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Abstract
Objectives: In two experiments with different subject groups, we explored the relationship
between semantic context and intelligibility by examining the influence of visually presented,
semantically related and unrelated 3-word text cues on perception of spoken sentences in
stationary noise across a range of signal-to-noise ratios (SNRs). Additionally, in Experiment
(Exp) 2, we explored the relationship between individual differences in cognitive factors and
the effect of the cues on speech intelligibility.
Design: In Exp 1, cues had been generated by participants themselves in a previous test
session (own) or by someone else (alien). These cues were either appropriate for that sentence
(match), or were for a different sentence (mismatch). A condition with non-word cues,
generated by the experimenter, served as a control. Experimental sentences were presented at
3 signal to noise ratios (dB SNR) corresponding to the entirely correct repetition of 29%,
50%, or 71% of sentences (speech reception thresholds; SRTs). In Exp 2, semantically
matching or mismatching cues and non-word cues were presented prior to sentences at SNRs
corresponding to SRTs of 16% and 29%. The participants in Exp 2 additionally performed
tests of verbal working memory capacity and the ability to read partially masked text.
Results: In Exp 1, matching cues improved perception relative to the non-word and
mismatching cues, with largest benefits at the SNR corresponding to 29% performance in the
SRT task. Mismatching cues did not impair speech perception relative to the nonword-cue
condition, and no difference in the effect of own and alien matching cues was observed. In
Exp 2, matching cues improved speech perception as measured using both the percentage of
correctly reported words and the percentage of entirely correctly reported sentences.
Mismatching cues reduced the percentage of repeated words (but not the sentence-based
scores) compared to the nonword-cue condition. Working memory capacity and ability to
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read partly masked sentences were positively associated with the number of sentences
repeated entirely correctly in the mismatch condition at the 29% SNR.
Conclusions: In difficult listening conditions, both relevant and irrelevant semantic context
can influence speech perception in noise. High working memory capacity and good linguistic
skills are associated with a greater ability to inhibit irrelevant context when uncued sentence
intelligibility is around 29% correct.
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Introduction

