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Abstract

The present study investigated the influence of the speech perception in noise and the working memory on audio-
visual integration in speech perception. Sixty six adult native speakers of Kannada in the age range of 18 to 70
years, having normal hearing and normal or corrected vision of 6/6, participated in the study. The participants
were assessed for their speech perception in noise, working memory capacity and audio-visual integration. In the
assessment of audio-visual integration there were three conditions in quiet (A, V. AV) and eight conditions in the
presence of noise (A, AV in +5dB, 0dB, -5dB & -10 dB SNR). Results showed that both SPIN and working memory
have positive effect on speech perception through AV-mode. The influence was particularly significant at lower
SNRs and the relationship was direct. That is, AV speech perception was better in individuals who had better
SPIN and/or working memory. Thus, it can be concluded that internal redundancy controlled by central auditory
mechanism/s (as evident through SPIN) and the cognitive abilities (represented as working memory, a cognitive
factor) has a direct relationship with the AV speech perception and hence demands attention while interpreting on

AV speech perception.
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Introduction

Speech perception is influenced by visual cues even
though it is primarily an auditory process. In instances
where auditory cues are compromised (such as in noisy
environments or hearing impairment), visual input has
been reported to significantly improve speech intelligi-
bility by supplementing the missing auditory cues (Tye-
Murray, Sommers & Spehar, 2007; Munhall, Kroos,
Jozan & Vatikiotis-Bateson, 2004; MacLeod & Sum-
merfield, 1987). The benefits provided by bimodal
presentation of a speech signal are larger when audi-
tory stimuli are degraded than when the speech sig-
nal is clear (Sumby & Pollack, 1954; O’Neil, 1954;
Neely, 1956; Erber, 1969; Grant & Seitz, 2000; Rud-
mann, Mc Carley & Kramer, 2003; Bernstein, Auer &
Takayanagi, 2004; Ross, Saint-Amour, Leavitt, Javitt &
Foxe, 2007). But studies on relationship between the
amount of redundancy and audio-visual (AV) speech
perception show equivocal results (Sumby & Pollack,
1954; Erber, 1969; Summerfield, 1979; Middelweerd &
Plomp, 1984; Shannon, Zeng & Wygonski, 1998: An-
derson, 2006; Huffman, 2007).

Sumby and Pollack (1954) demonstrated that with in-
crease in difficulty of auditory-only perception, the
benefits obtained by combining the auditory and vi-
sual speech information also increased. Erber (1969)
reported an improvement of 60% in word recogni-
tion scores from auditory-only condition to AV con-
dition at -10 dB SNR for young adults.Similar results
were reported using sentence materials (Middelweerd &
Plomp, 1984; Summerfield, 1979). Whereas Anderson
(2006) and Huffman (2007) reported that the amount
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of AV integration did not vary across different audi-
tory signal manipulations and hence, systematically re-
moving information from the auditory stimulus does not
necessarily affect the degree of integration benefit.

The studies on effects of age are equivocal. The study
by Tye-Murray, Sommers and Spehar (2007) compared
the dependency on visual cues between older adults
with and without hearing loss and suggested that older
adults with hearing loss may rely much more on the
visual cues than those with normal hearing. The de-
gree of hearing loss was also shown to affect the in-
tegration of auditory and visual syllables as reported
by Grant, Walden and Seitz (1998). Further, the older
adults are reported to be less successful in combin-
ing information across two or more sensory modalities
(Shoop & Binnie,1979; Middelweerd & Plomp, 1984;
Plude & Hoyer, 1985). But in contrast, Spehar, Tye-
Murray and Sommers (2008) suggested that the inter-
modal and intra-modal integration abilities are largely
resistant to changes with age and hearing loss. The re-
searchers have argued that age related changes in cogni-
tive or central auditory processing abilities play a lim-
ited role in the poor recognition of speech (Sommers,
1997: Schneider, Danema, & Pichora-Fuller, 2002).

It is shown in one of the earlier studies that older adults
have decreased processing resources available to them
and hence perform poorer than young adults on memory
tasks (Craik & Byrd, 1982). It is suggested that there is
an interdependence of aging sensory systems and cog-
nitive functions (Li & Lindenberger, 2002). The con-
struct of working memory is considered important in
the study of cognitive aging even though there are other
measures of processing resources such as perceptual
speed and reasoning. Studies by Park and colleagues
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(1996, 2002) measured the working memory capacity
in adults across life span and it was found that it was
greatest in young adulthood and then decreases across
life span. Martin and James (2005) proposed that age-
related deficits in processing of inter-hemispheric infor-
mation may bring about some of the listening problems
in older adults. Hence, it is suspected that age-related
changes in working memory may provide basis for de-
creased age-related performance on a range of cognitive
tasks.

It has been explained that speech understanding needs
a constant encoding of information into and out of the
working memory and manipulation of the information
stored in memory (Pichora-Fuller, Schreider & Dane-
man, 1995). Hence, loss of working memory hinders
speech communication and may contribute to the age-
related declines in the comprehension of speech which
may be evident even in favorable listening conditions.
In adverse listening conditions such as in the presence
of noise, this may degrade further (Cohen, 1979, 1981;
Light et al., 1982; Pichora-Fuller, Schreider & Dane-
man,1995). On the contrary, some of the earlier inves-
tigators have argued that age related changes in cogni-
tive or central auditory processing abilities play a lim-
ited role in the poor recognition of speech (Sommers,
1997; Schneider, Danema, & Pichora-Fuller, 2002).

