

whether cognitive and linguistic abilities predict individual

differences in audiovisual enhancement. One aspect of this

debate concerns whether the addition of visual speech leads

to increased or decreased computational demands in speech

recognition tasks (Fraser et al., 2010; Moradi et al., 2013;

Moradi et al., 2017). In a dual-task paradigm, Fraser et al.
(2010) found that compared to intelligibility-matched AO

speech, performance in an audiovisual speech recognition

task was more disrupted by the presence of a secondary

task. Like our intelligibility-matched method, this approach

avoids a pitfall of traditional methods based on comparing

conditions where the audiovisual task is naturally more

intelligible, i.e., less cognitively demanding. However, for

Fraser et al. (2010), this effect was only apparent in RTs but

not in accuracy scores or subjective listening effort ratings.

In the current study, we also compare matched conditions to

avoid intelligibility-related confounds and found no evi-

dence of any relationship between audiovisual benefit and

domain-general cognitive or linguistic abilities.

It might be that variability in visual speech perception,

and by extension, audiovisual benefit, relies on more

domain-specific cognitive abilities such as visuo-verbal or

visuospatial working memory and processing speed, which

had previously been linked to lipreading ability (Feld and

Sommers, 2009; Lyxell and Holmberg, 2000; Tye-Murray

et al., 2014). However, here, we found no evidence of a rela-

tionship to either of the MaRs measures, suggesting that—to

the extent that processing speed and perceptual synthesis

(Watson et al., 1996) are measured by this nonverbal rea-

soning task—then neither was related to lipreading ability or

audiovisual benefit. Another explanation of the somewhat

conflicting findings in the literature could be that proposals

tying (audio)visual speech perception to higher-level cogni-

tive and linguistic abilities might be specific to research

with special populations (i.e., school-aged children or indi-

viduals with HL that occurred early in life; Lyxell and

Holmberg, 2000; Lyxell and R€onnberg, 1989). More recent

work generally confirms the idea that individual differences

in cognitive or linguistic abilities are not correlated with

audiovisual enhancement, even in these populations

(Lalonde and McCreery, 2020). In a sample of school-aged

children with and without HL, Lalonde and McCreery

(2020) found no relationship of vocabulary, working mem-

ory, and executive function measures with audiovisual

enhancement in a sentence-recognition task: Only the

degree of HL predicted the magnitude of audiovisual

enhancement, which is consistent with our findings.

2. Unimodal speech perception abilities

We found that relatively poorer hearing and better lip-

reading ability independently predicted individual differ-

ences in audiovisual benefit across levels of linguistic

structure. As expected (Bernstein et al., 2022, for review),

lipreading ability itself accounted for a large amount of the

variance in audiovisual benefit. The idea that variability in
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unimodal perceptual abilities explains individual differences

in the audiovisual speech advantage is not a new proposi-

tion: Tye-Murray et al. (2016), for example, conducted a

PCA on a closed-set word identification task in 11 condi-

tions of AO, VO, and AO speech, which returned only two

components, suggesting that variability was entirely

explained by two unimodal variability factors rather than

requiring a third, distinct integration ability. Importantly,

when using the term “perceptual” here, we refer to “speech

perception,” which involves modality-specific phonetic cat-

egorisation (e.g., Holt and Lotto, 2010). Our use of this term

is, therefore, not limited to prelinguistic perceptual pro-

cesses. This is to distinguish accounts which consider AV

integration to be a distinct ability (similar to working mem-

ory or processing speed, as addressed in Tye-Murray et al.,
2016), which might be associated with supramodal cognitive

abilities.

A key result from our regression analysis is that vari-

ability in SRTs estimated in the DiN test (Smits et al., 2013)

predicted individual differences in audiovisual benefit. It is

well-established that hearing impairment is associated with

improved lipreading ability (likely the result of early devel-

opmental experiences, Auer and Bernstein, 2007; Bernstein

et al., 2000; Tye-Murray et al., 2014). Older adults with

age-related HL generally also show increased audiovisual

enhancement (Altieri and Hudock, 2014; Moradi et al.,
2017; Puschmann et al., 2019, but see Rosemann and Thiel,

2018; Spehar et al., 2008; and Tye-Murray et al., 2007a).

Because we find that mild differences in hearing predict

audiovisual benefit independently of lipreading ability, we

interpret this in line with a re-weighting of visual perceptual

cues during audiovisual speech processing as information

conveyed through the auditory modality becomes less reli-

able (even though visual cues in isolation are not necessarily

more reliably identified, as we find no evidence of a rela-

tionship here). This is in line with causal inference models

of audiovisual perception (K€ording et al., 2007; Ma et al.,
2009), whereby the sensory uncertainty introduced by

poorer hearing induces shifts in perceptual weighting. For

example, relatedly, a recent study has suggested that chil-

dren with developmental dyslexia (DD) may increasingly

rely on the visual modality to compensate for (auditory)

phonological processing difficulties compared to children

without DD (Gijbels et al., 2024).