The comprehension of speech involves many cognitive and perceptual processes that
map a complex, time-varying acoustic signal onto a meaningful representation. The relative
contributions of stimulus-driven and knowledge-driven processes to intelligibility probably
depend on audibility factors (c.f., Plomp, 2002; Rönnberg, et al., 2010). The relevance of
knowledge-driven processes may increase when listening is challenging because of interfering
noise and/or hearing impairment (Rönnberg, 2003; Pichora-Fuller, et al., 1995; Rönnberg, et
al., 2008; Wingfield & Tun, 2007). Furthermore, the recruitment of such compensatory
processes appears to be associated with increased listening effort, as measured indirectly
using memory tests and more directly using pupillometry (Wingfield, et al., 2005; Zekveld, et
al., 2010, 2011).
The working memory framework of ‘Ease of Language Understanding’ describes the
interplay between explicit and implicit processes in speech perception (Rönnberg, 2003;
Rönnberg et al., 2008, Stenfelt & Rönnberg, 2009). According to the framework, ’implicit’
processes are rapid and automatic, and ‘explicit’ processes are generally more effortful. In the
former case, stimulus-driven linguistic input is matched automatically and implicitly to stored
phonological representations in long-term memory. In the latter case, sub-optimal conditions
interrupt this automatic binding process. The resulting ‘mismatches’ require explicit,
knowledge-driven processing in order to be resolved. In this study, we manipulate semantic
context to produce matching and mismatching conditions.
Contextual information can help listeners compensate for ambiguous or degraded
acoustic information (Miller, et al., 1951; Miller & Isard, 1963, Kalikow, et al., 1977;
Sheldon, et al., 2008; Pichora-Fuller et al., 1995; Wingfield, 1996; Plomp, 2002; MacDonald
et al., 2008). Such contextual constraints exploit, for example, the knowledge of words and
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grammar of a language, world knowledge, knowledge of the topic of conversation and
speaker characteristics (Bronkhorst et al., 1993; Samuelsson & Rönnberg, 1991, 1993; Tesink
et al., 2009; Nakano et al., 2010; Hagoort & van Berkum, 2007; Boothroyd & Nittrouer,
1988). Such contextual knowledge may help the listener to build a conceptual representation
of the unfolding sentence, or to predict potential words or phrases (e.g., van Rooij & Plomp,
1991; Drager & Reichle, 2001). Several studies have examined the effects of semantic context
on the intelligibility of sentence-final words (e.g., Freyman et al., 2004; Sheldon et al., 2008;
Obleser & Kotz, 2010; Dubno et al., 2000; Pichora-Fuller et al., 1995). The ‘Speech
Perception in Noise’ (SPIN) sentences (Kalikow et al., 1977; Bilger et al., 1984; Elliott, 1995)
were specifically developed to include sentences with final words that are predictable from
the sentence context (high-context sentences: e.g., “The sport shirt has short sleeves”) or not
(low-context sentences: e.g., “John talked about the sleeves”). The effect of semantic context
is necessarily larger in suboptimal as compared to optimal listening conditions (c.f., Dubno et
al., 2000; Sheldon et al., 2008; Pichora-Fuller et al., 1995). An interaction between stimulus
degradation and the effect of semantic information has been observed for other sentence sets
(Grant & Seitz, 2000; MacDonald et al., 2008), for the perception of text (Meyer et al., 1975;
Becker & Killion, 1977; Holcomb, 1993) and for lipreading (Lansing & Helgeson, 1995).
Drager and Reichle (2001) observed that context, consisting of five to eight sentences prior to
target sentences, increased target sentence intelligibility. Additionally, Helfer and Freyman
(2008) observed that providing information about the sentence topic improved sentence
perception in noise.
Mäntylä and Nilsson (1983) and Bäckman et al. (1984) explored the effects of context
in a rather different way. They demonstrated that semantically related cues generated by the
participants themselves (‘subject-generated cues’) can dramatically improve recall of
memorized words. In their test paradigm, participants were first asked to generate three-word
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associations to a set of single words. The rationale for presenting subject-generated cues was
that they likely represent a blend of associations, imagery, ideas, and words that will be
associated with each sentence in a personal and particularly meaningful way. The associations
were later presented as cues and the participants were asked to recall the target word. Even
when subjects were not forewarned of this memory task, or when the session was delayed by
several days or weeks, recall performance was remarkably high (Mäntylä, 1986a; Mäntylä &
Nilsson, 1988). For immediate recall, subject-generated cues resulted in 95% correct
performance, whereas the cues generated most frequently by a pool of subjects resulted in
83% correct recall (Mäntylä & Nilsson, 1983). A lower performance of 60% was observed for
“alien” cues (cues generated by a randomly selected subject).
The main aim of the current study is to examine the influence of semantically related
and unrelated three-word text cues on the intelligibility of complete, natural sentences in
stationary noise, at three (Exp 1) or two (Exp 2) different noise levels. In Exp 1, five types of
text cues were presented: subject-generated (own) or someone else’s (alien) cues that had
been generated for the subsequently presented sentence (matching) or for another sentence
(mismatching). A baseline condition of experimenter-generated non-word cues was also
employed. The cue paradigm allowed us to degrade the auditory target sentence while
keeping the cue quality constant, which is not possible in materials where the context and
target are within the same stimulus (in the SPIN materials, for example). We used the
Mäntylä and Nilsson procedure to generate cues in Exp 1, in order that meaningful contextual
support would be maximal. However, “own” cues turned out to yield similar results to “alien”
cues, so in Exp 2, participants did not generate cues themselves. In addition to the non-word
baseline, matching and mismatching alien cues were presented: these were the cues most
frequently reported by the participants of Exp 1. The rationale for presenting non-word cues
as a neutral baseline was that they enabled the assessment of the separate influence of
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matching and mismatching cues on speech comprehension (e.g., Cardillo et al., 2004;
Aydelott & Bates, 2004; Neely, 1991). Without a neutral baseline, it is not possible to assess
whether differences between the matching and mismatching cues are due to a facilitative
effect of matching cues, or to inhibitory effects of mismatching cues, or a combination. We
used non-word cues (instead of no cues) in order to keep conditions as similar as possible
(i.e., every trial involved a visual cue followed by an auditory sentence).
In Exp 2, we also measured individual differences on two cognitive tests thought to be
relevant to speech-in-noise performance. The Reading Span test (Daneman & Carpenter,
1980; Rönnberg et al., 1989) measures working memory capacity, correlates with
performance on a wide range of cognitive tasks, and also correlates with speech in noise
performance (Foo et al., 2007; Lunner, 2003; Rudner et al., 2008; 2009; 2011; see Akeroyd,
2008, for a review). The text reception threshold test (Zekveld et al., 2007) evaluates the
ability to read partially masked, visually presented text, and also appears to correlate with
speech-in-noise performance (Zekveld et al., 2007; George et al., 2007; Kramer et al., 2009).
We examined the relation between these variables and cued sentence perception in noise.

Experiment 1
In Exp 1, we examined whether matching cues facilitate perception of sentences in
noise relative to mismatching and nonword cues. Furthermore, we examined whether cues
generated by the participants themselves for a particular sentence would be more effective
than cues generated by others, as shown for recall tests (Mäntylä & Nilsson, 1983). We
predicted that, relative to the nonword control condition, speech perception would be
impaired in the mismatching cue condition and facilitated in the match condition, because the
processes operating on contextual information would be helpful in the match case but
unhelpful in the mismatch case. We additionally expected that own cues would have larger

6

Cued speech perception in noise

Zekveld et al.

facilitative and inhibitory effects than alien cues, as own cues may activate particularly
meaningful associations and thus offer maximally strong supportive context.

Methods Experiment 1
General procedure
Exp 1 consisted of two sessions performed on two consecutive days. Session 1
included hearing and vision screening, determination of speech reception thresholds (SRTs),
and cue generation. Session 2 included determination of SRTs and testing the effect of cues
on intelligibility. All testing took place in a sound-attenuating room. The tests are first
described in general, and then in detail in subsequent sections.
In session 1, hearing and visual acuity were measured by means of a pure-tone
audiogram and a near vision screening test. Subsequently, participants performed a 26-item
practice SRT (Plomp & Mimpen, 1979) in noise test (1-up-1-down procedure). Then, the SRT
test was administered three times in order to determine the SNRs that resulted in the repetition
of 29%, 50%, and 71% of sentences completely correctly. After that, participants generated
cues for 378 sentences selected from the set of 507 sentences spoken by a female. This set of
sentences was developed by Versfeld et al. (2000, see below). These sentences were presented
visually in session 1, but auditorily in session 2.
On day 2, we began session 2 with SRT tests. We expected that the intelligibility of
the cued sentences would be influenced by the fact that participants had seen the sentences the
day before, when they generated cues. Accordingly, we could not use the 29%, 50%, and 71%
SRTs estimated on the previous day, but estimated them again using 78 of the 378 sentences
presented in the cue generation test on the previous day (‘familiar sentences’). The SNRs
corresponding to these thresholds were applied in the cued intelligibility test. In that test, 300
familiar sentences were preceded by the text cues. There were five types of cue: matching
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own, mismatching own, matching alien, mismatching alien and non-word, each applied to 20
sentences at each of the three SNRs.
We could examine the effect of hearing familiar sentences on SRTs by comparing the
SRT thresholds estimated for novel items in session 1 and for familiar items in session 2. This
effect indicates to what degree having seen the sentences previously and having generated
cues for each sentence influenced perception in noise.
In both sessions, the order of SRT tests, and the assignment of sentence lists to SRT
tests and the cued intelligibility test were counterbalanced across participants. Session 1 was
2.5 hours long and session 2 was 1.5 hours long. These long and demanding test sessions
prevented us from also assessing cognitive skills in Exp 1 (see Exp 2).

