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Abstract

Both auditory, modality-specific and cognitive, modality-
aspecific functions influence the ability to perceive and
comprehend speech in noisy listening situations. Important
cognitive factors are working memory capacity and the
ability to use linguistic context to fill in incomprehensible
‘gaps’ in the speech. When listening conditions are
challenging (due to background noise or hearing loss),
listeners rely to a greater extent on effortful top-down
processes to improve speech comprehension. Therefore, it is
important to measure both auditory and cognitive abilities
when examining the causes of speech comprehension
problems.

To prevent the performance on cognitive tests from being
confounded by hearing loss, visual tests of relevant cognitive
functions need to be considered when testing hearing
impaired participants. Therefore, our group recently has
developed the Text Reception Threshold (TRT) test, a visual
analogue of the Speech Reception Threshold test. Several
studies showed that speech comprehension in noise is
associated with the TRT, indicating that both abilities rely on
similar modality-aspecific cognitive processes. Future
studies should focus on further unraveling the auditory and
cognitive functions in speech comprehension and on the
development of a clinically applicable test of relevant
cognitive functions in speech comprehension in noise.

Introduction

Research over the last decades has shown that speech
comprehension in difficult listening conditions depends on
both peripheral bottom-up factors and modality-aspecific
top-down cognitive abilities. The present paper gives a short
overview of the cognitive abilities relevant for speech
comprehension and the influence of age on these abilities.
This paper furthermore describes a test measuring one of
these abilities, verbal inference making, and it explains the
value of applying physiological measures in studies to
cognitive processes in speech comprehension.

Cognitive functions relevant for speech
comprehension

Although sensory hearing loss is the main cause of speech
communication difficulties [1, 2], the standard pure-tone
audiogram and psycho-acoustical tests do not fully account
for interindividual differences in the ability to comprehend
speech in noise [2, 3, 4, 5]. Individuals with similar types
and degrees of peripheral hearing loss can vary considerably
in their ability to understand speech in noise. Part of this
variance in speech comprehension can be explained by non-
auditory functions like the ability to use context information
to complete a partially comprehended sentence (e.g., [6, 7];
for a recent overview of relevant studies, see [8]). In

‘analysis-by-synthesis’ models of speech perception, correct
comprehension is based the interaction between the
acoustical analysis of the speech signal and cognitive
processes that use the contextual information to synthesize a
likely candidate for the phonetic speech segments [9].

Working memory [10, 11] is one of the cognitive abilities
important for language comprehension. It is relevant for the
processing and maintenance of incoming information in a
limited-capacity ‘store’ in which the information can be
manipulated. Specifically, the performance on verbal
working memory tests (e.g., the reading span test, [12]) is
related to speech comprehension (e.g., [8, 13]). Age-related
declines in speech processing increase the deployment of
working memory capacity during speech comprehension
[14, 15, 16].

The ability to make use of linguistic context is also relevant
for speech comprehension [1, 14, 17, 18, 19, 20, 21].
Individuals who are more skilled at using the linguistic
context to fill in ‘missing’ auditory information will likely
experience fewer problems in speech communication.

Top-down processes and ageing

Increasing age is associated with decreasing working
memory functioning and lower processing speed [22, 23].
Other abilities, like word vocabulary and the ability to make
use of the available linguistic context are however preserved
with increasing age and can partly compensate for the age-
related decreases in auditory functions (e.g., [24]). Sheldon
et al. [25] examined the effect of age on the benefit from
contextual information during listening. Participants had to
repeat the sentence-final word of noise-vocoded sentences.
This final word was either predictable from the sentence
context (i.e., high-predictable sentences) or not. In some
conditions, a prime was presented prior to the auditory
sentence. The prime consisted of the undistorted auditory
sentence with the target word replaced by a white-noise
segment. For the high-predictable sentences, the age-related
differences in the comprehension of the noise-vocoded
speech disappeared in the prime-conditions. Sheldon et al.
[25] suggest that these findings reflect the higher skill of
elderly listeners at using supportive contextual information
to compensate challenging listening conditions. This age-
related increase in the ability to use contextual information is
the result of more practice at using this information in daily
life due to age-related reductions in auditory functioning [14,
25]. However, using these top-down processing skills to
compensate for the distortions in the incoming auditory
information requires effort, and when the available cognitive
abilities and working memory capacity are insufficient to
compensate for reduced auditory information, listening can
become effortful [14, 26, 27, 28] and may result in fatigue.
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Assessment of cognitive functions
relevant in speech comprehension

Our department has recently developed a visual test to assess
the ability of individuals to make use of linguistic context
(i.e., verbal inference making; [29]). This Text Reception
Threshold (TRT) test is a visual analogue of the widely-used
Speech Reception Threshold (SRT) test [30] measuring
speech comprehension in noise. The TRT is defined as the
percentage of unmasked text required by the participant to
read 50% of masked sentences without error. The sentences
[30] are displayed one by one and the text is adaptively
masked with vertical bars to estimate the TRT. At the start of
each trial, the mask becomes visible and the text appears
“behind” it in a word-by-word fashion. The timing of the
appearance of each word is equal to the timing of each word
in the original audio file. The preceding words remain on the
screen until the sentence is completely presented, and then
the sentence remains visible for 3.5 sec. Figure 1 illustrates
the stimuli used in the Text Reception Test. The adaptive
procedure applied in the TRT test is similar to the procedure
applied in the SRT test [29]. The examination of the
association between the performance on this visual test and
speech comprehension in noise gives more insight into the
factors explaining the interindividual variance in speech
processing in noise.
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Figure 1: Example of the stimuli used in the Text

Reception Test [29].