Thus, it is clear that the dependency on the visual infor-
mation increase with degradation of the auditory signal,
even though there are mixed opinions about the effect of
the amount of redundancy on integration. This means
that subjects depend on the information in other modal-
ities when external redundancy of the auditory modal-
ity is cut down. For participants with hearing loss and
processing disorder, there are equivocal studies about
the effect of internal redundancy on audio-visual speech
perception. The studies on aging effects have been in-
conclusive due to poor control of the variables like hear-
ing loss and visual problem. Further, there was no sys-
tematic study to understand the relationship between
working memory and AV speech perception. Hence, the
present study was taken up to scientifically study the re-
lationship among working memory, speech perception
in noise and AV speech perception.

Method

In the present study, quasi-experimental research design
was used to test the null hypothesis that there is no effect
of speech perception in noise and working memory on
audio-visual speech perception. The following method
was used to test the hypothesis.

Participants

Sixty six normal hearing adults in the age range of 18
to 70 years participated in the study. The selected par-
ticipants had pure tone thresholds within 15 dBHL at
octave frequencies between 250 Hz and 8 kHz (ANS],
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1996), and normal or corrected vision of 6/6. All the
selected participants were native speakers of Kannada.

All the participants were assessed for their speech per-
ception in noise and working memory (details available
later in this chapter). Based on their performance in
speech in noise and working memory tests, they were
divided into 4 groups. Confidence intervals (95%) of
speech in noise scores and the working memory scores
of the 66 participants were used as cut-offs. The scores
less than lower boundary were grouped as ‘poor’ and
the scores higher than the upper boundary were grouped
as ‘good’. As a result, 4 groups were formed.

Group I, named as Low speech in noise (LowSPIN)
group had 20 participants with poor speech perception
in noise i.e., speech identification scores of less than or
equal to 72% (lower boundary score of confidence in-
terval) at 0 dB SNR.

Group 11, named as High speech in noise (HighSPIN)
group had 36 participants with good speech perception
in noise i.e., speech identification scores of more than
80% (upper boundary score of confidence interval) at 0
dB SNR.

Group III, named as Low working memory (LowWM)
group had 14 participants with poor working memory
i.e., working memory scores of less than or equal to
69% (lower boundary score of confidence interval).

Group 1V, named as High working memory (HighWM)
group had 21 participants with good working memory
i.e., working memory scores of more than 76% (upper
boundary score of confidence interval).

A written consent was obtained from each participant
prior to their inclusion in the study.

Test Stimulus

Six lists of bi-syllabic Kannada (Dravidian language
spoken in the state of Karnataka, India) words having
ten words in each list were developed specifically for
the purpose of the present study.

To begin with, 300 bi-syllabic Kannada words, fre-
quently spoken by native speakers were collected from
recorded speech samples, news papers and media in-
terviews. From this list, 23 words with clusters were
omitted leaving 277 words in the list. These 277 words
were then given to 15 native speakers of Kannada to
rate them according to familiarity on a 3-point scale
(unfamiliar- if they were unaware of the word, familiar,
& very familiar- if the word occurred very frequently
in conversation). Out of these, 169 words, which were
rated ‘very familiar’ by more than 12 participants (80%)
were considered for the next level.

The selected 169 words were audio recorded using a



computer with adobe audition (version 1.5) software at
a sampling frequency of 44,100 Hz and 16 bit digiti-
zation using a unidirectional microphone, in an acous-
tically treated room. An adult female native speaker of
Kannada, who was a professional voice user, uttered the
words. The stimuli were further edited for removal of
noise and, hiss reduction and a gap of three seconds was
introduced between consecutive words, using the same
software. Root Mean Square (RMS) normalization was
done for all words in order to minimize differences in
the stimulus amplitude.

The variability with respect to audibility was reduced
and in turn the homogeneity across spondaic words
was increased using the standard procedure (Hirsh,
Reynolds, and Joseph, 1954). Ten speech and hearing
professionals who had Kannada as their native language
and with a minimum of three years training were se-
lected for this procedure. To begin with, speech recog-
nition threshold (SRT) was found out for all ten sub-
jects using the procedure by Tillman and Olsen (1973),
a descending method for SRT measurement. After ob-
taining SRT, the paired-words were presented at +4, +2,
0, -2, -4 and -6 dBSL (ref: SRT), and the participants
were asked to orally repeat the words. The whole list
of 169 words was presented at each sensation level (SL)
and it was randomized during each presentation. The
responses obtained from the ten listeners were analyzed
to identify ‘Easy’ and ‘Hard’ words. The words which
were missed once or less by all listeners when the list
was presented at +4, +2, 0, -2, -4 and -6 dBSL were
considered as ‘Easy words’. Whereas the words which
were missed five or more times by all listeners when
presented at +4, +2, 0, -2, -4 and -6 dBSL were consid-
ered as ‘Hard words’ (based on procedure by Hirsh et
al., 1952). All the ‘Easy’ and ‘Hard’ words were elimi-
nated to increase the homogeneity with respect to audi-
bility. This finally resulted in sixty bisyllabic Kannada
words.

