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Abstract

Visual input is crucial for understanding speech under noisy conditions, but there are hardly
any tools to assess the individual ability to lipread. With this study, we wanted to (1)
investigate how linguistic characteristics of language on the one hand and hearing
impairment on the other hand have an impact on lipreading abilities and (2) provide a tool to
assess lipreading abilities for German speakers. 170 participants (22 prelingually deaf)
completed the online assessment, which consisted of a subjective hearing impairment scale
and silent videos in which different item categories (numbers, words, and sentences) were
spoken. The task for our participants was to recognize the spoken stimuli just by visual
inspection. We used different versions of one test and investigated the impact of item
categories, word frequency in the spoken language, articulation, sentence frequency in the
spoken language, sentence length, and differences between speakers on the recognition
score. We found an effect of item categories, articulation, sentence frequency, and sentence
length on the recognition score. With respect to hearing impairment we found that higher
subjective hearing impairment is associated with higher test score. We did not find any
evidence that prelingually deaf individuals show enhanced lipreading skills over people with
postlingual acquired hearing impairment. However, we see an interaction with education only
in the prelingual deaf, but not in the population with postlingual acquired hearing loss. This
points to the fact that there are different factors contributing to enhanced lipreading abilities
depending on the onset of hearing impairment (prelingual vs. postlingual). Overall, lipreading
skills vary strongly in the general population independent of hearing impairment. Based on
our findings we constructed a new and efficient lipreading assessment tool (SaLT) that can

be used to test behavioral lipreading abilities in the German speaking population.
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1 Introduction

Evidence that visual cues help to understand speech under noisy conditions has existed for
a long time (Sumby & Pollack, 1954) and since the discovery of the McGurk effect (McGurk
& MacDonald, 1976), researchers became aware that there might be an important
contribution from the visual system to speech perception. Indeed, neuroimaging studies
about integration of audiovisual speech cues (see Bernstein & Liebenthal, 2014 for a review)
provide evidence for enhanced comprehension of speech under noisy conditions when
presented with the speaker’s face (Crosse et al., 2016). Also, the acoustic speech envelope
and lip movements are highly correlated, providing evidence that they carry common
information for the listener (Chandrasekaran et al., 2009; Jiang et al., 2002). Although this
correlation is strong, it is not perfect, thus raising the question of how visual cues contribute
to speech understanding. Interestingly, observing the speaker’s face without auditory input
showed processing of the unheard speech envelope accompanying lip movements
(Hauswald et al., 2018). This implies that the brain can infer acoustic features from the visual
input, known as visuo-phonological transformation (Hauswald et al., 2018). Therefore, the
integration of cues coming from different modalities would seem important to understand
speech under adverse conditions. Carrying those notions forward to the linguistic
perspective also adds evidence that there seems to be a difference between visual and
auditory speech: While clear auditory speech includes a number of clearly distinguishable
phonetic units, the same does not hold true for the visual companion. From the visual
perspective, it is difficult to differentiate e.g. voiced and unvoiced consonants (e.g. /b/ and
Ip/, Ig/ and /k/) (Lisker & Abramson, 1964) or also the consonants /b/ and /m/. But while it is
difficult, it is not entirely impossible as studies provide evidence that both on a behavioral
and neural level those perceptually almost identical consonant-vowel combinations can be
differentiated (Files et al., 2013, 2015).

Nevertheless, those phonemes or consonant-vowel combinations that are perceptually

similar in terms of visual perception are grouped in units called visemes (Woodward &
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Barber, 1960). There are far less visemes than phonemes in languages in general (for
English see Thangthai et al., 2018), making it harder to recognize speech by visual cues
alone. Consequently, if phonetic information is reduced in visual speech but skilled people
still understand speech alone by visual cues (e.g. Summerfield et al. (1992) report up to 70%
correct), this raises the question: Which other factors contribute to successful lipreading?
Interestingly, people show in general low accuracy for lipreading of naturalistic stimuli
(Ronnberg et al., 1998) when the context is missing. This may be connected to the fact that
without lexical restriction of possible phonological information, visemes are delivering
ambiguous information, hence making it harder to infer the correct words from visual input
alone. Therefore, one influential factor could be the frequency of occurrence of the words in
the spoken language. Few studies investigated this factor and found that high-frequency
words (words that are used often in the spoken language) are recognized more often than
low-frequency words (Mattys et al., 2002). And as already mentioned, some phonemes have
similar visual articulatory characteristics, and therefore the place of articulation could also be
crucial for successful lipreading (Lidestam & Beskow, 2006). Compellingly, reading and
language skills seem to correlate to some extent with lipreading abilities (Auer & Bernstein,
2008; Mohammed et al., 2006), signifying possible interactions with education as well.
Another consideration that is mentioned to contribute to altered lipreading abilities may be
the extent of diminished hearing abilities. This causes hearing impaired people to rely more
on visual cues for speech processing and to show superior lipreading abilities (Auer &
Bernstein, 2007; Bernstein et al., 2000; Lyxell & Holmberg, 2000; Mohammed et al., 2005).
Notably, most of these studies worked with early-onset (and completely) deaf individuals,
omitting the group of people with postlingual acquired hearing loss. Since hearing
impairment and aging go hand in hand, those two factors could also be a crucial prerequisite
for enhanced lipreading skills as a compensatory mechanism for preserved speech
understanding. Contrary to postlingual acquired hearing loss stands the group of prelingually
deaf individuals who do not experience gradual hearing loss with age, therefore missing the
process of “perceptual compensation” (Pimperton et al., 2017). This absence may also have

4
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an impact on how lipreading skills are evolving over time in prelingually deaf individuals,
something that may explain that early studies support a controversial point of view about
enhanced lipreading skills in prelingual deaf people (Rénnberg, 1995; Summerfield, 1991).
A closer inspection of the mentioned studies revealed the use of different approaches for
measuring lipreading abilities since there has not been a widely used assessment tool.
Although there was a lot of effort taken to construct English lipreading tests (e.g. Utley
(1946) using word, sentence, and story recognition with high reliability and validity scores, or
Bannister & Britten (1982), building on the test from Utley and colleagues to develop the
EASL), there have hardly been any for the German language. Especially in recent years, the
behavioral assessment of visual speech perception has not received extensive attention
(regardless of the language studied). Therefore, we aimed to construct a tool for measuring
lipreading abilities using everyday and easy-to-understand German words and sentences.
Our goal in this study was (1) to identify factors that contribute to better understanding of
visual speech (both intrapersonal and from a linguistic perspective) and (2) to provide a time-
effective tool that is successful in distinguishing lipreading abilities between subjects. We
used stimuli from already established acoustic speech understanding assessments which
are widely used in Austrian ENT-clinics. We presented participants silent videos from stimuli
of those speech understanding assessments and investigated how people could extract
linguistic information from silent lip movements. To measure hearing impairment, we used
an already established questionnaire (APHAB, Lohler et al., (2014)) which is usually used for
assessing hearing aid benefit, but includes mostly everyday-life questions, which is
appropriate for our purpose. Based on this hearing impairment assessment, we also tried to
evaluate the distinctions between different subjective hearing impairment levels and we
wanted to identify the factors that influence visual speech perception abilities. We
hypothesize that the viseme category has an influence in both sentences and word
recognition, and that also the use-frequency of the words in spoken language has an
influence. We also investigated differences between different versions of our assessment.