Zekveld et al. [29] and George et al. [3] showed that the
performance on the TRT test is significantly associated with
the performance on the SRT test, thereby confirming the
involvement of non-auditory linguistic skills in speech
comprehension. In a group of hearing impaired participants
[3], the TRT was significantly associated with the SRT in
modulated noise, after controlling for temporal auditory
acuity. In another study performed by our group [31], we
examined the benefit obtained from partly incorrect textual
output from an Automatic Speech Recognition (ASR)
system during speech comprehension. Listeners with hearing
impairment were asked to indicate the amount of benefit
obtained from the supportive text during the comprehension
of short stories presented in babble-noise. Participants with
good TRTs reported higher speech comprehension support
from the text than participants with worse TRTs.

As described by Kramer et al. [32], it would be interesting to
further develop specific cognitive tests in order to provide
more insight into the interindividual differences in speech
comprehension ability. Currently, we are performing a pilot
study in which a slightly adapted version of the TRT test is
used in which the duration of the presentation of the
sentences on the screen is shortened. This increased time-
pressure during reading may increase the involvement of
working memory, which may result in a stronger association
of the TRT and speech comprehension.

1541

NAG/DAGA 2009 - Rotterdam

Physiological measures
speech processes

Increased reliance on top-down functions to increase speech
comprehension can be examined with physiological
measures. For example, functional magnetic resonance
imaging (fMRI) can reveal to which extent the cognitive
processes required by more difficult listening conditions
result in increased activation of brain areas involved in these
top-down functions. Additionally, wusing conjunction
analyses, the overlap in brain regions activated by (slightly)
different tasks or stimuli can reveal whether two conditions
share a common function [33].

of top-down

Speech comprehension is associated with activity in the
anterior part of the superior temporal sulcus (STS), and the
processing of complex auditory stimuli that depend on
working memory processes activate areas in the left inferior
frontal gyrus (IFG; [34, 35, 36, 37, 38]). Scott et al. [39]
presented speech in noise stimuli at varying signal to noise
ratios. They observed that more activation was evoked in the
left inferior frontal cortex and the dorso-medial premotor
cortex at the more difficult SNRs. This suggests that these
regions are involved in compensatory cognitive processes
that support speech comprehension when the listening task
becomes harder. Davis and Johnsrude [40] also observed
that prefrontal areas, including the premotor cortex and areas
in the inferior frontal gyrus, exhibited an increased response
to degraded stimuli compared to clear speech and an
unintelligible baseline. They interpreted this finding as
reflecting compensatory processes that apply at a
nonacoustic level. Jobard et al. [41] examined the shared
neural network during listening to speech and during
reading. Bilateral areas were activated during both listening
and reading tasks, including the posterior part of the left
middle temporal gyrus, close to the superior temporal sulcus,
extending in the occipito-temporal junction. Additional large
activation clusters were observed in the left frontal cortex in
the precentral gyrus and the pars opercularis and pars
triangularis of the IFG. Irrespective of modality (auditory
versus visual), the activity in areas in the left precentral
gyrus and left IFG increased when the complexity of the
verbal information increased (i.e., when comparing the
activation evoked by words with that evoked by sentences
and texts). Zekveld et al. [38] showed that increasing the
SNR of speech presented in noise results in a sigmoid-
shaped increase of activation as function of SNR in a frontal-
temporal network of brain areas. At relatively high SNRs
(i.e., at easier speech comprehension levels), the activation
in the frontal brain areas was smaller compared to the
activation in temporal brain areas, which is in line with the
involvement of frontal areas in top-down processing of the
speech and bottom-up processing of the speech in temporal
brain areas.

The value of using brain imaging techniques besides
behavioral measures of speech comprehension is that they
can indicate to what relative degree the allocation of top-
down processing resources have contributed to speech
comprehension [42, 43, 44]. Specifically, individual
differences in the amount of effortful processes required for



successful speech comprehension will provide additional
information that may not be revealed by speech intelligibility
measures [33, 43]. In other words, examination of the brain
areas associated with top-down processing of speech can
indicate how individual listeners reach a certain speech
comprehension performance. Research that examines the
relation between relevant cognitive abilities and
physiological measures will further contribute to the
development of models of speech comprehension in difficult
listening conditions.

Summary and Conclusion

In summary, top down cognitive functions are relevant for
speech comprehension in noise, and interindividual
differences in these functions can explain part of the
variance in speech comprehension performance that is not
explained by differences in auditory functioning. Future
studies could further focus on the specific cognitive
variables associated with speech comprehension in difficult
conditions, and could lead to the development of clinically
applicable tests that can be used to give more insight into the
sources of communication difficulties on an individual basis.
The application of brain imaging techniques in experimental
settings can provide knowledge upon the neural basis of
speech comprehension in adverse listening conditions, and
upon the influence of cognitive abilities in the amount of
processing capacity required for a speech comprehension
task.
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