The frequency of occurrence of all the speech sounds
in the list of sixty bisyllabic Kannada words were cal-
culated in order to find out whether the list of bisyl-
labic words was phonetically balanced. Although this
was not mandatory for testing the objectives of the cur-
rent study, the investigator felt that a phonetically bal-
anced list would have been an advantage while gener-
alizing the results of the present study. Hence, the fre-
quency of occurrence of sounds in the list was tested us-
ing the method used by Ramakrishna, Nair, Chiplunkar,
Ramachandran and Subramanian (1962). The proba-
bility of any speech sound was obtained by taking ra-
tio of number of occurrence of speech sound in the
list to the total number of speech sounds in it. The
relative frequencies of speech sounds obtained in the
present study were compared with relative frequencies
of speech sounds obtained by Ramakrishna et al., 1962.
Both the relative frequencies were similar and hence the
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present list was phonetically balanced. Finally, from the
list of sixty words, six lists having ten words in each list
were obtained. The total number of vowels and conso-
nants in the list which were obtained from the Ramakr-
ishna et al.’s method were distributed equally across the
six lists. Thus, it was attempted to keep similar fre-
quency of occurrence of vowels and consonants in all
the six lists of bisyllabic words.

Audio and Video Recording

Five adult, female, native speakers of Kannada, who
were speech and hearing professionals with clear articu-
lation, were selected and the video of final six lists were
recorded by a professional videographer using a digi-
tal video camera. A white screen was used as a back-
ground and the participants were instructed to avoid
bright clothing to avoid distractions in the visual stim-
uli. The participants were also instructed to produce
the words clearly without exaggerating the articulators,
reduce eye blinks and avoid head movements, while
recording. The words which were articulated unclearly
were recorded twice.

Simultaneously, along with the video recording, the au-
dio of the speech stimuli was recorded digitally for all
the five participants. The audio recording was done us-
ing a collar microphone, at a sampling frequency of
44,100 Hz and 16 bit digitization, using Praat Software
(version 5.1.31). Out of the 5 samples (recordings of 5
individuals) of stimuli, best sample was selected based
on clarity of stimuli visually as well as auditorily. The
audio and video recordings were done in a sound treated
room.

The auditory stimuli were edited using adobe audition
(version 1.5) software for noise and hiss reduction and a
gap of five seconds was introduced between the words.
All the words were normalized to a constant scaling fac-
tor. To test in the degraded conditions, all the six lists
were further superimposed with speech noise at +5 dB,
0dB, -5 dB and -10 dB SNRs.

The visual stimuli of the selected subject were edited
using Windows movie maker software, to introduce a
gap of five seconds between the words. The original
audio of the video sample was muted and the auditory
stimuli which was recorded using Pratt software was
overlapped with the visual stimuli. This was necessary
as the original audio was distorted and had high back-
ground noise.

To test for homogeneity in auditory and visual stimuli
among the lists, all the lists were presented to five Kan-
nada native speakers in three modalities; only Auditory
(A), only Visual (V) and Auditory-visual (AV). The pi-
lot comparison showed that the scores obtained for all
the lists were similar.
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Instrumentation and Test Environment

In the present study, a calibrated Madsen Orbiter-922
type I diagnostic audiometer with TDH-39 headphones
was used to estimate the air-conduction thresholds and
administer speech audiometry. A laptop computer with
windows movie maker was used for video editing.
The Pratt and Adobe Audition softwares were used for
recording, editing and presenting the test stimuli. A dig-
ital video camera was used to record visual stimuli and
a Sony MX78 omni-directional collar microphone was
used to record auditory stimuli. Headphones were used
to present auditory stimuli in ‘A’ mode and ‘AV’ mode.

All tests were administered in an acoustically treated
room with noise levels at permissible limits (ANSI S3.1,
1991).

Test Procedure

The procedure started with preliminary evaluations
which included case history, puretone audiometry and
speech audiometry. For all the participants, the pure-
tone air conduction thresholds (0.25, 0.5, 1, 2, 4, and 8
kHz) and speech recognition thresholds were obtained
monaurally for both the ears. Only the individuals who
fulfilled all the subject selection criteria were chosen
for the study. After preliminary evaluation, the proce-
dure included assessment of speech perception in noise,
working memory and audio-visual integration.

Speech perception in noise (SPIN) was binaurally tested
at 0 dB signal to noise ratio (SNR). The phonemically
balanced (PB) word list developed by Yathiraj and Vi-
Jayalakshmi (2005) was used as signal and was pre-
sented along with the speech noise. The participants
were asked to repeat the words and total number of
words repeated correctly was noted down. The per-
centage of correct responses was calculated by dividing
number of correctly repeated words by the total number
of words and multiplying this factor by 100.

The procedure used to measure working memory capac-
ity was adapted from versions of the operation span task
used by Kane, Hambrick, Tuholski, Wilhelm, Payne
and Engle (2004). Guidelines recommended by Con-
way, Kane, Bunting, Wilhelm and Engle (2005) were
followed during administration and scoring. The opera-
tion span task consisted of 5 items and 20 elements. The
number of elements per item varied from 2 to 6. Each
element consisted of a mathematical operation which
included addition and division, and a Kannada word
(E.g. (6/3) + 7 =8? ‘Ka:ge’). The participant’s task
was to read the mathematical problem aloud, then say
‘yes’ or ‘no’ to indicate whether the given answer was
correct or wrong, and then say the word. After all the el-
ements in an item were presented, the participants were
required to repeat all the words in that item. The diffi-
culty of the items was randomized such that the number
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of elements was unpredictable at the outset of an item.
The scoring for mathematical problem and words were
done separately. The participants who scored less than
seventeen out of twenty (80%) in mathematical problem
were not considered for analysis as results of those sub-
jects are not valid. For each correct item, one mark was
given, only if all the elements were repeated correctly.
If some of the elements were incorrect, the number of
correct elements was divided by total number of ele-
ments. Finally, the scores of all five items were added
and divided by five to obtain the final score for work-
ing memory. The scores for working memory ranged
between 0 and 1.