Participants
Twenty-nine normally hearing students (21 women and 8 men) participated. Their
ages ranged from 18 to 30 yrs, with a mean age of 22 yrs (SD = 3.3 yrs). They were recruited
among students of the Vrije Universiteit (VU University) and Hogeschool InHolland
(InHolland University of Applied Sciences), Amsterdam. All participants were native Dutch
speakers who reported no hearing problems, normal or corrected to normal vision, no
dyslexia, and no history of neurological disease. All participants provided written informed
consent in accordance with the Ethics Committee of the VU University Medical Center.

Day 1 Test Session
Near vision screening
Near vision was screened with a visual acuity Snellen equivalent (Bailey & Lovie,
1980). A word-chart is digitally presented at 40 cm and participants are asked to read the
words aloud. The words are presented with decreasing font-size on each line, ranging from 80
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to 2 points. The smallest font size the participant was able to read had to be equal to or below
eight for inclusion in the current study (i.e., at least 18 points below the smallest point size
used in the tests).

Pure-tone audiometry
Pure-tone hearing thresholds of the participants were measured at the start of the first
test session to ensure that the thresholds of both ears were ≤ 20 dB HL at the octave
frequencies between 125 and 8000 Hz.

Speech Reception Threshold test
The SRT technique was developed by Plomp & Mimpen (1979), but we used
sentences from the large set of 507 sentences recorded by a female speaker developed by
Versfeld et al. (2000). In each SRT test, 26 short, everyday Dutch sentences (Versfeld et al.,
2000) were presented in background noise. The sentences contained eight to nine syllables
each and no word in any sentence contained more than three syllables. The grammatical
structure of the sentences was relatively simple and similar across sentences. Sentences from
this set are pronounced clearly, at a natural rate. An example sentence (translated into
English) is “The shop is within walking distance”. The sentences are equalized regarding
intelligibility, and are syntactically and psycholinguistically standardized (see Versfeld et al.,
2000, for more details). Stationary noise with the long-term average spectrum of the speech
served as the masker. Noise-onset was 500 msec before speech onset and noise-offset was
500 msec after speech offset (Versfeld et al., 2000). Participants were asked to report each
sentence aloud. The experimenter scored whether the sentence was reproduced completely
correctly (sentence-scoring). The SNR was varied by adapting both the speech and the noise
levels while keeping the long-term equivalent intensity fixed at 70 dB SPL. The first sentence

9

Cued speech perception in noise

Zekveld et al.

was presented at a SNR below threshold (-12 dB SNR) and was presented repeatedly while
increasing the SNR with 4 dB steps until the participant reproduced the sentence completely
correctly. Each of the other sentences was presented once at an SNR determined by the
adaptive procedure. Three adaptive procedures (i.e., for the three different thresholds) were
applied: a 1-up-2-down procedure estimating the SNR required for perceiving 29% of the
sentences entirely correctly (SRT29%), and 1-up-1-down and 2-up-1-down procedures for
estimating the SNR required for repeating 50% or 71% of the sentences entirely correctly,
respectively (SRT50% and SRT71%; Levitt, 1971). These SRTs covered a substantial range in
speech perception performance. In the 1-up-1-down procedure, the SNR of each sentence was
reduced by 2 dB if the preceding sentence was reproduced correctly and increased by 2 dB if
it was reproduced incorrectly. In the 1-up-2-down procedure, participants had to reproduce
two consecutive sentences incorrectly before the SNR of the following sentence was
increased by 2 dB. In the 2-up-1-down procedure, participants had to correctly report two
consecutive sentences for a 2 dB reduction in SNR. In all conditions, the SRT was the mean
SNR of sentences 5 to 27; the 27th sentence was not actually presented, but the SNR at which
this sentence would have been presented can be calculated from the response to the 26th
sentence. The data of the first four sentences were not included in the analyses, as these
sentences are used to start the staircase adaptive procedure by approaching the individuals’
threshold (Plomp & Mimpen, 1979).

Cue generation test
In the cue-generation phase, 378 sentences were visually presented for 10 seconds
each and participants were asked to generate three words that they thought meaningfully
summarized the topic of each (Mäntylä & Nilsson, 1983). These words were used as cues in
the cued speech perception test on the following day. Words that occurred in the sentence,
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parts of compound words occurring in the sentence, or morphological variants of words in the
sentence (e.g., the plural form of a noun, or the same verb in another tense) were not valid.
Participants responded verbally; the experimenter entered the words in a database.
Participants always generated 3 words. The cue words did not form a phrase but were
individual words related to the sentence. For example, for the sentence “It smells nice in the
bakery”, cue words could be “bread-oven-cakes”, and for the sentence “I could see everything
very clearly”, the cue words could be “glasses-close-light”.