Moreover, we hypothesize that hearing impairment has an influence on the total test score
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and the sentence score alone and that this relationship could be moderated by education or
age. After testing our hypotheses, we evaluated the data by fitting a Rasch model and an
exploratory factor analysis to reduce the items while still being able to measure lipreading
skills. The identified items are now used in the new test called SaLT (Salzburg Lipreading

Test) to offer a time effective tool for examining lipreading abilities in the German language.
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2 Materials and methods

2.1 Participants

The participants were recruited for the experiment via social media and on the university
campus. 170 participants (135 normal hearing; 120 females; mean age: 34.5 years; SD:
14.07 years, range: 18-71) completed the whole test. Hearing impaired participants (N=13,
APHAB score >= 34 and <= 90) were mainly acquired via contact with our ENT specialist,
prelingually deaf participants (N=22) were acquired via their general practitioner at the
hospital. The general practitioner only chose individuals who did not wear hearing aids or
cochlear implants, thus not having received auditory input throughout their lifetime to make
sure that their experiences were comparable within their group. Because of technical
difficulties, the answers for the number-items were not recorded in 4 cases. We decided to
keep them for the analysis on the words and sentences part, but excluded them for the
analysis on the total score (N=166). Psychology students received credits for their
participation. All participants provided written informed consent and were able to abort the
experiment at any time by closing the window of their browser. The experimental procedure

was approved by the Ethics Committee of the University of Salzburg (GZ 5/2019).

2.2 Stimuli

Four different speakers (2 male, 2 female) recorded videos of all stimuli that were chosen
according to the later described item categories. The videos were taken in front of a light
gray background with 50 fps. The editing software that was used was DaVinci Resolve
15.3.1. The videos were edited to such a degree that the mouth of the speaker was closed
when the video started and closed again at the end of each video. There were 4 sets of each
video type (numbers, words, sentences). Four different versions of stimulus sets were
created, each with one female and one male speaker. The number of videos of female and
male speakers were also balanced for each set. Each item was presented only once, and all

participants were presented with the same items. The order of the items and the speaker
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who presented the items were pseudorandomized. Items were taken from pre-established
audio speech understanding tests since they use words and sentences which are used in
everyday-life and should therefore be familiar to participants. This was done to avoid any
misunderstandings based on linguistic knowledge gaps (e.g. not being familiar with certain
words). The next sections briefly describe the speech understanding tests from which the

items were drawn.

“Freiburger Sprachtest” — ,,Freiburger speech test”

The Freiburger speech test (Hoth, 2016) is a German language test for acoustic speech
understanding. It includes 100 polysyllabic numbers and 400 monosyllabic every-day

substantives of which 18 numbers and 48 words were used.

“HSM Satztest” — “HSM sentence test”.

The HSM sentence test by Hochmair-Desoyer et al. (1997) is a German language test for
acoustic speech understanding. It includes 600 every-day sentences of which 36 sentences

were used.

Datenbank ftr gesprochenes Deutsch (DGD) — Database for spoken

German

To acquire the frequency of single words in the German spoken language, we looked for a
database that records information on spoken German. The “Datenbank fir gesprochenes
Deutsch — DGD* (English: ,Database for spoken German®) is a corpus management system
and part of the “Programmbereich Mundliche Korpora des Instituts fur Deutsche Sprache®
(English: ,Program for oral corpora of the institute for German language®) (Schmidt, 2017).
For this assessment, we used the version 2.12 (release date: May 2019). It consists of data
from different areas of social life, such as work, leisure time, education, etc., that is
transcribed from audio data. The total number of data in version 2.12 amounts to 306

different conversations with 250.5 hours of audio recordings and 2.43 million transcribed
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tokens. The frequency of all words used in the lipreading test (either as stand-alone words,

or as words in a sentence) were extracted.

2.3 Item selection

General selection

Specific characteristics were defined to classify the difficulty of the presented items: Word-
frequency, sentence-frequency, articulation, and sentence length. To be able to compare
high-, medium and low-frequency words, there was an equal number of bilabial and non-
bilabial words in each of those three groups to make sure that any effect was related to the
frequency but not to articulation. For words, that resulted in 6 categories: for each of the
three frequency-categories, there were the 8 bilabial and 8 non-bilabial words, so 48 words
in the whole test. The frequency categories differed significantly from each other for the
bilabial words (F(1, 22) = 154.60, p < .001) and also for the non-bilabial words (F(1, 22) =
1105.00, p < .001).

We divided the sentences in 3 length categories, resulting in 12 sentences each, with 4 in
each frequency category, providing a total number of 36 sentences. The length categories
differed significantly from each other (F(2,33) = 161.20, p > .001), and also the frequency
categories differed significantly from each other (F(2, 33) = 85.05, p < .001).

The chosen items can be found in the Supplementary Material (S1-S4 Tables). Detailed

selection criteria are following in the next respective sections.

Frequency - Zipf score

All audio files of the “Freiburger Sprachtest” and the HSM were transcribed and every word
was then assigned with a score that displayed the frequency of appearance in the DGD
corpus. For this purpose, the Zipf score was used (van Heuven et al., 2014). This score is a
measure for word-frequency based on a logarithmic scale with values between 1 and 7
which can be used independently of the size of the word corpus it is used upon. The Zipf

score is calculated using the following formula:
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FrequencyCount + 1

Zivf = tokens types +3

1,000,000 " 1,000,000

Type, in this context, refers to the amount of different words in a corpus. For example, the
sentence “What this is, is this.” contains 5 tokens, but only 3 types (“what”, “this”, and

“is”). We introduced 3 frequency categories (high-frequency, medium-frequency and low-
frequency words) to be able to distinguish between frequency-categories and chose the
words accordingly. For sentence items, we took the Zipf score per word from the DGD and
calculated an average Zipf score to obtain high-frequency, medium-frequency and low-
frequency sentences. For calculating statistics, the categories were abandoned again and

the exact Zipf score was used.

Articulation

For words, two articulation categories were created: bilabial and non-bilabial. Words that
start with /b/, /p/, or Im/ were defined as bilabial. All other words were defined as non-

bilabial. For sentences, this differentiation was not made.

Sentence Length

For sentences, three different categories of length were created. The shortest sentence had
3 words, the longest 9. Short sentences had 3 or 4 words, medium sentences had 5 or 6
words and long sentences had 7, 8 or 9 words. For calculating statistics, the categories were

abandoned again and the exact sentence length score was used.

2.4 Procedure

General procedure

The study was conducted online in LimeSurvey. Instructions were given in written form

before the participants started the survey on their own. They were instructed to conduct the

10
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survey in a quiet environment and to use a PC with a big screen to avoid difficulties due to
small screens (e.g. on a smartphone). Furthermore, they were told to not hurry when

completing the test, since this could lead to errors in playing the video because of internet
connection issues. In the beginning we asked to give demographic information. Then they
were asked on a scale from 1 to 5 how highly they rated their lipreading ability. They were

asked the same question again after completing the study.

APHAB

To document if there was a subjective hearing impairment, they also filled out the APHAB
(Abbreviated Profile of Hearing Aid Benefit, Lohler et al., 2014). As we were not able to test
an objective measure of hearing impairment, we decided to use this scale since it includes
guestions where participants rate 24 everyday situations where one might have hearing
problems (for example: “It is hard for me to understand dialogs at the movies or the theater.”)
on a scale of 1 to 7 - from “always” to “never”. The 7 levels of the scale are represented by
percentages from “always” representing “99%” and “never” representing “1%”. The higher
the percentage over all items is, the stronger the subjective hearing impairment. Prelingual
deaf people that participated were instructed to answer only the first item with “never” and
skip the rest of the questions so that they could be identified. They were then assigned the

highest possible score in the APHAB (99) to reflect the complete absence of hearing.