The testing for the assessment of audio-visual integra-
tion was conducted in quiet as well as in the presence
of noise. In quiet, stimuli were presented in 3 modal-
ities (auditory only, visual only & auditory-visual). In
the presence of noise, the stimuli were presented in 2
modalities (auditory only, & auditory-visual) at four dif-
ferent signal to noise ratios (+5dB, 0dB, -5dB and -10
dB SNR). The audio stimuli were presented binaurally
through headphones at most comfortable level (MCL).
The visual stimuli were presented from wide screen lap-
top with fifteen inches and the distance between the
participant and laptop was maintained at fifteen inches.
The audio of the video stimuli was muted while test-
ing in V mode. Finally there were three conditions in
quiet (A, V, AV) and eight conditions in the presence of
noise (A, AV in +5dB, 0dB, -5dB & -10 dB SNR). In
each condition, only one list of 10 bi-syllabic words out
of six lists was presented and the lists were randomized
when they were needed to be presented for the second
time. The mode of presentation was randomly chosen.
The subjects responded by repeating the words and the
words repeated were noted down by the clinician.

Response Analyses

In each condition (quiet, -10 dB, -5 dB, 0 dB, & +5
dB SNR) the total number of words repeated correctly
out of ten words was noted separately for A, V, and AV
mode. The AV speech perception was quantified by cal-
culating visual enhancement (VE, the benefit obtained
from adding a visual signal to an auditory stimulus) and
auditory enhancement (AE, the benefit obtained from
adding an auditory signal to a visual-only stimulus)
scores. The VE and AE were calculated according to
the equations 1 and 2 respectively. The scores for VE
and AE ranged between -1 to +1.

AV —A
VE =
1-A )
AV -V
AE=5 @)




The data obtained from the participants were subjected
to the statistical analysis to test the objectives of the

study.
Results

The primary objective of the study was to analyze
whether the SPIN and WM influence AV perception
of speech. The independent variables were SPIN and
WM, while the dependent variable was AV speech per-
ception. SPSS (version 16) was used for the statistical
analysis of data. Descriptive statistics, Repeated mea-
sures ANOVA, correlation, independent t-test and one-
way ANOVA were the statistical tests used for the pur-
pose.

Effect of Modality on Speech Perception Scores

To begin with, the speech perception scores of 66 par-
ticipants in the three modalities were analyzed to obtain
the mean and standard deviation scores. This was done
separately for each stimulus condition (-10 dB, -5dB, 0
dB, +5 dB SNR, & quiet). The mean (raw score out of
10) and standard deviation of speech perception scores
in the 3 modalities at different signal-to-noise ratios are
given in Table 1.

In general, the mean speech perception scores were
higher in AV-mode compared to A and V-mode. The
scores were least in the V-mode. This was true in quiet
as well as in all the SNR conditions. The mean scores
also decreased with decrease in SNR in the A and AV
modality. In the visual modality, only the scores ob-
tained in quiet was used for modality-wise comparison
in all the stimulus conditions.

The difference in the mean scores was tested for the
statistical significance on Repeated measures ANOVA.
The results of Repeated measures ANOVA are given in
Table 2

Table 1: Mean and standard deviation (S.D) speech
perception scores in the visual, auditory, and
auditory-visual modes in quiet, -10 dB, -5 dB, 0 dB, 5

dB SNR
Stimulus V-mode A-mode AV-mode

Condition Mean Mean Mean
(8.D) (S.D) (S.D)

-10 dB SNR CNT 1.12 3.65
(0.87) (1.96)

-5dB SNR CNT 3.58 6.82
(1.61) (1.66)

0 dB SNR CNT 7.74 9.21
(1.25) (0.94)

5dB SNR CNT 9.71 9.85
. (0.70) (0.40)

Quiet 1.09 9.95 10.0
(1.17) 0.21) (0.00)

Note: CNT- could not be tested as presentation of audi-
tory stimulus was inevitable in these conditions.
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Table 2: Results of repeated measures ANOVA
comparing speech perception scores across the 3
modalities in the 5 stimulus conditions

Stimulus Condi- F df(error)
tion

-10 dB SNR 108.881%* 2(130)
-5dB SNR 363.733* 2(130)
0dB SNR 1718.676* 2(130)
5dB SNR 3216.879* 2(130)
Quiet 3762.289* 2(130)

Note: *-p < 0.01

The results of repeated measures ANOVA showed a sig-
nificant (p<0.01) main effect of modality on speech
perception scores in all the 5 stimulus conditions. As
there was a significant main effect, the pair-wise com-
parison was tested on Bonniferroni post-hoc test. The
results of post-hoc test showed significant difference
across all three modalities (A-V, A-AV & V-AV) at 0,
-5 and -10 dB SNR. However, in quiet and +5 dB SNR
the significant difference was found only between A-V
and V-AV modalities.

Effect of Stimulus Condition on AV Speech Percep-
tions

In order to test the effects of independent variables
on AV speech perception, the scores were first con-
verted as visual enhancement and auditory enhance-
ment scores. The visual enhancement VE score was a
quantity of the benefit obtained from adding a visual
signal to an auditory stimulus score, whereas the audi-
tory enhancement AE score was a quantity of the benefit
obtained from adding an auditory signal to a visual-only
stimulus. The raw scores obtained in the 3 modalities
were used to compute VE and AE scores, separately for
each individual. This was done for all the 5 stimulus
conditions. The mean and standard deviation of VE and
AE scores in the 5 stimulus conditions are shown in Fig-
ure 1.