Day 2 Test Session
The second session took place at least 19 and no more than 31 hours following the first
session.

Speech Reception Threshold Test
As on the previous day, 3 SRT tests were performed. However, this time, the SRT
sentences were all familiar, having been seen on the previous day, and a three-word cue
generated to each. SNRs sufficient for repeating 29%, 50% and 71% of the sentences entirely
correctly (SNR29%, SNR50%, SNR71%) were once again estimated.

Cued speech perception test
In this test, participants heard 300 sentences that had been presented on the previous
day. Sixty of these were presented in each of five cue conditions, 20 at each SNR. Own
mismatching cues were selected from the participants’ own set of cues that did not overlap
with the own, matching cues for that particular sentence. Alien matching and mismatching
cues for a given participant and sentence were selected at random from 3-word cues generated
by one of the other previously tested participants, with the restriction that the cue did not
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contain any words that were also generated by the target participant him/herself for any
sentence. In order to enable the presentation of alien cues for the first test subjects, we
collected cues from 11 persons before we started Exp 1. The non-word cues were created by
shuffling the letters of a large set of Dutch words that were randomly selected from the
CELEX database (Baayen et al., 1993). We only used non-words that were not
pronounceable, did not contain meaningful Dutch words of more than two characters, and had
the same distribution of word-lengths as the cues generated by the first 11 participants who
completed the cue-generation test. For each participant, and for each sentence in the non-word
conditions, we randomly selected, without replacement, a 3-non-word cue from the resulting
list of 291 3-nonword cues.
On each trial, the words were first presented visually for 2 seconds on a monitor. After
the cue disappeared from the screen, the auditory sentence in noise was presented.
Participants were asked to repeat each sentence aloud, and were encouraged to make their
best guess for sentences they were not able to understand entirely. They were told that the
visual cues might or might not help them to understand the sentence. The experimenter
recorded the participant’s verbal response and whether the sentence was completely correct or
not. No feedback was given during the tests. The SNR and cue-type condition were varied
unpredictably from trial to trial, with no more than two successive sentences from the same
condition.

Statistical analyses
We used repeated measures analysis of variance (2 factors; SNR (3 levels) and cuetype (5 levels)) to examine main effects and interactions. We performed the analysis on both
the sentence scores (i.e., the percentage of sentences reported completely correctly) and on the
percentage of correctly reported words. We used both word and sentence report scores
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because, although the standard procedure in the SRT test is sentence scoring (Plomp &
Mimpen, 1979; Versfeld et al., 2000) the cues may have a larger influence on the percentage
of correctly repeated words. Also, meaningful sentences consist of several independent parts
(Boothroyd & Nittrouer, 1988). The sentences used in the current study consisted of 1.5 to 2.5
independent parts (Versfeld et al., 2000). Word scoring is based upon a larger number of
independent test items, resulting in smaller standard error of the scores, if the between
sentence-variance is similar for both word and sentence scoring methods. This may also lead
to differences between the word and sentence outcome measures.

Results Experiment 1
Pure-tone audiogram
The mean pure-tone hearing threshold at 500, 1000, 2000, and 4000 kHz, averaged
over both ears, was 4.2 dB HL (SD = 3.3 dB).

SRT tests
Figure 1 shows the mean and standard deviation of SRT thresholds measured in
session 1 (novel) and session 2 (familiar).

A repeated-measures analysis of variance testing the main and interaction effects of
SRT condition (SRT29%, SRT50%, SRT71%) and familiarity (unfamiliar versus familiar)
indicated main effects of both factors on the SRT thresholds: SRT condition: F(2,56) = 138; p <
.001 and familiarity: F(1, 28) = 53.1, p < .001. SRTs were lower (better) by around 1 dB when
participants heard familiar sentences for which they had generated cues on the preceding day
(see Figure 1). Figure 1 shows that the change in accuracy in the percentage correctly reported
sentences as a function of SNR was around 14 % / dB, for both familiar and unfamiliar
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sentences, which is close to the steepness of the psychometric function observed by Versfeld
et al. (2000), which was 16.6 % / dB.

Figure 1. Means and standard deviations (error bars) of the Speech Reception Thresholds
(SRTs) in the SRT29%, SRT50%, and SRT71% conditions. Familiar sentences were visually
presented on the preceding day in the cue-generation test. SNR = Speech-to-Noise Ratio.

No significant (p > .05) interaction between the factors was observed. Pairwise
comparisons with Bonferroni correction were use to evaluate the main effect of SRT
condition on SNR: only adjacent SRTs were tested (i.e., SRT29% versus SRT50% and SRT50%
versus SRT71%). Both contrasts were statistically significant (t(28) = 9.1, p < .001 and t(28) =
8.5, p < .001, respectively).
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Cued speech perception test
Data were scored both as proportion of words correct, and proportion of sentences
correct. Figure 2a shows mean word-scores and Figure 2b show mean sentence-scores as a
function of cue condition and SNR.