Lipreading Task

After the participants completed the APHAB, they were presented randomly with one of the
four versions of the test. As mentioned in the section “Stimuli”, one version of the test
consisted of 1 male and 1 female speaker. The participants were told that there will be three
item categories: First the numbers, then the words and then the sentences. They could
decide autonomously when the video of an item should start by pressing a “Play”-button in
the middle of the screen. Each video could be viewed twice. The videos were not presented

more often to imitate the real-life trait of lipreading accurately. We decided against only one

11
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presentation as a safeguard against attentional lapses and to make the experience less
discouraging for people with low lipreading skills. They were asked to write down exactly the
words they could understand from the videos in a response box below the video and they
were also encouraged to give partial responses. They could also delete and type the
responses again without a time limit. It was also possible for the participants to not give an

answer. There was no feedback on the performance.

Speaker Intelligibility

After the completion of all items, the participants were presented with pictures of all
speakers. They were asked to rate on a scale of 1 to 4 how well they understood the

speakers that they saw in the videos (so to just rate 2 of the presented 4 speakers).

Diagnosed hearing impairment

Along with writing down feedback on the test, the participants were then asked to state
whether they have a diagnosed hearing impairment. If there was, they were also requested
to report on how long the impairment had been present and whether it was prelingually or
postlingually acquired. This information was recorded for internal purposes (e.g. using the

data obtained here in other studies).

2.5 Data analysis

Evaluation of test results

The test results were evaluated by one of three raters, thus having one “percent-correct

value” per item and participant. The rating was done manually instead of automatically for
two reasons: when a participant answered correctly but a spelling mistake was included in
their answer, the answer was to be evaluated as correct. Parts of words that were correct

were also taken into account, as described further in this section.

Numbers

12
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For numbers, answers could be rated either 0%, 50% or 100%. An answer was rated 0% if it
was incorrect as a whole or if no answer was given, 50% if one part of the two-part number
was answered correctly and 100% if the number given as an answer was exactly the same
as the number pronounced by the speaker. For example, if the correct answer was 65
(“Funf-und-Sechzig”) and the response was 23 (“Drei- und-Zwanzig”), the rating was 0%. If
the response was, for example, 35 (“Funf-und- Dreif3ig”), 63 (“Drei-und-Sechzig”), or even 50
(,Funf-zig“) the rating was 50%. Note that an answer like 53 (“Drei-und-Funfzig”) was rated
0%, because even though “Funf” is a correct part of the word, it is in the wrong position.
Then the mean of all number scores was calculated to form the overall percentage of correct
answers for each participant. Henceforth, this averaged percentage will be addressed as the

test score for numbers.

Words
Words could be rated either 0%, 50% or 100%. If the whole word was correct or just differed

by a spelling mistake and the intention for the right word was clear, the test score was 100%.
If either the first or last viseme was identified correctly, the answer was rated 50%. For
example, if the correct answer was “Baum”, answers like “Bauch” or “Flaum” were rated 50%
(because in “Bauch”, the first part of the word was identified correctly, while in “Flaum”, the
second part of the word was identified correctly). As the phonemes “Ma” and “Ba” cannot be
distinguished just by visual inspection, they were also rated correct when confused (e.qg. if
the word was “Mann” and the answer was “Band”, the first phoneme was recognized and
therefore the word was rated 50% correct). Then the mean of all word scores was calculated
to form the overall percentage of correct answers for each participant. This averaged
percentage will be addressed as the test score for words. The rating of answers as either
fully- or half- correct is comparable to the scoring in the speech-in-noise test by Killion et al.,
(2004). In very rare cases, an answer was rated either 25% correct or 75% correct. This
happened when e.g. for “Baum”, the answer was “B”, indicating that the beginning of the

word was understood, indicating that they correctly lipread the letter “B”. A rating of 75% was

13
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given when the whole word except for one letter was correct, e.g. for the word “Molch”, the
response was “Molch”. Although the word was not completely understood, it was rated 75%

because it was identified almost completely.

Sentences
For sentences, each word in a sentence was rated either correct (100%) or incorrect (0%).

An exception were double-words, which are common in the German language. If one of the
words of a double-word was in the answer, it was rated “half-correct” (50%). For example, if
in the correct sentence, the word “Bauchtanz” (Bauch + Tanz) was included, if the
participant’s answer included either “Bauch” or “Tanz”, that word was rated 50%. We then
averaged the percentages of all words in a sentence, which could span from 0% to 100%.
Then the mean of all sentence scores was calculated to form the overall percentage of
correct answers for each participant. The averaged percentage will be addressed as the test

score for sentences.

Statistical evaluation

Item recognition

To investigate different possible influential factors on the item recognition score, we
calculated the mean recognition score per number, per word and per sentence independent
of participants. This resulted in 18 mean scores for numbers, 48 mean scores for words and
36 mean scores for sentences. First, we assessed possible differences between item
categories (numbers, words, and sentences) with a Friedman ANOVA and further
investigated those effects using paired Wilcoxon signed-rank tests with Bonferroni correction
using the stats package in R (R Core Team, 2021). This comparison has been done in order
to investigate if a different number of the possible solutions has an impact on the recognition
score.

To investigate if the articulation category or the Zipf score had an impact on the mean
recognition score (in %) of words, we calculated a general linear mixed model with the package
Ime4 (Bates et al., 2015) in R (R Core Team, 2021). The fixed effects were defined as Zipf

14
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score (continuous variable) and Articulation (categorical with two levels), including an
interaction term between those predictors. To account for the dependency between
observations over participants, we modeled responses by the same person with varying
intercepts. We furthermore centered the predictor Zipf score to avoid multicollinearity and
make interpretation easier (Cohen, 2008).

To investigate if the sentence length or the Zipf score had an impact on the mean recognition
score (in %) of words, we calculated a general linear mixed model with the package Ime4
(Bates et al., 2015) in R (R Core Team, 2021). The fixed effects were defined as Zipf score
(continuous variable) and Sentence length (continuous variable), including an interaction term
between those covariates. To again account for the dependency between observations over
participants, we modeled responses by the same person with varying intercepts. Here, we
centered both predictors.

Further to this, we tested possible differences between the 4 different versions of the test

using the Kruskal-Wallis test.