The inspection of the Figure 1 shows that there are
mean differences among the 5 conditions in both AE
and VE scores. The mean VE scores were maximum
at 0 dB SNR and decreased with either increase or de-
crease in SNR. The AE scores on the other hand in-
creased with increase in SNR. The mean differences
observed were statistically tested for the effect of condi-
tion on repeated measures ANOVA. The results showed
a significant main effect of condition on VE [F(4,260) =
46.907, p<0.001] and AE scores [F(4,260) = 491.085,
p<0.001]. Consequently, pair-wise comparison was
tested using Bonferroni post-hoc test and the results
showed a significant difference in the mean scores
across all conditions in AE. However in VE, there was
no significant difference between quiet and +5 dB SNR,
and, 0 and +5 dB SNR.
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Figure 1: Mean and standard deviation of visual enhancement (a) and auditory enhancement (b) scores in quiet,
-10dB, -5 dB, 0 dB, and +5 dB SNR.

Relation between Speech Perception in Noise and AV
Speech Perception

To understand the relation between SPIN and AV
speech perception, the correlation was obtained for both
VE and AE with SPIN scores in different stimulus con-
ditions. The data were statistically tested for correlation
between two variables on Pearson product moment cor-
relation and the results are given in Table 3 and Table
4. The results of the correlation showed a significant
low positive correlation at -10 dB and -5 dB SNR but
a significant low negative correlation in quiet condition
between mean scores of SPIN and VE. On the contrary,
correlation of mean differences between SPIN and AE
showed that there was a significant low positive correla-
tion at -10 dB SNR but a significant low negative corre-
lation in quiet and 5 dB SNR conditions. There was no
significant correlation in other conditions for both VE
and AE with SPIN scores.

The influence of SPIN on AV speech perception was
further tested using a second method wherein the par-
ticipants were divided into two groups based on their
SPIN scores (good SPIN & poor SPIN groups) and
compared with each other for their AV speech percep-
tion. The grouping was done based on the confidence

Table 3: The results of correlation test correlatin g
visual enhancement (VE) with SPIN in quiet, -10 dB, -5
dB, 0dB, and +5 dB SNR

interval (at 95%) determined for the SPIN scores of
66 participants of the study. The lower-boundary and
the upper-boundary of the interval for the SPIN scores
thus obtained were found to be 72% and 82% respec-
tively. The participants with scores lesser than the lower
boundary (72%) were grouped as ‘poor SPIN’ and those
with scores higher than the upper boundary (82%) were
grouped as ‘good SPIN’. The participants with scores
within the interval (72-82%) were not considered for
any comparisons.

The VE and AE scores of the resultant two groups were
then compared to investigate whether there was any dif-
ference in the AV speech perception between the two
groups. It was hypothesized that the presence of signif-
icant difference in VE scores would indicate that SPIN
influences AV speech perception. The mean and the
standard deviation of the VE and AE scores of the two
SPIN groups (good & poor), in each stimulus condition
(quiet, -10 dB, -5 dB, 0dB & 5 dB SNR) are shown in
Figure 2.

The mean VE scores were higher in the good SPIN
group compared to poor SPIN group except in +5 dB
SNR and quiet, wherein the case was reverse. In con-
trast, the mean AE scores of good SPIN group was

Table 4: The results of correlation test correlatin g
auditory enhancement (AE) with SPIN in quiet, -10 dB,
-5dB, 0dB, and +5 dB SNR

Stimulus SPIN and VE Stimulus SPIN and VE
Condition Pearson Correlation ~ Significance Condition Pearson Correlation ~ Significance
-10 dB SNR 0.496%* 0.000 -10dB SNR 0.512*= 0.000

-5dB SNR 0.253* 0.041 -5dB SNR 0.335%% 0.006

0 dB SNR 0.003 0.979 0dB SNR 0.243* 0.049

5dB SNR -0.166 0.184 5dB SNR 0.207 0.095

Quiet - 0.407% 0.001 Quiet CNT CNT

Note: *-p < 0.01 .
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Figure 2: Mean and standard deviation of visual enhancement (a) and auditory enhancement (b) scores in quiet,
-10dB, -5 dB, 0 dB, and +5 dB SNR. Note: Visual and auditory enhancement scores would vary between -1 and
1 and WM scores ranged between 0 and 1.

Table 5: The results of the t-test comparing the good
SPIN and poor SPIN groups for their visual
enhancement (VE) and auditory enhancement (AE)
scores in quiet, -10 dB, -5 dB, 0dB and +5 dB SNR

Stimulus Condition ~ VE(df=54)t AE (df=54) t
-10 dB SNR 4.755** 4.967**
-5dB SNR 2.042%* 2.814%*
0dB SNR 0.557* 3.119%:*

5dB SNR -1.003 2.585*

Quiet -2.475* CNT

Note: *- p < 0.05, **- p < 0.01, CNT- could nor be
tested as both the groups had same mean and no stan-
dard deviation.

higher than that of poor SPIN group in all the stimu-
lus conditions except in quiet, where the mean scores
were equal. The mean scores of the two groups were
statistically compared using independent samples t-test.
The results of the t-test for VE and AE scores are given
in Table 5.