Figure 2. Means and standard deviations (error bars) of the percentage of sentences that were
entirely correctly reproduced (Figure 2a) and the percentage correctly repeated words (Figure
2b) in each of the 15 conditions of the cued speech-perception test. SNR = Speech-to-Noise
Ratio; these levels corresponded to 29, 50, or 71% correct sentence-perception and were
individually determined in the Speech-Reception-Threshold test.
The repeated-measures analyses showed an interaction between SNR and cue-type on
the word-scores (F(8,224) = 4.1; p < .001), but not on the sentence-scores (p > .05). The
interaction was probably due to larger benefit obtained from the matching cues at lower SNRs
(see Fig. 2). To examine the origin of the interaction effect of SNR and cue-type on the wordscores, we tested the performance-differences between the non-word cues (baseline) and each
of the four other cue-types, at each of the three SNRs using Bonferroni-corrected paired ttests. The results showed that word perception performance was significantly better for both
own and alien matching cues at the SNR29% level (own: t(28) = 4.72, p < .01; alien: t(28) =
5.15, p < .01) and at the SNR71% level (own: t(28) = 3.67, p < .05; alien: t(28) = 3.61, p < .05).
15
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Additionally, own matching cues supported perceiving the words at the SNR50% level (t(28) =
3.18, p < .05) as compared to the non-word baseline. Additionally, we observed main effects
of SNR and cue-type, for both the word and sentence scores (words: F(2,56) = 89.6; p < .001
and F(4,112 ) = 26.0, p < .001; sentences: F(2,56) = 107,4; p < .001 and F(4,112) = 19.4; p < .001,
respectively). Figure 2 suggests that the main effect of cue-type was mainly based on
facilitative effects of matching cues, both own and alien. The percentage correctly repeated
words was between 4% – 13% higher in the matching-cue compared to the nonword-cue
conditions; this corresponded to a benefit of 7% - 15% using sentence scoring.
The main effect of SNR indicates that participants were better able to perceive the
speech when the SNR of the speech in noise was higher. Finally, the results of separately
performed pairwise t-tests indicated no statistically significant differences (Bonferroni
corrected p > .05) between the effects of own and alien cues on both word and sentence
perception.
Note that disadvantages of using proportional scales like percent correct scores are that
the variances are correlated to the means, the data are not normally distributed, and the scale
values are not linear in relation to test variability (Studebaker, 1985). To examine whether the
distribution of the scores influenced the results, the same analyses were performed on the
rationalized arcsine-transformed (Studebaker, 1985) scores. The same significant interaction
and main effects were observed: an interaction effect cue-type x SNR on the word scores:
F(8,224) = 2.32; p < .05; and main effects of SNR and cue-type, for both the word and sentence
scores (words: F(2,56) = 105.5; p < .001 and F(4,112 ) = 28.0, p < .001; sentences: F(2,56) = 110.6;
p < .001 and F(4,112) = 19.5; p < .001, respectively).
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Discussion Experiment 1

Not surprisingly, SRT thresholds were lower in session 2, due to participants having
seen the sentences and generated cues for them the day before. More interestingly, listeners
benefited from semantically related contextual cues when perceiving degraded sentences
across intelligibility levels. The results of Exp 1 were surprising in two respects. First, ‘alien’
matching cues provided just as much benefit to intelligibility as ‘own’ matching cues. Second,
the data did not provide evidence of a negative effect of mismatching cues. This was
surprising since inappropriate context should impair performance to the extent that a listener
attempts to use it.

Experiment 2
Given the absence of differences in efficacy between alien and own cues in Exp 1, and
given that it is more realistic to assess the intelligibility of novel sentences than of familiar
ones, Exp 2 involved the assessment of cued speech intelligibility using novel materials in a
single session. We used the most commonly generated cues from Exp 1 as matching and
mismatching cues. We hypothesized that the most-frequently reported cues would provide a
relatively general and strong semantic context. Secondly, Exp 1 showed that the benefit
obtained from matching cues diminished at more advantageous SNRs. Accordingly, we used
the SNR29% level again, as well as an even less intelligible one resulting in 16% entirely
correct repetition of uncued sentences in noise. Finally, since the association between
language understanding and cognitive abilities including working memory capacity appears to
increase in degraded listening conditions (Rönnberg et al., 2008) we also examined
performance on tests of reading span (Daneman & Carpenter, 1980) and masked reading
thresholds (Zekveld et al, 2007) and related these to the speech perception performance.
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Sarampalis et al. (2009) and McCoy et al. (2005) showed that semantically related
context provided during speech perception improves later recall, suggesting that contextual
support leaves more resources available for encoding of the words in memory (McCoy et al.,
2005). Daneman & Carpenter (1983) demonstrated that high working memory capacity is
associated with a better ability to cope with misleading context, and better ability to draw
inferences from text. This is consistent with the Ease of Language Understanding model,
which predicts that the relevance of working memory processes increases under degraded
conditions. We therefore expected that working memory capacity (as assessed using the
reading span test; Daneman & Carpenter, 1980; Rönnberg et al., 1989) and good ability to
read partially masked text (as assessed using the text reception threshold test, Zekveld et al.,
2007) would be related to speech perception, specifically when irrelevant context is presented.

Methods Experiment 2
In Exp 2, naive participants were tested in one session. We used the most frequently
reported cues for each of the sentences as generated by the participants of Exp 1 as matching
or mismatching cues. As in Exp 1, we also included non-word cues. The methods of Exp 2
were the same as those applied in Exp 1, except for the adaptations described in detail below.

Participants
Twenty normal-hearing subjects (13 women and 7 men) participated. Their ages
ranged from 18 to 32 yrs, with a mean age of 22 yrs (SD = 3.4 yrs). They had not participated
in Exp 1. The same inclusion criteria as in Exp 1 were applied. All participants provided
written informed consent in accordance with the Ethics Committee of the VU University
Medical Center.
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Procedure and Tests
SRT test
After vision and hearing screening (Snellen equivalent test of visual acuity, and puretone audiogram, respectively), participants performed a 26-item practice SRT test, and then
the SRT16% and SRT29%thresholds were determined. In the SRT16% test, a 1-up-4-down
procedure estimating the SNR required for the entirely correct repetition of 16% of the
sentences was applied (SNR16%). Participants had to reproduce four subsequent sentences
incorrectly before the SNR of the following sentence was increased by +2 dB. Materials and
test order were counterbalanced across conditions and participants.