Influence of hearing impairment

To assess if differences in subjective hearing impairment have an influence on the test
score, we calculated a linear regression analysis where hearing impairment (APHAB score)
was the predictor and the total test score the dependent variable. We also tried to predict the
total test score for the prelingually deaf (N=22) people from the sample with people with
postlingual acquired hearing loss using the function predict from the car package (Fox &
Weisberg, 2019). To see if the relationship between hearing impairment and test score was
influenced by other factors, we calculated moderator analyses with the variables education
and age once for the group without prelingually deaf participants and once for the total
sample. Furthermore, we calculated the moderator analyzes again just for the sentence
score to investigate influences of our moderators just for naturalistic stimuli with a certain
grammatical structure. For the moderator analyses, we centered both the independent

variable and the moderator variable (Cohen, 2008).
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New version (SaLT - Salzburg Lipreading Test)

To reduce the number of previously utilized items, we used the item response theory (IRT)
and estimated a dichotomous Rasch model. The Rasch model uses “false” and “correct” as
two categories where the respective item is mapped onto and shows the different
probabilities for solving the item dependent on the latent variable (trait) that should be
measured (in our case lipreading abilities). We decided to count all answers that were
between 100% and 51% correct as “correct” and all answers between 50% and 0% as
“false” and then fitted a Rasch model (RM) separately for numbers and words with all the
items that were included in the first version of our assessment using the eRm package (Mair
et al., 2021). We first used the function stepwiselt to eliminate items based on the item fit to
check for the independence of the item parameters from the persons tested in our sample by
calculating the person ability parameters. If this function either eliminated too little or no
items, we continued with calculating the Andersen LR-test, which also compares the
response patterns of subgroups and checks if all items have the same selectivity
(“Trennscharfe”) and therefore can display the characteristics (“Merkmalsauspragung”) of
our latent trait over the whole testing population equally. A p-value under .05 indicates that
the assumption of objective specificity is violated and therefore the parameter estimates are
not equal across subgroups. When an item was excluded by the package because of
inappropriate response patterns within subgroups, we excluded it before fitting a new model
again with fewer items. We fitted a last RM to check again with the item fit and the Andersen
LR-test if our remaining items are still able to measure our latent variable.

For the reduction of sentences, we used a different approach. Since the test score for
sentences can range from 0 to 100% and can result in different scores due to the averaging
over single words, we decided to use an exploratory factor analysis (EFA), which is optimal
for the reduction of items that have a continuous scale. This analysis was done using the
psych package (Revelle, 2021). All 36 sentence items were included into an exploratory

factor analysis with the minimum residual factoring method and orthogonal rotation
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(varimax). We predefined the number of factors to be 1 because we assumed that relevant

items are just loading on the factor “lipreading abilities”.

Finally, analyses of internal consistency with Cronbach’s alpha were conducted for numbers,

words and sentences separately to measure internal reliability of different item categories.

All analyses in this section were conducted using R (R Core Team, 2021).
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3 Results

Impact of linguistic factors

Iltem categories
Whereas the recognition rate for the numbers were high (N=166, M = 68.43%, SD = 17.80%,

range = 0-100%), lipreading abilities for complex stimuli were low in general (N=170, words:
M = 33.62%, SD = 13.18%, range = 0-77.08%; sentences: M = 14.75%, SD = 14.90%, range
= 0-75.61%). Participants who completed the whole test (N=166) had on average a total test
score of 38.93% (SD = 13.42%, range = 0-81.28%). In order to compare the item categories
statistically, we calculated a Friedman’s test. Our results show significant differences
between the item categories (X% = 311.93, p < .001). Post-hoc Wilcoxon signed-rank tests
with Bonferroni-correction revealed significant differences between all categories (p < .001
for all contrasts, Fig 1). A similar analysis using a general linear mixed model can be found

in the supplementary material (S5 Table).
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Figure 1. Differences between item categories and total score. The proportion of isolated
numbers correct was higher than the proportion of isolated words correct or words correct in
sentences. Also the proportion of isolated words correct was higher than the proportion of
words correct in sentences. Asterisks depict significant values p < .001. Gray lines depict

individual subject values.
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Words

We then tested whether the main factors “articulation of the monosyllabic words” and “Zipf
score” had an impact on the word recognition score and if those main factors show an
interaction. The mean score for bilabial words was 40.26% (SD = 21.83%, range = 7.14-
94.35%) and for non-bilabial words 26.59% (SD = 20.06%, range = 2.98-70.54%). We found
a significant main effect of the articulation category (8 = -.462, SE = .004, p < .001), meaning
that the articulation category could predict the recognition score of words (Fig 2A) and we
also found a significant main effect of the Zipf score (8 = -.033, SE =.002, p <.001),
meaning that the word frequency could predict the recognition score of words. We also
found a significant interaction effect between the viseme category and the Zipf score (8 =
.22, SE = .003, p < .001), showing that only in the absence of a bilabial cue, the Zipf score
had an impact on the recognition score (Fig 2B). The table with the fixed effects can be

found in the supplementary material (S6 Table).
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Figure 2: Impact of linguistic factors on the recognition score of words. A) Impact of viseme
category on word recognition. Bilabial words (red) contribute more to the recognition score
than other words (blue, p < .001). B) Impact of Zipf score on word recognition of each word

dependent on the viseme category. The Zipf score had a significant impact on the word
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recognition (p < .001), but just in the category where no bilabial cue was present, showing a

significant interaction between Zipf score and viseme category (p < .001).

Sentences

We then investigated if the main factors “sentence length” and “Zipf score” had an impact on
the sentence recognition score and also if those main factors show an interaction. The mean
score for short sentences was 20.27% (SD = 11.32%, range = 9.18-40.42%), for medium
sentences 13.04% (SD = 6.99%, range = 2.47-24.25%) and for long sentences 10.37% (SD
= 6.34%, range = 1.50-18.86%). There was a significant main effect of sentence length (8 = -
.164, SE = .002, p <.001), indicating that as sentence length increased, the word recognition
score decreased (Fig 3A). We also found a significant main effect of the Zipf score (8 = .590,
SE =.006, p <.001), meaning that the mean sentence frequency can predict the recognition
score of sentences (Fig 3B). We also found a significant interaction effect between the
sentence length and the Zipf score (8 = .05, SE =.003, p < .001), showing that the more
words a sentence contains, the more the Zipf score has an influence on the recognition

score. The table with the fixed effects can be found in the supplementary material (S7

Table).
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Figure 3: Impact of linguistic factors on the recognition score of sentences. A) Impact of
sentence length on sentence recognition. Recognition scores decrease significantly with
sentence length (p < .001). B) Impact of mean Zipf score on sentence recognition. The Zipf
score of a sentence has a significant impact on the test score (p < .001). Higher Zipf scores

predict higher recognition scores.

Impact of hearing impairment

Our previous analysis indicates that certain linguistic properties of the stimulus material
influences lipreading performance. However, the interindividual variability is striking. In the
next step, we describe how lipreading skills are related to hearing impairment. We started by
calculating a regression model, in which subjective hearing impairment (APHAB) was the
main factor and we tried to predict the influence on the total test score. We found a
significant impact of the subjective hearing impairment on the total score (8 =.195, SE =
.063, p =.002, R?%g; = .05) in the sample with postlingual acquired hearing loss. The higher
the participants rated their hearing impairment, the more they were able to recognize words
by visual input alone (Fig 4). Assuming as a null hypothesis that prelingual deafness equals
just an extreme version of postlingual hearing loss, we compared the predicted score (score
at APHAB(99) = 54.46%) with the actual scores obtained by our prelingually deaf
participants. In case the model based on the postlingually hearing sample is generalizable to
the prelingually deaf group, the deviation from the predicted test score should be
symmetrically clustered around zero. Contrary to this null hypothesis, we found that
prelingually deaf subjects scored lower in the total lipreading score than expected from the
sample with postlingual acquired hearing loss (t(21) = -10.04, p = 1.81e-09). We then
decided to recalculate the model again for the whole sample. We found that including
prelingually deaf people affects the relationship between hearing impairment and total test
score (8 =.075, SE =.033, p = .02, R%=.03). Comparing the effect sizes of the models

also revealed a stronger relationship between subjective hearing impairment and the total
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test score for the model just including acquired hearing loss (n2 = 0.06) than for the model
including the whole sample (n2 = 0.03). A model on postlingual acquired hearing impairment
therefore cannot account for prelingually acquired hearing loss, assuming basic differences
between prelingual and postlingual hearing impairment.