Of course, the cross-sectional nature of our study and

lack of longitudinal data limits the strength of the conclu-

sions that we can draw. We do not find, for instance, that

individual differences in our hearing measures are correlated

with age and, thus, cannot draw any conclusions regarding

the onset and length of relative difficulties in speech-in-

noise perception or, by extension, any role of cross-modal

plasticity, which has been proposed to underlie increased

audiovisual enhancement in age-related HL (Campbell and

Sharma, 2014; Puschmann and Thiel, 2017). Nonetheless, it

is interesting that even mild differences in speech-in-noise

perception are reliably associated with enhanced audiovisual

benefit.

At the same time, we find no evidence that audiovisual

benefit is related to subjective experiences of hearing

impairment (which may result in intentional changes in gaze

behaviour, e.g., Rennig et al., 2020) or phonetic perceptual

gradiency specifically (see also Brown et al., 2018, for a

similar lack of evidence that categorical perception accounts

for individual differences in the McGurk effect). It might be

that additional self-report measures, such as the more exten-

sive speech, spatial, and qualities of hearing scale (SSQ;

Gatehouse and Noble, 2004), would provide a more reliable

score. Alternatively, perhaps such mild differences in hear-

ing are not subjectively noticeable by participants. Suess

et al. (2022) found that subjective hearing impairment mea-

sured using the APHAB predicted enhanced lipreading abili-

ties in a sample including participants with moderate HL.

To better understand the role of phonetic feature recog-

nition in explaining variability in lipreading ability and

audiovisual benefit, we conducted exploratory information

transmission analyses.Overall, our results are in line with

previous work (Grant et al., 1998; Lalonde and Werner,

2019) in showing an auditory advantage for voicing and

manner, as well as increased transmission of place informa-

tion in the visual modality, and we also successfully identify

a directly relationship between phonetic feature recognition

and sentence-level listening benefit. We find that while

place of articulation is predominantly transmitted through

the visual modality, manner is more easily transmitted

through the auditory modality, which is in line with the clas-

sic VPAM framework (Binnie et al., 1974; Summerfield,

1979), emphasising the complementarity of visual and audi-

tory cues to phonetic perception. This is also in agreement

with what we know from incongruent contexts: In minimal

syllables, Lalonde and Werner (2019) showed that conso-

nant identification was most likely determined by auditory

manner and voicing information or visual place information.

Interestingly, we see a main effect of added visual speech,

even for voicing, for which transmission in the visual

modality alone was negligible. We explain this effect, which

is super-additive in nature, via temporal cues to voice-onset

time (Raphael, 1972, 1975), transmitted in combination by

combining visual cues for the timing of stop-release with

auditory cues to voicing.

In line with the VPAM framework, Grant et al. (1998)

set out to show that cue complementarity, i.e., the ability to

extract manner information in the auditory modality, and

place information in the visual modality explains a signifi-

cant amount of variance in individual differences in audiovi-

sual speech perception. Although this was true for nonsense

syllables, it failed to generalise to their measure of audiovi-

sual enhancement at the level of sentences. By contrast, we

found that ability to extract manner and place of articulation

cues positively predicted individual differences in lipreading

ability and audiovisual benefit at the sentence-level. This

suggests that better perception of place and manner cues in

visual speech (independent of speech perception differences

in AO conditions) generalises to improved lipreading and

the use of visual cues at the sentence-level. Interestingly,
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only for place information did relative feature transmission

at the consonant-level (AVlow > AOhigh) predict individual

differences in sentence-level audiovisual benefit. This sug-

gests that the complementary nature of visual relative to

auditory cue extraction for place of articulation plays a role

in an individual’s ability to benefit from visual cues in more

ecological listening conditions. Our findings, therefore, con-

firm that place of articulation perception is an important

avenue for audiovisual speech rehabilitation. Item transmis-

sion analysis is usually performed on datasets containing a

large number of presentations in a small sample (e.g.,

Lalonde and Werner, 2019, n¼ 9). Here, we show that

based on only two presentations of each item, we can

retrieve sufficiently reliable measures of individual differ-

ences in feature transmission to be predictive of audiovisual

performance in more ecological speech stimuli.