Text reception threshold test
After the SRT tests, participants performed one practice and three consecutive text
reception threshold tests. In the visual text reception threshold test, which is conceptually
equivalent to the SRT test, partly masked written sentences (Versfeld et al., 2000) are
presented (Zekveld et al., 2007), and the ability to report sentences as a function of degree of
masking is determined.
The sentences used for the text reception threshold tests were different than those
presented in the other tests. Text was masked with a bar pattern. A bitmap image was created
that was proportionally filled with black bars, depending on the required percentage of
unmasked text. For details, see Zekveld et al. (2007). The field background color was white,
text color was red, and the color of the mask was black. At the start of each trial, the mask
became visible and the text appeared ‘behind’ it in a word-by-word fashion. Display-onset of
each word in the sentence was equal to the timing of the start of the utterance of each word in
the corresponding audio file (Versfeld et al., 2000). All words remained on the screen for
3500 ms after the sentence was complete. A 1-up-1-down adaptive procedure was applied,
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targeting the percentage of unmasked text required to read 50% of the sentences entirely
correctly. The step-size applied in the test was a 6% change of the percentage unmasked text.
The text reception threshold was the mean percentage of unmasked text of sentence 5 to 27.
We conducted this test three times, and used the average threshold in the analysis.

Reading Span test
Next, participants performed the Reading Span Test (Daneman & Carpenter, 1980). In
this test, short (5-word) sentences are presented visually. Half of the sentences are nonsense
(e.g., the table sings a song); the other half are coherent (e.g., the friend told a story). The
Dutch sentence material and test were developed (see Besser et al., 2011) to be equivalent to
the Swedish version described by Andersson et al. (2001; see also Rönnberg et al., 1989).
First, three sets of three sentences are presented, followed by three sets of four sentences,
three sets of five sentences, and three sets of six sentences. Immediately after each sentence,
participants verbally indicate whether the sentence makes sense or not. After each set of
sentences, participants are prompted to recall, in serial order, either the first or the last word
of each sentence. The experimenter records the number of words correctly recalled, regardless
of order.

Cued Speech Perception test
Finally, subjects performed the cued speech reception threshold test. Sixty sentences
were presented at each of the two SNRs, (SRT16% and SRT 29%), 20 with each type of cue. The
SNR and cue-type condition were varied unpredictably from trial to trial, with no more than
two successive sentences from the same condition.
Matching cues in Exp 2 were created by taking, for each sentence, the three most
frequently reported cue words generated in Exp 1. (i.e., from the 11 participants who
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generated cues prior to Exp 1 and the first 20 participants tested in Exp 1). First, we selected
those 180 sentences that yielded the most consistently reported cues, determined by counting
the number of times participants generated the same individual words for a particular
sentence. As a measure of consistency, we calculated the sum of the frequencies for the three
most frequently generated words for each sentence. The theoretical maximum would be 93 if
each word was reported by all 31 subjects in Exp 1. In fact, this frequency sum ranged from
20 to 46 for the sentences selected in Exp 2. The newly created “most-frequent” three-word
cues were new combinations of those 3 individual words that were most often generated for
each sentence. We did not expect that creating new combinations of cues would affect the
effect of the cues on speech intelligibility. The selected sentences were grouped into nine lists
of 20 sentences. Lists were created such that the frequency-sums for matching cues were, on
average, similar for each list. Only 60 of these sentences were presented with their matching
cues; 60 were presented with nonword cues, and 60 with mismatching cues (these were the
matching cues from the 60 ‘left over’ sentences out of the total set of 180). The allocation of
particular sentences to conditions was counterbalanced across subjects. The duration of the
entire test session was 1.5 hours.

Statistical analyses
We used repeated measures analyses of variance to test the effects of cue-type (3
levels) and SNR (2 levels) on the sentence and word scores. Spearman correlation coefficients
were calculated to examine the relation between performance on the text reception threshold
and reading span tests and the effect of cue type on speech-perception performance (both
word and sentence-scores). Additionally, we calculated the correlation coefficient between the
text reception threshold and reading span scores and the difference between the scores in the
non-word cue condition and the match and mismatching cue condition, separately for both
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SNRs. This indicates whether cognitive abilities are related to interindividual differences in
the facilitating or interfering effects of the cues. We report non-parametric Spearman
correlation coefficients as the sample size was relatively small (n = 20).

Results
Pure-tone audiogram
The mean pure-tone hearing threshold at 500, 1000, 2000, and 4000 kHz, averaged
over both ears, was 4.3 dB HL (SD = 4.0 dB).

SRT tests
The mean SRT16% was -6.7 dB SNR (SD = .9 dB SNR) and the mean SRT29% was -5.6
dB SNR (SD = .8 dB SNR). A paired samples t-test indicated that the two SRT thresholds
differed significantly from each other (t(19)= -5.5, p < .001).

Cognitive tests: Text reception threshold and reading span
The mean text reception threshold (the mean percentage of unmasked text required to
read 50% of the sentences entirely correctly) was 54.9%, SD = 2.6%, range 49-59%. The
mean reading span was 26.1, SD = 5.7, range 16-40.