To unravel if there are other factors influencing this relationship and how the groups
differ, we calculated another regression model, again with the main factor subjective hearing
impairment, and two moderator variables, namely age (since hearing loss increases with
age) and education (assuming that high linguistic abilities contribute to better speech
understanding) once for the group without prelingually deaf subjects and once for the whole
sample. We did not find an impact of neither age (8 = -.0008, SE = .004, p = .85) nor
education (8 = 0.02, SE = .04, p = .52) on the relationship between self-reported hearing
impairment and total score in the group with postlingual acquired hearing loss. We also
found no influence on the relationship for age (8 = -.001, SE = .004, p = .82) in the whole
sample. Descriptively a stronger influence on the relationship was observed for education,
however, the effect was statistically not significant (8 = .026, SE = .016, p =.11). Since
education should be shown in the ability to report grammatically correct sentences and
should therefore go in line with high literacy, we decided to calculate a new model with the
same factors and moderator variables, but changing the dependent variable from “total test
score” to “sentence score”. Here we found a significant influence of the moderator variable
(B =.044, SE = .018, p = .013) on the relationship between hearing impairment and
sentence score. A similar analysis using a linear mixed-effects model where all relevant

variables are combined in one model can be found in the supplementary material (S8 Table).

22



538
539

540

541

542

543

544

545

546

o947

548

549

550
551

552

553

554

555

556

557

100 1

901

801

704 .

Test Score (%)
20000 @ l o o0 o [ ]

0 10 20 a0 4'0AP;0ABB'O 70 8 90 100

Figure 4: Influence of hearing impairment on the total score of each participant. Blue line
indicates the relationship between self-reported hearing impairment and total score including
prelingually deaf individuals (APHAB score = 99%, blue dots). Prelingual deaf individuals show
much variation, but we still observe a positive relationship between hearing impairment and
total score (n2 = .031, p = .022). Red line indicates the relationship between self-reported
hearing impairment and total score excluding prelingually deaf individuals. Self-reported
hearing impairment was low in general, but the sample also included people with more severe
self-reported hearing impairment (red dots). We discovered a stronger relationship between

self-reported hearing impairment and total score than for the whole sample (n? = .061, p =

.002).

Reduction of items and versions for SaLT

The current version of the test uses 18 numbers, 48 words and 36 sentences, which resulted
in a test duration of about 30-50 minutes. Also we used 4 different versions that are
randomly assigned to avoid that the effects are due to the speaker. We then decided to
choose just 1 version and to minimize the number of items, in order to construct a more
effective test (SaLT). For this, we fitted a Rasch model to our initial version of the test and
used the itemfit and the Andersen LR-Test to eliminate items (see the section “Data
analysis” for a more detailed description).
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Impact of version

We investigated the impact of the version on the total test score since the new release of
SaLT is planned to include just one version of the original four versions used here. We
calculated a Kruskal-Wallis test to test for differences between versions (Version 1: n=46,
Version 2: n=34, Version 3: n=42, Version 4: n=48). We did not find significant differences
(H(3) = 4.086, p = .253) between versions, suggesting no differences between the speakers
as well. A similar analysis using a general linear mixed model and Post-Hoc Tukey contrasts

can be found in the supplementary material (S9-10 Tables).

Reduction of numbers

Using the stepwiselt-function, we dropped 4 items as they showed significant deviation from
the Rasch model (all p <.005). The remaining 14-item model revealed a satisfactory fit to
the Rasch model. When testing for DIF, all items showed good outfit (all t < 1.21) and infit
(all t < .96) with performance median as split criterion (all x?(155) > 95.20, p > .15). Further
testing of the itemfit based on the Andersen LR-test also revealed a satisfactory fit to the
Rasch model (x?(13) = 11.685, p = .55). A final analysis of internal consistency revealed an
acceptable reliability of the items used (a = .75). Final itemfit statistics can be found in the

supplementary material (S11 Table).

Reduction of words

We separated our dataset of words into bilabial and non-bilabial words (each with 24 items)
and fitted separate Rasch models to each set to make sure that the itemfit was not biased by
the different item categories. In the bilabial set, we dropped 8 items using the stewiselt-
function as they showed significant deviation from the Rasch model (all p < .04). When
testing for DIF, all items showed good outfit (all t < .30) and infit (all t < 1.12) with
performance median as split criterion (all x?(162) > 78.76, p > .27). Since we wanted to

further minimize the number of items, we then tested the itemfit based on the Andersen LR-
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test, which revealed that 4 items were excluded by the function because of inappropriate
response patterns within subgroups. After removing those items, the Andersen LR-test
revealed a satisfactory fit of our 12-item model to the Rasch model (x?(11) = 7.02, p = .80).
Final itemfit statistics can be found in the supplementary material (S12 Table). In the non-
bilabial set, we dropped 3 items using the stewiselt-function as they showed significant
deviation from the Rasch model (all p < .01). When testing for DIF, all items showed good
outfit (all t < 1.28) and infit (all t < .93) with performance median as split criterion (all x2(151)
> 9.57, p > .07). Also here we wanted to further minimize the number of items, so we then
tested the itemfit based on the Andersen LR-test, which revealed that 5 items were excluded
by the function because of inappropriate response patterns within subgroups. After removing
those items, the Andersen LR-test revealed a satisfactory fit of our 16-item model to the
Rasch model (x?(15) = 9.41, p = .86). Final itemfit statistics can be found in the
supplementary material (S13 Table). A final analysis of internal consistency for all words
(combining bilabial and non-bilabial words) revealed a high reliability of the items used (a =

.80).

Reduction of sentences

Performing an exploratory factor analysis for 1 factor (“lipreading abilities”) with a threshold
of .50 for the factor loadings indicated that 14 items could be excluded because they did not
display our latent trait. Therefore, our model consisted of 22 items that explained 31% of the
variance with factor loadings from .50 to .78. A final analysis of internal consistency revealed
an excellent reliability of the items used (a = .93). The table including all items and factor
loadings can be found in the supplementary material (S14 Table). Items used in the new

version are indicated in bold there.

25



611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633
634

635

636

637

4 Discussion

In the present study, we looked at linguistic factors and hearing impairment contributing to
visual speech perception abilities. The recognition score between item categories (numbers,
words and sentences) differed significantly. Numbers were recognized the most, followed by
words and then by sentences. For words, the articulation (bilabial vs. non-bilabial) had an
influence on the recognition score. While the frequency of a word used in the spoken
language only has an influence if no bilabial cue (i.e. opening or closing of the mouth) is
present, it has an influence on the sentence recognition score independent of the sentence
length. The sentence length was also predictive of the recognition score, meaning that
shorter sentences were recognized more than medium or long sentences. Also, longer
sentences were recognized more often if they contained more frequently used words.
Overall, we could not find a difference between different versions of the test with different
speakers. Although our study shows high interpersonal variance in lipreading abilities in
general, we did find an effect of hearing impairment on the total score, so the higher the self-
rated hearing impairment was, the more items were recognized. Interestingly, this effect was
even stronger when excluding deaf individuals, raising the question of how prelingual and
postlingual hearing loss differentially impact lipreading skills. Moderator analyses with age
and education unraveled an influence of education on the relationship between subjective
hearing impairment and sentence score. Furthermore, we introduced a new German
lipreading test which can be utilized to assess lipreading abilities in the general population,

predominantly in studies that investigate visual speech perception.