The results showed that the scores for VE of good SPIN
group were significantly higher in -10 dB and -5 dB
SNR conditions and significantly lower in quiet, than
the poor SPIN group. The mean differences in other
stimulus conditions (0 dB & +5dB SNR) were not sig-
nificant. On the contrary, the difference in the mean AE
scores of the two groups was statistically significant in
all stimulus conditions except in quiet

Relation between Working Memory (WM) and AV
Speech Perception

The second independent variable of the study was work-
ing memory. Similar to effect of SPIN, the effect of
working memory on AV speech perception was exam-
ined. The relation between WM and AV perception of
speech across different stimulus conditions (quiet, -10

dB, -5 dB, 0dB, & +5 dB SNR) was examined by ob-
taining the correlation. The relationship between VE
and AE with WM scores were statistically tested on
Pearson product moment correlation test for different
stimulus conditions (quiet, -10 dB, -5 dB, 0dB, and +5
dB SNR). The results of correlation test are given in Ta-
ble 6 and Table 7.

From Table 6, we can witness clearly that, there was a
significant moderate positive correlation at -10 dB SNR
and a significant low negative correlation in quiet and
0 dB SNR conditions between WM and VE. Whereas,
correlation between WM and AE showed a significant
moderate positive correlation at -10 dB SNR and a sig-
nificant low positive correlation at 0 dB SNR conditions
as shown in Table 7.

Comparison between Poor and Good WM Groups

In a second method of testing the relationship be-
tween WM and AV speech perception, the participants
were divided into good WM and poor WM groups to
test whether there was any difference between the two
groups. The confidence intervals (95%) for WM scores

Table 6: The results of correlation test comparing
visual enhancement (VE) with working memory in
quiet, -10 dB, -5 dB, 0dB, and +5 dB SNR

Stimulus WM and VE
Condition Pearson Correlation ~ Significance
-10dB SNR 0.572%* 0.000

-5dB SNR 0.192 0.178

0dB SNR -0.307* 0.028

5dB SNR -0.208 0.143

Quiet - 0.349* 0.012

Note: *- p < 0.05, ** p < 0.01, CNT- could not be
tested as both the groups had same mean and zero
standard deviation.
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Table 7: The results of correlation test comparing
auditory enhancement (AE) with working memory in

quiet, -10 dB, -5 dB, 0dB, and +5 dB SNR

Stimulus WM and AE
Condition Pearson Correlation ~ Significance
-10 dB SNR 0.517+* 0.000

-5 dB SNR 0.256 0.070

0 dB SNR -0.330* 0.018

5dB SNR -0.040 0.781

Quiet CNT CNT

Note: *- p < 0.05, **- p < 0.01, CNT- could not be
tested as both the groups had same mean and zero
standard deviation.

were found out first. Then the participants with scores
lesser than the lower boundary (70%) were grouped as
‘poor WM’ and those with scores higher than the upper
boundary (76%) were grouped as ‘good WM’. The par-
ticipants with scores within the interval (70-76%) were
excluded. The mean and standard deviation of VE and
AE scores obtained for the 2 groups, across 5 condi-
tions, are represented in Figure 3.

Figure 3 shows that the mean VE scores for the good
WM group were better than those of poor WM at -10
dB, -5 dB and 0 dB SNR. But at +5 dB SNR and in
quiet, poor WM group had better scores. Whereas, the
mean AE scores of good WM group was higher than
that of poor WM group in all the stimulus conditions
except in quiet, where the mean scores were equal.

To test for significance in the mean differences between
the two groups, independent samples t-test was admin-
istered. The results of the t-test for VE and AE scores
across 5 conditions are given in Table 8. The results of
the independent samples t-test showed that the scores

for VE and AE of good WM group were significantly
different than that of poor WM group only in -10 dB
SNR condition. Even though there were mean differ-
ences in other conditions, they were not statistically sig-
nificant.

Relation between Speech Perception in Noise and
Working Memory

While analyzing the effect of WM on AV speech per-
ception, across different SNR conditions, there is possi-
bility of SPIN influencing the effect of WM. Hence, the
relationship between the 2 independent variables was
tested on correlation.

The Pearson product moment correlation was found
out to test for correlation between SPIN and WM
groups. The results showed that there was a significant
(p<0.001) moderate positive correlation (r=0.508) be-
tween the two independent variables.

Table 8: The results of the t-test comparing the visual
enhancement and auditory enhancement scores Sfor
good WM and poor WM groups in quier, -10 dB, -5 dB,

0dB and +5 dB SNR
Condition AE (df: 33)t VE(df: 33)t
-10dB SNR 2.380* 3.42]**
-5dB SNR 2.007 1.986
0 dB SNR 1:312 -0.986
+5 dB SNR 1.338 -0.337
Quiet CNT -1.817

Note: *-p < 0.05, ¥*- p< 0.01, CNT- could not be
tested as both the groups had same mean and zero
standard deviation.
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Discussion

The perception of speech could be through either audi-
tory (A-mode) or visual (V-mode) mode. Of the two
modalities, auditory modality is the primary one as it
provides information on place, manner and voicing of
speech sounds. The dependency on the visual mode
is only in instances where the information provided
through auditory modality is insufficient. This happens
due to reduction either in external redundancy or inter-
nal redundancy. The negative influences of reduction
in both external and internal redundancy on speech per-
ception have been well established in the literature. Al-
though it is universally accepted that audio-visual mode
(AV-mode) is beneficial over A-mode in adverse listen-
ing conditions, the underlying mechanisms of AV per-
ception are not clearly understood.

The present study was an attempt to probe into the un-
derlying mechanisms of AV perception in sensory and
cognitive domain. In the sensory domain auditory clo-
sure was taken as an independent variable, while in cog-
nitive domain working memory was the independent
variable. The present experiment to analyze the effects
of these two independent variables on AV perception,
on 66 participants, showed some interesting findings.