Cued speech perception test
Figures 3a and 3b show the means and standard deviations of the sentence and wordscores (percentage correct) in each of the six conditions of the cued-speech perception test.
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Figure 3. As for Figure 2, but for six conditions and at Speech-to-Noise Ratios (SNRs)
corresponding to 16 or 29% correct sentence-perception.

For both the word and the sentence scores, the interaction between cue type and SNR
was not statistically significant. However, a trend was observed for the sentence scores (F(2,38)
= 2.93, p = .067). We did observe statistically significant main effects of SNR for both the
word and sentence scores (words: F(1,19) = 20.0; p < .001 and sentences: F(1,19) = 18.0;p <
.001). A main effect of cue-type was observed as well (words: F(2, 38) = 26.2, p < .001 and
sentences: F(2, 38) = 21.0; p < .001). The same pattern of results was observed for the analyses
based on the rationalized-arcsine-transformed scores: statistically significant main effects of
SNR and cue-type for the word and sentence scores (words: F(1,19) = 19.6; p < .001 and F(2, 38)
= 27.4, p < .001; sentences: F(1,19) = 18.9; p < .001 and F(2, 38) = 19.9; p < .001, respectively).
We used Bonferroni-corrected simple contrasts to examine the main effect of cue type on the
percentage correctly perceived words and sentences. Compared to the non-word cues, word
and sentence-perception was significantly higher for matching cues (t(19) = 4.5, p < .001 and
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t(19) = 4.7, p < .001, respectively). Only for the word-scores was performance significantly
lower when mismatching cues were presented as compared to the non-word baseline (t(19) =
2.8, p <.05). Thus, at these rather low SNRs, word and sentence perception increased when
semantically related cues were presented, whereas semantically unrelated cues reduced the
percentage of correctly repeated words (but not the percentage of entirely correctly repeated
sentences).

Correlation analysis
Reading span and text reception threshold were both significantly associated with the
percentage of entirely correctly reproduced sentences when mismatching cues were presented
at the SNR29% level (Spearman r = .60, p < .01 and r = -.50, p < .05, respectively). This
indicates that both working memory capacity and the ability to read partly masked text are
associated with better sentence perception when unrelated semantic context is presented. We
did not observe statistically significant associations between the percentage of correctly
repeated words and performance on cognitive tests at this SNR. At SNR16% we did not
observe significant associations between the percentage of correctly repeated words or
sentences and performance on cognitive tests.

Discussion Experiment 2
Semantically appropriate cues facilitated speech perception in noise, even when
listeners were unfamiliar with the sentences. At SNRs corresponding to 16% and 29% SRTs,
matching cues aided both sentence and word perception. Mismatching cues impaired word
perception as compared to the non-word baseline. At these relatively low SRTs, perception
was apparently influenced by the available (relevant and irrelevant) context. At the SNR29%
level, sentence perception was better for listeners with better text reception thresholds and
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better reading span performances (larger working memory capacity) when irrelevant semantic
context was provided. These skills may be related to an ability to ignore the irrelevant
semantic cues.