3. Demographic variables and clinical implications

As expected, in our speech perception task, we replicate

the well-documented age-related decline in auditory speech

perception (F€ullgrabe et al., 2015; Gordon-Salant, 2014)

and lipreading (Feld and Sommers, 2009; Tye-Murray et al.,
2007a; Tye-Murray et al., 2016). A combination of sensory,

perceptual, and cognitive changes likely contribute to this

effect (F€ullgrabe et al., 2015; Roberts and Allen, 2016). In

our sample, older adults were no more likely to have poorer

speech reception thresholds than younger adults and did not

provide subjective reports of a higher incidence of hearing

difficulties. This may be because we intentionally recruited

participants without known hearing difficulties and recruited

a younger sample (aged � 60 years old) than studies explic-

itly aimed at investigating age-related changes in (audiovi-

sual) speech perception. This may also explain why we

found matrix reasoning performance to remain largely intact

in older individuals, whereas previous studies including

older adults reported a linear decline in scores (Der et al.,
2009; Salthouse, 1993). However, as expected, linguistic

skills (performance in the STW task) improved with age

(Hartshorne and Germine, 2015). The age-related decline in

unimodal speech perception that we observe here may,

therefore, be a combined consequence of perceptual and

cognitive changes throughout the lifespan, including

changes to more domain-specific cognition, for instance,

working memory. F€ullgrabe et al. (2015), for example,

found that performance in digit span tests accounted for

some age-related deficits in speech-in-noise identification).

Previous suggestions that deficits in unimodal speech

perception could be compensated for by an audiovisual inte-

gration capacity (Freiherr et al., 2013; Laurienti et al.,
2006), in agreement with the principle of inverse effective-

ness (Stein and Meredith, 1993), have been of great clinical

interest. However, this proposal has not been substantiated

by the literature on audiovisual speech perception (Spehar

et al., 2008; Stevenson et al., 2015; Tye-Murray et al.,
2007a; Winneke and Phillips, 2011, but see Dias et al.,
2021) or found in the current study. We found no age-

related changes in audiovisual benefit. At similar, intermedi-

ate levels of intelligibility for AO and audiovisual speech, it

seems, therefore, that unlike unimodal speech perception,

audiovisual benefit is generally preserved with age.

Understanding determiners of individual differences in

lipreading and audiovisual benefit can help to further our

comprehension of the mechanisms underlying audiovisual

speech perception (Kidd et al., 2018) and also identify

potential rehabilitative strategies to restore speech commu-

nication in HL by helping us grasp what participants with

better recognition “do right.” Our results support the notion

that improvements in visual phonemic perception can have

substantial positive implications for sentence-level speech

perception. Recent advances in lipreading training are espe-

cially promising in this regard, even though lipreading train-

ing has traditionally been notoriously challenging (Bernstein

et al., 2022; Bernstein et al., 2023). Files et al. (2015) sug-

gest that while sub-visemic contrasts are not usually proc-

essed, they are available to participants, i.e., NH adults can

discriminate between phonemes that are usually grouped

into the same viseme class, such as /Za/ and /da/, suggesting

this as a potential avenue for training, which can generalise

to natural speech (e.g., Schmitt et al., 2023). Additionally,

lipreading training targeted specifically at the phonemic

contrasts that are increasingly degraded in the auditory

modality may be especially beneficial in supporting speech

communication in multimodal environments.

Additionally, in our study, we observed a slight lipread-

ing advantage for female participants, which had been

reported previously (Bernstein, 2018; Johnson et al., 1988;

Watson et al., 1996); but see Auer and Bernstein, 2007 and

Tye-Murray et al., 2007a). The source of these gender dif-

ferences and whether they can provide insights for potential

avenues for rehabilitation, however, remain elusive.

Bernstein (2018) speculates that differences in response

strategies—specifically, increased guessing—may underlie

better lipreading scores. Gender differences in face process-

ing may also underlie this effect: Women tend to rate faces

as more salient (Proverbio, 2017), which may, in turn, affect

face-viewing behaviour, which is in line with the idea that

“social tuning,” a measure of the frequency of mouth and

eye fixations, predicts enhanced visual speech identification

in children with and without HL (Worster et al., 2018).

When speech is degraded, participants have a general ten-

dency to fixate the mouth (Rennig et al., 2020), therefore,

simply encouraging mouth-looking behaviour in adults is

unlikely to make a sustained difference. Overcoming selec-

tion bias (Awh et al., 2012) toward prioritising the encoding

of social rather than phonetic information from the face may

also play a role (Bernstein et al., 2023). Finally, the effect of

visual acuity on audiovisual speech perception remains

unclear and understudied, despite well-documented age-

related declines in visual abilities (Andersen, 2012). Mild

differences in general visual acuity in older adults do not

seem to predict audiovisual speech (Hickson et al., 2004),

whereas early visual deprivation in congenital cataract

patients permanently impairs lipreading ability (Putzar
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et al., 2010). In our study, we do not explicitly investigate

the role of visual acuity and its relationship with lipreading

ability and audiovisual speech perception. Future work

employing a similar paradigm, measuring the relative intel-

ligibility of auditory and audiovisual speech, combined with

assessment of domain-general visual abilities, would be

well-suited to address this question.