Effect of Modality on Speech Perception

Evidence from previous research explains that speech
intelligibility improves when listeners receive informa-
tion from both auditory and visual modes in instances
where the auditory cues are degraded by reducing ex-
ternal redundancy (Sumby & Pollack, 1954; Anderson,
2006; Huffman, 2007). The present findings are in con-
sonance with these earlier reports. Overall performance
of the participants was best in the AV-mode compared to
auditory-alone or visual-alone modes. The performance
was least in the V-mode. Auditory mode provides cues
pertaining to the place, manner and voicing of a speech
sound while in the visual mode one gets cues of only
place of articulation, that too not completely (Anderson,
2006). Hence, it is logical to expect better performance
in the A-mode compared to V-mode. Further, as the
redundancy of the cues is more in the bimodal presen-
tation, AV-mode showed better performance than that
in A-mode or V-mode, which were unimodal presenta-
tions.

The results showed that the performance in the A-mode
was comparable to that in AV-mode in quiet and at +5
dB SNR. This means that the necessary cues for an ideal
performance are not cut in quiet and +5 dB SNR. How-
ever, the performance reduced with further reduction in
the SNR both in A and AV-modes. As the reduction of
redundancy was only in the auditory signal without dis-
torting the visual signal, the reduction in the scores of A
and AV-modes can be attributed solely to the reduction
in the SNR of the auditory signal. The Figure 4 repre-
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sents the deterioration in the speech identification in A
and AV-modes across different stimulus conditions.

As we can observe in the Figure 4, the performance of
both A and AV- modes is same in quiet and decreases
with decreasing SNR. But the decrease in performance
for A-mode was more than that of AV-mode which is ev-
ident by the steepness of the curves. That is, the steep-
ness of the A-mode (blue line) is greater than that of
the AV-mode (red line). The difference between the A
and AV-mode is due to complementary cues provided
by the addition of visual cues, which however functions
nonlinearly.

The increase in the difference between the perfor-
mances in A and AV-modes with the decrease in SNR
evidences, greater dependency on visual cues at lower
SNRs. The finding is in agreement with the earlier
studies (Sumby & Pollack, 1954; O’Neil, 1954; Neely,
1956; Erber, 1969; Grant & Seitz, 2000; Rudmann, Mc
Carley & Kramer, 2003; Bernstein, Auer & Takayanagi,
2004; Ross, Saint-Amour, Leavitt, Javitt & Foxe, 2007)
which showed larger benefits of bimodal presentations
when the auditory signal was degraded. In the study
by Sumby and Pollack (1954), it was demonstrated that
the addition of visual cues improved speech percep-
tion by an amount equivalent to a 5 to 18 dB increase
in the SNR which accounts for improvement of up to
60% in word recognition. They also demonstrated that
with increase in difficulty of auditory-only perception,
the benefits obtained by combining the auditory and vi-
sual speech information also increased. Although the
present results showed a similar trend, the quantity of
improvement at the worst SNR (-10 dB SNR) was only
about 25%. The difference among the studies in the ex-
tent of improvement may be attributed to the different
test materials used.

10
s Mode
—AY-Mode

2

Mean scores (Max. score 10)

0

T T T T
+5 dB 0dB 5dB -10dB

Signal-to-Noise Ratio

T
Quiet

Figure 4: Mean identification scores in auditory mode
(lower line) and audio-visual mode (upper line) in
quiet, -10 dB, -5 dB, 0 dB, and +5 dB SNR conditions.
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Effect of Stimulus Condition on AV Speech Percep-
tion

In the previous section, it was learnt that AV-mode was
better than A-mode only at lower SNRs. That is, al-
though the redundancy of visual cues was not varied,
it nonlinearly facilitated speech perception. Hence the
absolute difference between the scores of AV and A-
modes would not have given a clear picture of the VE.
For example, the importance of 10% facilitation by ad-
dition of V-mode will be different for 3 individuals who
score 20%, 50% and 90% in the A-mode. An abso-
lute difference between A and AV-mode would be 10%
in all these cases, but logically the weightage of rela-
tive enhancement should be maximum for one who had
90% score in the A-mode followed by one with 50%
and 20% score. This was achieved by calculating vi-
sual enhancement scores using the following formula in
equation 3.

For the above example, the visual enhancement will be
0.12, 0.2, and 1 for the individuals with 10%, 50% and
90% score in the A-mode, respectively. With the similar
logic the AE scores were derived from the performances
in AV and V-mode using the equation 4. The AE score
is a quantity of the benefit obtained from adding an au-
ditory signal to a visual-only stimulus.

AV —A

VE = 3
1o 3)
AV -V

AE = T~V )

Effect of Stimulus Condition on Visual Enhance-
ment (VE)

The results showed that the VE was maximum at 0 dB
SNR and decreased with either increase or decrease in
SNR. The decrease in the visual enhancement at SNRs
below 0 dB was an unlikely finding considering the
trend observed from the absolute scores obtained in AV
and A-modes. The absolute difference between scores
of A and AV-mode indicated increasing facilitation with
decreasing SNR. However, the results of VE are in con-
trary to this. The trend of VE scores represents the
functional benefit obtained by an individual by adding
the visual cues. The functional benefit progressively
reduces with reduction in the performance of A-mode,
which in turn is dependent on the SNR.