General Discussion
The main result of the present study is that visually presented, semantically matching
and mismatching 3-word cues influence speech perception in noise. Consistent with other
studies (e.g., Obleser et al., 2007; Grant & Seitz, 2000; Pichora-Fuller et al., 1995), congruent
semantic context (i.e., the matching cues) consistently supported speech perception.
Importantly, in the current study, the quality of the visually presented semantic context was
not affected by changing the signal-to-noise ratio of the sentences in noise. Hence, in contrast
to studies that examined the effect of sentence context on the perception of the sentence-final
word, the visual semantic context was always clearly presented, and perception of this context
was not confounded by the speech intelligibility manipulations.
At the low SNRs and with unfamiliar sentences (Exp 2), cues with unrelated semantic
content impaired intelligibility as measured by word repetition. Why such an effect was noted
in Exp 2, but not in Exp 1, is uncertain. It could be the lower SNRs, the novelty of the
sentences, a combination of both of these, or some other factor that revealed a deleterious
effect of irrelevant context on speech intelligibility in Exp 2.
As expected, and consistent with Daneman & Carpenter (1983) and the predictions
derived from the Ease of Language Understanding framework (Rönnberg, 2003), higher
working memory capacity and better ability to read partly masked sentences were associated
with an ability to cope with mismatching context, although this was only evident at the
SNR29% level and for the percentage correctly repeated sentences (not the percentage of
repeated words). The results partly support the idea that working memory and inference
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making are involved in coping with misleading context when listeners are trying to
understand degraded speech. Other studies have consistently shown that working memory is
associated with the ability to inhibit irrelevant information (Lunner, 2003; Conway et al.,
2001; Rosen & Engle, 1998; Kane & Engle, 2000). Importantly, the current data suggest that
large working memory capacity and good linguistic skills are not related to an overall increase
in the use of the contextual cues: if that were the case, these abilities would have been related
to worse performance in mismatch conditions, and better performance in the match
conditions. It would be interesting to further examine which conditions make speech
perception in noise more dependent on inference-making and working memory.
We analysed two types of scores: the percentage of correctly repeated words and the
percentage of entirely correctly repeated sentences. The rationale for analyzing both scores
was that the semantic cues might have different effects on both performance measures.
Indeed, we only observed an interaction effect between cue-type and SNR in the word-scores
(Exp 1), and only observed an effect of the misleading semantic cues on word-scores (Exp 2).
However, the relation between working memory capacity, the ability to read partly masked
text and cued speech perception was only observed for the sentence scores. The different
outcomes for the two scoring methods suggest that, although the scores are highly correlated,
the number of words and sentences that are correctly repeated may reflect potentially
differentiable processes. These may reflect different strategies aimed either at repeating
sentences a word at a time, or holistically as a single unit. Possibly, listeners differ in the use
of these strategies, as suggested by the present relation between the sentence scores and
cognitive skills. However, the differences between the two scoring methods could also be
based upon smaller standard errors of the mean word scores as compared to the sentence
scores, due to the larger number of independent test items for the word scoring method. On
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average, standard errors were at least 1.2 times smaller for the word scores, which is
consistent with the reduction expected based on 1.5 to 2.5 independent parts in each sentence.
Both Exp 1 and Exp 2 included SNR29% conditions (on average, the SNR applied in
the cued speech perception test was -6.7 dB in Exp 1 and -5.6 dB in Exp 2). Rather
surprisingly, the mean word scores were greater in the nonword cue condition of Exp 2 (74%)
than in Exp 1 (52%), and these were significantly different as indicated by an independentsamples t-test (t(47) = -2.92, p < .01). The lower performance in Exp 1 could have been caused
by the longer test session and larger number of sentences in the cued speech perception test as
compared to Exp 2. Presumably, the relatively low performance is not related to sentence
familiarity in Exp 1, as we controlled for familiarity by estimating the SNRs required for the
entirely correct repetition of 29% of familiar sentences.
Despite differences between the two experiments in match cues, and in familiarity of
the sentences, match cues resulted in comparable facilitative effects. This is surprising, since
subjects of Exp 2 could not actively reconstruct the target sentence from memory as the
listeners in Exp 1 might have done. Furthermore, in Exp 1, we did not observe an effect of
whether or not participants had generated the cues themselves. Thus, neither stimulus
familiarity, nor the autogeneration of semantic associations is required for facilitative effects
of 3-word visual cues on the perception of speech in noise.
The current results are in contrast with the distinct effects of own and alien cues on
word recall from memory (Mäntylä, 1986a; Mäntylä & Nilsson, 1988). Mäntylä (1986b) has
additionally shown that “own” cues are more effective than “alien” cues in sentence recall,
suggesting that the general absence of an effect of cue “ownership” as observed in the current
study is likely related to task characteristics. Stimulus identification may be less dependent on
the more specific, private, stimulus associations than stimulus recall. Furthermore, no
“mismatching” cues can be provided for recall tasks. The presentation of mismatching cues in
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the current study may have influenced performance, even in the matching cue conditions. In
the current study, it was easy to detect that for some of the sentences, the cues were not
related to the sentences. Most of the subjects commented afterwards that they detected the
presence of mismatching cues after several sentences and thereafter mainly focused on the
auditory information without relying too much on the cues. It may be interesting to assess
individual differences in the degree to which individuals were able to disregard the cues.
To examine the extent to which the current data reflected processing of the cues, the
processing of the auditory stimuli, and the interaction between the two, we examined the
degree to which the responses were associated with the cues presented in the mismatch
conditions. We reasoned that guessing based on mismatching cues would result in responses
that were incorrect and semantically associated with the cues. In the present study, we
recorded the complete response of the participants, including the incorrect words. The
responses of the participants did not indicate large mismatch effects, supporting the idea that
participants indeed attempted to report the sentences, without basing their responses solely on
the visual cues.
The results of the current study show that providing semantic cues to the content of
degraded speech influences intelligibility in noise. This is relevant for people coping with
everyday hearing difficulties. If a speaker explicitly introduces a change of topic during a
conversation, this is likely to improve the listener’s comprehension. The present study shows
that even short “introductions” can be effective. Furthermore, the matching cues had a very
similar effect on speech intelligibility irrespective of whether cues were own or alien (Exp 1)
or whether sentences were familiar or novel. This indicates that providing semantic context
affects speech perception independent of the cue characteristics. On the other hand, the
relatively large variability in the effect of the cues between listeners (see error bars in Figures
2 and 3), the association of working memory and linguistic skills with cued sentence
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perception in one of the conditions, and the differences between the word and sentence-based
scoring methods (see above) indicate that people may differ in the strategy they apply when
semantic context is provided. It would be interesting to further assess these differences, as
knowledge about such potential strategy differences may provide more insight into how
listeners most successfully use contextual information. This would be relevant for the
development of strategies aimed to reduce difficulties caused by hearing impairment.
In both Experiments, the benefit obtained from matching cues corresponded to an
increase in the percentage of correctly repeated sentences of around 15% at most, which
corresponds to an increase in SNR of around 1 dB. This is similar to the size of the observed
effect of sentence familiarity on speech perception in Exp 1. A 1-dB improvement in SNR
may be valuable in some everyday listening conditions. Nachtegaal et al. (2009) recently
examined the relation between hearing status and the ability to recover from fatigue and
distress at work. They observed that each dB improvement in SNR led to a 9% decrease in the
odds of having a high need for recovery after work. Furthermore, the benefit of preceding
semantic context may be underestimated here, since the effect of the matching cues may have
been reduced by the inclusion of mismatching cues in the two experiments.
In conclusion, we observed facilitative effects of relevant semantic contextual
information on the perception of speech in noise across SNR levels. Misleading context was
associated with reduced word perception at low SNRs in Exp 2. At the SNR corresponding to
29% SRT, sentence perception preceded by irrelevant cues was associated with working
memory processes and linguistic skills. This suggests that these abilities are relevant when
perceiving speech in noise and may be related to the ability to ignore irrelevant semantic cues.
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