Influential factors on item recognition

With a mean recognition rate of 68.43%, numbers were recognized the most, followed by
words 33.62% and sentences 14.75%, showing a significant difference in mean recognition
scores for the different item categories. The high score for numbers is plausibly due to the

fact that providing participants with the context of “hnumbers to be recognized” reduces the
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number of possibilities for the solution (as they were told there were only 2-digit numbers).
This goes in line with the hypothesis that lipreading abilities are higher when providing a
certain context (Bernstein et al., 2000; Rénnberg et al., 1996, 1998), in our case a closed set
of possible answers. A similar effect could be observed for words, although the number of
recognized items was significantly lower than for numbers. Here we provide a wider set of
possible answers, namely German monosyllabic words, which are used more frequently in
spoken language than simple numbers, providing no reliable context information.
Interestingly, the use-frequency of the words can only predict the recognition score when no
visual cue (here the bilabial articulation) was presented. This also goes in line with a recent
study stating that the opening and the closing of the mouth is a valuable cue for correctly
identifying words (Van Engen et al., 2019).This effect could build on the fact that labial
phonemes are more visually salient and therefore easier to identify (Lidestam & Beskow,
2006). But not only labial phonemes, but also labiodental consonants like /f/ and /w/ are very
important cues in terms of visual speech perception (Lidestam & Beskow, 2006).
Investigating how this consonant cluster differs from labial and non-labial consonants and
controlling for the number of words with labiodental phonemes could have explained even
more how participants use salient phonetic cues for advanced lipreading abilities, but this
would have gone beyond the scope of the test construction. Another reason for the
interaction between word frequency and articulation category could be that our approach did
not take into account perceptual similarity (Auer, 2002, 2010; Mattys et al., 2002) which
could interfere with the frequency effect (words used more often in spoken language). Thus,
people relied more on the movements of the mouth (bilabial vs. non-bilabial) in words and
not on the use-frequency of the word, while in sentences, they relied on both the length and
the average use-frequency of the sentence in spoken language. In our sentence stimuli,
context was missing totally and they were also closest to a naturalistic setting where
lipreading is needed, adding to the explanation of the low recognition score (Rénnberg et al.,
1998). Another influential factor for those low scores in sentences could be the individual
visual working memory span, as speechreading performance can be explained by scores in
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cognitive tasks (Lyxell & Holmberg, 2000), the size of the working memory and phonological
processing abilities (Lyxell et al., 2003; Feld & Sommers, 2009; Ronnberg et al., 1998). Our
results go in line with the literature saying that the test score was related to sentence
difficulty (Lansing & McConkie, 2003) as longer and less used sentences were recognized
less often. Nevertheless, we find individual scores ranging from 0% to 75%, which could also
strengthen the hypothesis by Summerfield (1991) that “good speechreaders are born, not
made”. Contradictory to this assumption, recent studies found that training and practice can
enhance lipreading abilities in children, but decline without further training (Basha, 2018;
Pimperton et al., 2019). A recent invention of a speechreading test for deaf and normal
hearing children (Kyle et al., 2013) also highlighted that speechreading skills improved with
age and there was no difference between normal hearing and hearing impaired children in
terms of lipreading abilities, further supporting the notion that lipreading can indeed be
learned. We did not find an influence of the speaker, since all 4 versions with differing
speakers reached similar mean recognition scores, signifying that lipreading abilities are
independent from the person whose lips are paid attention to. Also, when compared to a
standardized synthetic talker, participants still have a higher recognition score for naturalistic
stimuli from a human talker (Lidestam & Beskow, 2006). This would suggest that natural

differences in pronunciation occurring in human speakers may be neglectable.

Influence of hearing impairment

Investigating possible influences of subjective hearing impairment revealed that subjective
hearing loss could predict lipreading abilities. The more hearing problems the participants
reported, the higher was the total test score. Therefore, our results can strengthen the
hypothesis of “perceptual compensation” (Pimperton et al., 2017) that states that higher
hearing impairment results in a shift of attention from auditory speech cues to visual speech
cues (since auditory cues are not as reliable as they used to be). People rely more on visual
speech cues and as a consequence, they get better in visual speech perception, thus

showing better lipreading abilities. Better lipreaders also have a higher success rate in
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rehabilitation after cochlear implantation (Anderson et al., 2017), again pointing to the fact
that hearing impairment triggers a perceptual compensation process important for optimal
speech processing with diminished auditory input.

Assuming that prelingual hearing loss is a simple continuation of this (to a maximum
increased hearing impairment) model and also in accordance with other observations of
superior visual speech processing skills in the deaf population (Auer & Bernstein, 2007; Ellis
et al., 2001; Mohammed et al., 2005), prelingual deafness should be associated with
enhanced lipreading skills. Applying a regression model trained on the postlingually hearing
impaired individuals revealed that it does not generalize well to the prelingual group.
Predicted performance was consistently lower than expected if prelingual deafness was
seen as an equivalent of “extreme” postlingual hearing impairment. These results propose
that the process of perceptual compensation seems to be absent or at least different in
prelingually deaf people, resulting in different factors impacting lipreading abilities depending
on the onset of deafness or hearing impairment. Studies introduce those factors as
enhanced phonological processing (Lyxell et al., 2003) or verbal information processing
skills (Lyxell & Rénnberg, 1989).

Another study suggests that lipreading abilities correlate with reading abilities in both deaf
and dyslexic populations (Mohammed et al., 2006), suggesting an impact of educational
background. Our results go in line with this study by showing that the relationship between
hearing impairment and sentence score is moderated by education. Interestingly, this
interaction is absent when calculating the model just for the postlingually hearing impaired
population, again pointing to the fact that prelingual and postlingual hearing loss is
fundamentally different.

Thus, our findings show that especially in our group of prelingually deaf participants who do
not use cochlear implants or hearing aids and rely mainly on sign language as a form of
communication, education interacts with lipreading skills. Particular challenges could arise
for this group in higher education where commonly oral language is the default, as sign
language consists of grammatical structures other than spoken and written language (Bellugi
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& Fischer, 1972). Therefore, on the one hand, lipreading skills might as a result be enhanced
by the necessity of using oral language in higher educational settings. On the other hand,
better lipreading skills might enable those individuals to stay longer on an educational
pathway. Additionally, lipreading skills could also be linked to intelligence in prelingual deaf
people (Ortiz, 2008), or can even moderate the relationship between education and
lipreading abilities. Taken together, our findings could shed a light on why educational
background interacts with liprading abilities in our sample of prelingually deaf people, but not
in the sample with postlingual acquired hearing loss. It is again vital to mention that the
sample of prelingually deaf participants tested here were exclusively chosen not to have
received auditory input throughout their lifetime, a fact that may also impact the
generalizability of our findings. How education influences congenitally deaf people with
cochlear implants or hearing aids, needs to be discussed in further studies. Finally, it is
noteworthy that despite our extensive analysis regarding the influential factors on enhanced
lipreading abilities, we cannot fully explain the high variance in the assessment scored by
prelingual deaf individuals.