4. Effects of different types of acoustic clarity
manipulations

In our work, we used a form of artificially degraded

speech—noise-vocoded speech—that allows for careful

matching of intelligibility (necessary for our comparison of

visual and audiovisual speech perception) and provides an

approximate simulation of speech transduced by a cochlear

implant (Shannon et al., 1995). However, our use of this

form of artificial degradation leaves unanswered important

questions concerning the relationship between our findings

and effects of BN or competing talkers on audiovisual

speech perception in ecological listening situations. Visual

speech can (a) provide information about the content of

speech (object formation) and (b) aid the listener in segre-

gating target speech from BN or distractor speakers (object

selection; e.g., Devergie et al., 2011). Our use of noise-

vocoded speech focused predominantly on the first case,

whereas different types of BN may introduce additional task

demands related to sound source segregation and selective

attention to the target sound source.

It is important to consider whether our results might

also apply to more typical listening challenges such as

speech in noise. It is possible that audiovisual integration

for speech perception may not follow the same principles

when it is needed to segregate target speech from BN

(Blackburn et al., 2019; Micula et al., 2024). Future work

is needed to determine how demands related to object selec-

tion in ecological settings are affected by the presence of

visual speech in listeners with HL or CIs—and its associa-

tion with supramodal abilities, including attention.

However, energetic masking introduced by BN or distractor

speakers also leads to the physical degradation of the target

signal (Brungart, 2001), which can be compensated for by

visual speech. For this aspect (i.e., object formation), we

believe that our results should hold true independent of the

type of auditory manipulation. Additionally, our work is not

inconsistent with conclusions drawn from studies investi-

gating audiovisual speech-in-noise perception (see

Sommers, 2021, for review). Importantly, ceiling effects

can introduce confounds when studying predictors of indi-

vidual differences regardless of the type of acoustic manip-

ulation. It is, therefore, an important detail that floor/ceiling

effects did not contribute to our critical audiovisual benefit

measure.

V. CONCLUSION

Substantial individual differences in lipreading and audio-

visual speech perception exist in the general population.

Hence, only for some can the negative consequences of HL be

alleviated substantially via increased reliance on visual cues. In

our study, added visual cues improved speech scores at the

sentence-level by an average of 36% (AV >AO) with a range

of 0%–86%. However, rather than investigating individual dif-

ferences using these estimates, we employed the relative bene-

fit obtained by comparing matched, intermediate-intelligibility

AO and AV speech (AVlow > AOhigh). We found that this

measure of audiovisual benefit was stable across sessions and

correlated across speech materials: meaningful sentences,

monosyllabic words, and minimal syllables. This suggests

that if we avoid intelligibility confounds, we find evidence

that audiovisual speech benefit relies on a shared mechanism

across levels of linguistic structure. Information transmission

analysis suggested that even at the sentence-level, audiovi-

sual benefit relies fundamentally on the ability to perceive

simple articulatory features (such as place of articulation) in

visual speech.

Additionally, we found that individual differences in

audiovisual benefit were predicted by better lipreading abil-

ity and subclinical indicators of poorer hearing (speech

reception thresholds in the DiN task). Overall, this is in

agreement with the idea that variability in unimodal percep-

tual abilities underlies individual differences in audiovisual

speech processing. Future research exploring how best to

support older individuals with declining hearing would be

served best by focussing on supporting their declining unim-

odal perceptual abilities (specifically those most relevant in

ecological, multimodal contexts as can be identified using,

for example, information transmission analysis). Rather than

resulting from a simple linear combination of auditory and

visual speech perception skills (e.g., Tye-Murray et al.,
2016), however, it seems that individuals with mild speech-

in-noise recognition difficulties are more adept at using

visual cues in audiovisual context. This was independent of

any improvements in lipreading ability. We interpret this in

line with a causal inference framework, which has previ-

ously been applied to explain perception of incongruent AV

stimuli. Although we do not find any other behavioural cor-

relates of this enhanced audiovisual benefit, our conclusions

are, perhaps, limited by the cross-sectional nature of this

study. Future research adopting a longitudinal approach or

carefully controlled and validated neuroimaging measures

(considering intelligibility explicitly as a potentially con-

founding variable) may be better suited to identifying strate-

gies to aid multimodal speech communication in individuals

with HL.

SUPPLEMENTARY MATERIAL

See the supplementary material for further details on
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illustration of the procedure, and detailed statistics on
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(1955) and Jesse and Massaro (2010). Table S2 cites Balota

et al. (2007), Lund and Burgess (1996), Luce and Pisoni
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