On the other hand, the same logic does not apply to
the performances at +5 dB SNR and quiet. Above 0
dB SNR, performance again reduces with increasing
SNR. This is attributed to the ceiling effect. Because
the scores in the A-mode were already 100%, the re-
sultant VE scores would become 0. The number of
such individuals would increase with increase in SNR,
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Table 9: The Pearson correlation co-efficient
correlating auditory enhancement scores and auditory
mode scores in quiet, -10 dB, -5 dB, 0 dB, and +5 dB
SNR conditions

Stimulus conditions Correlation co-efficient

-10 dB SNR 0.352**
-5 dB SNR 0.423%:
0dB SNR 0.536**
5 dB SNR 0.488%**

Quiet CNT

Note: **- p<0.001, CNT- could not be tested as all the
participants had the same AE score of one (1).

resulting in progressively decreasing mean VE perfor-
mance. Based on these findings, it may be inferred that
any study intending to investigate visual enhancement
shall take SNRs of 0 dB or lesser and not take the higher
SNREs, in order to get a true picture of VE.

Effect of Stimulus Condition on Auditory Enhance-
ment (AE)

The AE was maximum in quiet (approximately 40 dB
SNR) and decreased with decreasing SNR. This trend is
logical as the enhancement shall increase with increas-
ing redundancy of the auditory cues. To strengthen the
notion, the correlation between A scores and AE scores
was done in different SNRs. It was expected to get high
positive correlation between the two variables in all the
stimulus conditions if the stated logic was true. Table 9
gives the Pearson correlation co-efficients in the 5 stim-
ulus conditions.

The results showed that the correlation was maximum at
0 dB SNR and reduced at other conditions. Hence the
above stated logic was defeated. The trend in Table 9
in turn shows the influence of VE as a primary variable.
In the formula used for the calculation of AE, AV and
V scores are the two parameters considered. As the V
scores remained constant in all the stimulus conditions,
the differences in the AE had to be because of AV which
in turn was related to VE.

As the trend of VE (Figure 1) across conditions is same
as that of trend of correlation observed in Table 9, it can
be inferred that it is this influence of VE over AV scores
that varied AE across stimulus conditions. This was
supported by the results of correlation of VE scores and
AE scores at 0, -5 and -10 dB SNR. The data of +5 dB
SNR and quiet were not considered as VE in these con-
ditions was erroneous due to ceiling effect. The results
of correlation showed a moderate positive co-efficient
(r=0.632, p<0.001) between AE and VE scores.

Effect of SPIN on AV Speech Perception

From the previous two sections, it is clear that AV
speech perception is influenced by external redundancy




of the auditory signal. Earlier studies have shown neg-
ative effects of advancing age on AV speech perception
(Shoop & Binnie, 1979; Middelweerd & Plomp, 1987;
CHABA, 1988; Walden, Busacco, & Montgomery,
1993; Cienkowski, 1999; Cienkowski & Carney, 2002;
2004). This age related decline could be either partially
or completely due to reduced internal redundancy sec-
ondary to central auditory processing deficits. Hence
it was of interest to study the relationship between in-
ternal redundancy and speech perception in noise. The
relationship was tested using two methods: one, by cor-
relating SPIN and AV speech perception. The other, by
comparing the AV speech perception of good and poor
SPIN groups.

The results-of the correlation showed that below 0 dB
SNR both VE and AE correlated with the SPIN scores.
That is, VE and AE increases with increase in SPIN
scores. Additionally, AE positively correlated with
SPIN at 0 dB. A negative correlation between VE and
SPIN is erroneous as most of the individuals had 0 VE
at +5 dB SNR and quiet. Further, the comparison of
AV speech perception among the good and poor SPIN
groups also showed that the SPIN scores have a positive
effect on speech perception through AV-mode.

From these findings it can be concluded that internal
redundancy controlled by central auditory mechanisms,
as evident through SPIN, is directly related to the AV
speech perception. Hence, one should take SPIN into
consideration while commenting on the benefit pro-
vided by AV speech perception.

Effect of Working Memory (WM) on AV Speech Per-
ception

It has been explained that speech understanding needs
a constant encoding of information into and out of the
working memory and manipulation of the information
stored in memory (Pichora-Fuller, Schreider & Dane-
man, 1995).

Similar to SPIN, the relationship between working
memory and AV speech perception was analyzed by
correlating the two parameters and by comparing good
and poor working memory groups. This was done to de-
cipher the underlying mechanisms of speech perception
under the cognitive domain. Considering that the in-
tegration of information from two different modalities
is a complex higher level task, cognitive factors such
as working memory were expected to influence the AV
speech perception.

The results of both correlation and group comparison
showed evidence for working memory influencing AV
speech perception in noise. The influence was particu-
larly significant at lower SNRs and the relationship was
direct. That is, AV speech perception was better in in-
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dividuals who had better working memory.

The results of the present study are in consonance with
the earlier report (Pichora-Fuller, Schreider & Dine-
man, 1995) which stated that the loss of working mem-
ory hinders speech communication and may contribute
to the age-related declines in the comprehension of
speech which may be evident even in favorable listening
conditions.

From these findings it can be concluded that working
memory, a cognitive factor, has a direct relationship
with the AV speech perception and hence demands at-
tention while interpreting on AV speech perception.

Relationship between SPIN and WM

As both working memory and speech perception in
noise were influencing AV speech perception in a simi-
lar way, it was of interest to know how these two inde-
pendent variables related to each other. The results of
correlation showed that the speech perception in noise
was better in individuals with good working memory
and vice versa. However, it was only a moderate corre-
lation which shows that they are not controlled by same
physiological mechanism.

Conclusions

The present study has important implications in rehabil-
itative audiology. In audiological clinics, AV-mode of
speech perception is recommended for individuals with
poor speech identification scores. The present findings
showed that the WM and SPIN directly influence AV
speech perception. Hence, one should consider WM
and SPIN, assess for them, estimate the probable benefit
with AV speech perception and accordingly recommend
the same.
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