Another important factor influencing lipreading abilities might be the duration of hearing
impairment, as there is evidence that early-onset hearing impairment leads to better results
when trying to understand visual speech (Auer & Bernstein, 2007). However, when
analyzing the relationship between age and test score in our prelingual deaf (as age and
duration of hearing impairment are identical), we did not find evidence for this notion in our
group of prelingual deaf subjects (see also Figure S1). But as this is only a small group of
participants (N=22), we cannot make general assumptions about the link between duration
of hearing impairment and lipreading abilities. Furthermore, our results indicate that only little
variance is accounted for by the self-reported hearing impairment, pointing to the fact that
duration of hearing impairment could be a crucial parameter to further clarify how lipreading
evolves over time depending on the severity of hearing loss and should be included in future

studies.
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We also have to consider the limitation of assessing hearing impairment within an online-
study. Hearing impairment is usually measured by subjective (e.g. pure tone audiometry or
speech audiometry, see (Patterson et al., 1982)) and objective (e.g. auditory brainstem
response, see (Biacabe et al., 2001)) audiometric investigations. Answering questions about
everyday-life situations can thus present only a vast assumption of the actual hearing
impairment participants are suffering from. Nevertheless, there has been evidence that
people classify their hearing impairment at a rate of around 70% correct when comparing a
subjective and objective hearing assessment (Kamil et al., 2015).

While we cannot provide an objective measurement, we can still add evidence to a deeper
understanding of how hearing loss and lipreading abilities are related in populations with

variable subjective hearing problems.

SaLT: An openly available lipreading test

Aiming to provide an efficient visual speech perception assessment tool after our initial
analysis on influential factors, we first decided on one version that will be used in the future.
After comparing the 4 different versions used in the first release of the test, we decided to
use the speakers from the version with the highest recognition score over all item categories
(M = 40.65%, SD = 13.41) in the new SaLT 2.0. We then used the Rasch model for numbers
and words and an EFA for sentences to remove non-fitting items. The final version of the
Salzburg Lipreading Test includes 14 numbers, 28 monosyllabic words and 22 sentences
and can be found on the OSF-page (see https://osf.io/sgj4n/). Thus, we reduced the total
number of items from 102 to 64, resulting in a shortened version of the test by ~38%,
providing a test which can be done online within 20 minutes and also comfortably prior to lab
experiments (M/EEG, fMRI etc.). We still provide different items for the articulation category
and frequency of words, and also for the different length and frequency categories of
sentences, therefore still covering all investigated aspects that have an influence on the
recognition score. Extended information on the items can be found in the supplementary

material. Evaluating the internal consistency of our categories revealed a satisfactory
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internal reliability (Cronbach’s alpha for all categories > .80). Furthermore, we kept the
APHAB gquestionnaire in the new version as it yields important insights into a possible
hearing impairment condition from the participants (though it does not replace an objective
measurement of hearing impairment). This screening tool can also be abandoned by the

user if another appropriate hearing loss assessment is available.
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5 Conclusion

Investigating the overall picture of this study revealed differential aspects contributing to
visual word recognition for numbers, words and sentences. Different linguistic properties
have different effects on simple word recognition or complex sentence recognition. While
hearing impairment seems to alter lipreading abilities in the population being born with
normal hearing, there seem to be other factors in the prelingual deaf population contributing
to enhanced lipreading skills, in particular educational background. Further studies are
needed to identify the aspects differentially affecting visual perception and the high variance
in prelingual deaf and people with acquired postlingual hearing loss. The current study is
also providing a new and reliable tool (SaLT) that can be used to assess visual speech
perception abilities in the general population with an appropriate amount of items to be

solved in as little time as possible.
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Figure S1: Relationship between age (= duration of hearing loss) and total test score for
prelingually deaf individuals. Age and test score are not significantly correlated.
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Table S1: List of words presented to the participants

Bilabial Non-bilabial

easy medium hard easy medium hard
Mann Blatt Pflug Uhr Ei Reif
Bild Pferd Moor Herr Herz Klee
Bahn Baum Pfau Zeit Schatz Schmutz
Bett Berg Pracht Weg Dorf Dunst
Bier Bauch Pfahl Frau dumm Hecht
Brot Bank Mahl Fall Licht Gift
Band Bach Pflock Gott ernst Thron
Mist Pech Molch Geld Gleis Kies

Table S2: List of short sentences presented to the participants
Short sentences
easy medium hard

Ich habe keine Ahnung.

Heute Nacht ist Vollmond.

Die Ampel ist ausgefallen.

Ist hier frei?

Verstehen Sie mich?

Wir wandern oft.

Mir ist schlecht.

Spielen Sie Karten?

Wann geschah der Unfall?

Ich komme spater.

Haben Sie Schmerzen?

Beeil dich bitte.
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Table S3: List of medium long sentences presented to the participants

Medium sentences

easy medium hard
Esist alles in Mein Vater kann gut Geschichten Koénntest du mir deine Jacke
Ordnung. erzahlen. leihen?

Was macht ihr in den
Ferien?

Mochtest du ein Museum
besuchen?

Wurde der Brief gestern
abgeschickt?

Sind Sie schon lange
hier?

Wir kbnnten am Wochenende

Freunde einladen.

Die Baume verlieren nun
ihre Blatter.

Das Buch ist sehr
spannend.

Bleiben wir bei schlechtem Wetter

hier?

Wann kommen endlich
unsere Mobel?

Table S4: List of long sentences presented to the participants

Long sentences

easy

medium

hard

bei Ihnen sein?

Um wie viel Uhr sollen wir

Was kostet ein
Doppelzimmer fur eine
Nacht?

Reichen Sie mir bitte ein Blatt
Papier.

Ich rufe sie bestimmt
spater noch einmal an.

Hast du schon so einen

Sonnenuntergang gesehen?

Der vergangene Sonntag war
leider vollig verregnet.

Wenn ich Zeit habe,

werde ich gerne kommen.

viele Zuschauer.

Im Stadion sind heute sehr

An welchem Schalter kann

man Postkarten erhalten?

hier entfernt?

Wie weit ist die Stadt von

Hotel ab.

Ich hole Sie dann von lhrem

Auf dem Teich schwimmen
viele kleine Enten.
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989  Table S5: Fixed effects table with recognition score as dependent variable

Predictor Coef. B SE (B) z p
(Intercept) 4,153 .035 120.05 < 2e-16 ***
Category: Words -711 .016 -43.72 < 2e-16 ***
Category: Sentences -1.535 .022 -69.53 < 2e-16 ***

990  Signif. codes: 0 *** 0.001 **' 0.01 *'0.05".'0.1"'"'1
991  Note: Reference category for calculation was “Category:

Numbers”.
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Table S6: Fixed effects table with word recognition score as dependent variable

Predictor Coef. B SE (B) z p
(Intercept) 3.567 .054 66.53 < 2e-16 ***
Zipf score -.034 .002 -14.26 < 2e-16 ***
Articulation category: -.463 .004 -113.52 < 2e-16 ***
Other

Zipf score * .226 .003 62.28 < 2e-16 ***

Articulation category:

Other

Signif. codes: 0 ***' 0.001 **' 0.01*' 0.05"''0.1"'"'1

Note: Reference category for calculation was “Articulation category: Bilabial’.

45



995

996

Table S7: Fixed effects table with sentence recognition score as dependent variable

Predictor Coef. B SE (B) z p
(Intercept) 1.827 .136 13.38 < 2e-16 ***
Zipf score .590 .006 85.36 < 2e-16 ***
Sentence length -.164 .002 S77.77 < 2e-16 ***
Zipf score * Sentence .058 .003 14.58 < 2e-16 ***
length

Signif. codes: 0 ***' 0.001 **' 0.01 *' 0.05''0.1''1
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Table S8: Fixed effects table with test score as dependent variable

Predictor Estimate  Std. Error df t-value Pr(>t|)
(Intercept) 9.27680 2.90311  168.45397 3.195 0.001667 **
Item category 23.69062 0.64406 161.60929 36.783 < 2e-16 ***
APHAB 0.15670 0.04176  192.22375 3.753  0.000232 ***
Age 0.18469 0.07763 164.59408 2.379 0.018499 *
Education 1.28125 0.59538 190.14874 2.152 0.032658 *
APHAB * Education 0.04430 0.01682 192.96496 2.634  0.009132 **
Item category * -0.04199 0.02384 161.17224 -1.761 0.080059 .
APHAB

Item category * 0.45011 0.33182 161.84019 1.357 0.176829
Education

Item category * -0.01808 0.00972 161.15377 -1.860 0.064652 .

APHAB * Education

Signif. codes: 0 ***' 0.001 **' 0.01 *' 0.05''0.1'"'1

Note: Table shows the output from R (R Core Team, 2021)
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Table S9: Fixed effects table with recognition score as dependent variable

Predictor Coef. B SE (B) z p
(Intercept) 3.650 .068 53.570 < 2e-16 ***
Version: Version 2 -.057 .104 -.545 .586
Version: Version 3 -.213 .099 -2.162 031 *
Version: Version 4 -.006 .094 -.066 .947

Signif. codes: 0 ***' 0.001 **' 0.01*' 0.05''0.1"'"'1
Note: Reference category for calculation was “Version: Version 1”. Version 3 differs

significantly from Version 1 in this calculation, but further calculating Tukey contrasts with
Bonferroni correction revealed no significant differences.

Table S10: Post-Hoc Tukey contrasts for differences between test versions

Contrast Estimate SE z Peonferroni

V2 -V1 -.057 .104 -0.545 1.000
V3-V1 -.213 .099 -2.162 .184
V4 - V1 -.006 .094 -.066 1.000
V3-V2 -.156 .106 -1.472 .845
V4 -V2 .050 .102 1.494 1.000
V4 -V3 .207 .097 2.142 .193
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Table S11: Itemfit statistics for numbers

Chisq df p-value | Outfit Infit Outfitt | Infitt | Discrim
MSQ MSQ

z22 | 127.855 155 0.946 0.820 0.963| -0.717| -0.229 0.348
z33 | 129.952 155 0.929 0.833 0.905| -0.416| -0.577 0.213
z43 | 141.969 155 0.765 0.910 0.976 | -0.637 | -0.318 0.348
z45 | 138.060 155 0.832 0.885 0.906 | -0.785| -1.097 0.479
746 | 122.694 155 0.974 0.787 0.89 -0.968 -0.852 0.451
z47 95.198 155 1.000 0.610 0.737 -1.460 -1.728 0.537
z51 | 173.061 155 0.152 1.109 1.055 0.878 0.744 0.271
z54 | 114.741 155 0.993 0.736 0.827 -0.786 -0.973 0.452
z63 | 123.527 155 0.970 0.792 0.866 -1.363 -1.711 0.413
z71 | 170.157 155 0.192 1.091 1.052 0.773 0.736 0.282
z80 | 151.284 155 0.569 0.970 1.052 -0.098 0.584 0.195
z86 | 161.176 155 0.351 1.033 1.014 0.304 0.227 0.279
z98 | 148.447 155 0.633 0.952 0.999| -0.401 0.012 0.323
z99 | 178.171 155 0.098 1.142 1.062 1.216 0.962 0.238

Note: letter-number combinations are item-codes, and also the numbers presented to the
participants in the test
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Table S12:

Itemfit statistics for bilabial words

Chisq df p-value | Outfit Infit Outfitt | Infitt | Discrim

MSQ MSQ
bl11l| 153.346 144 0.282 1.058 | 1.001 0.390 0.047 0.241
bl33 | 132.017 144 0.754 0.910| 0.965( -0.866| -0.464 0.365
bl47 | 143.469 144 0.497 0.989| 0.922( -0.048( -0.999 0.455
bl8 94.771 144 0.999 0.654 0.927| -0.826 -0.247 0.260
bm69t 168.75 144 0.078 1.164 1.107 0.996 1.076 0.095
bm81 | 133.809 144 0.718 0.923 0.953| -0.772 -0.65 0.327
bm8k | 169.155 144 0.075 1.167 0.897 0.508 -0.357 0.221
bm87 | 114.676 144 0.966 0.791 0.915| -0.976 -0.663 0.386
bm89 | 114.515 144 0.967 0.79 0.820| -1.180 -1.748 0.519
bmo6 | 124.187 144 0.882 0.856 0.970| -0.651 -0.209 0.348
bs339 | 154.386 144 0.262 1.065 1.08 0.674 1.132 0.170
bs383lI 154.42 144 0.261 1.065 1.059 0.638 0.818 0.156

Note: letter-number combinations are item-codes
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Table S13: Itemfit statistics for non-bilabial words

Chisq df p-value | Outfit Infit Outfitt | Infitt | Discrim

MSQ MSQ
ni12 | 139.22 151 0.745 0.916 0.955| -0.827| -0.676 0.317
nl4 94.144 151 1.000 0.619 0.822| -0.956| -0.765 0.411
ni5| 133.49 151 0.844 0.878 0.949 | -1.001| -0.705 0.343
ni6 | 143.561 151 0.654 0.944 0.978| -0.521] -0.318 0.255
nl7 | 138.178 151 0.765 0.909 0.949| -0.200| -0.238 0.319
nl9 | 172.297 151 0.113 1.134 0.944 0.651| -0.390 0.369
nme68 | 126.889 151 0.924 0.835 0.927| -0.895| -0.629 0.389
nm70 | 115.923 151 0.985 0.763 0.948 | -0.418| -0.128 0.244
nm71| 172.738 151 0.109 1.136 1.075 1.278 1.064 0.199
nm75| 146.294 151 0.593 0.962 1.084| -0.061 0.596 0.183
nm77 | 138.737 151 0.754 0.913 0.886 0.095| -0.200 0.236
ns333 | 114.82 151 0.987 0.755 0.936| -0.986| -0.397 0.344
ns334 | 143.873 151 0.647 0.947 0.921| -0.050| -0.363 0.317
ns335 | 148.017 151 0.553 0.974 0.957| -0.227] -0.625 0.333
ns337 | 152.393 151 0.453 1.003 1.019 0.178 0.161 0.086
ns344 88.516 151 1.000 0.582 0.741| -0.600| -0.744 0.431

Note: letter-number combinations are item-codes

51




1021  Table S14: Exploratory factor analysis of the sentence items
1022

Items Factor
—
kI376 0.689
ki52 0.190
ki63 0.609
k73 0.464
km127 0.499
km224 0.541
km234 0.590
km413 0.557
ks119 0.533
ks195 0.500
ks263 0.375
ks32 0.360
11352 0.612
427 0.735
1437 0.603
11485 0.556
Im135 0.699
Im229 0.556
Im29 0.549
Im505 0.476
Is134 0.332
Is166 0.497
Is286 0.474
Is507 0.475
mi117 0.576
mi264 0.599
mi38 0.582
mli69 0.493
mm2107 0.258
mm11l4 0.714

mm49 0.781



1023
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mm94
ms104
ms359
ms36
ms572

0.743
0.683
0.496
0.418
0.579

Note: Extraction method: Minimal residual, Rotation method: Varimax. Loadings larger than
.50 are in bold
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