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Abstract 

This study compares two response-time measures of listening effort that can be combined with 

a clinical speech test for a more comprehensive evaluation of total listening experience: verbal 

response times to auditory stimuli (RTaud) and response times to a visual task (RTsvis) in a dual-

task paradigm. The listening task was presented in five masker conditions; no noise, and two 

types of noise at two fixed intelligibility levels. Both the RTsaud and RTsvis showed effects of 

noise. However, only RTsaud showed an effect of intelligibility. Due to its simplicity in 

implementation, RTsaud may be a useful effort measure for clinical applications.  

 

PACS numbers: 43.71.Gv, 43.72.Dv, 43.71.Sy 
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Introduction 

Speech understanding heavily depends on the cognitive processing required to interpret the 

(degraded) speech signal in everyday listening environments (Stenfelt & Rönnberg, 2009), 

perhaps even more so for hearing-impaired individuals. Measures of listening effort (LE) can 

therefore complement traditional speech intelligibility measures by providing additional 

information about the listening experience (McGarrigle et al., 2014). Different methods have 

been suggested for quantifying LE, ranging from subjective self-report (Rudner, Lunner, 

Behrens, Thorén, & Rönnberg, 2012), to behavioral measures, such as memory tasks (Rabbitt, 

1966), speech response-times (RTs; Baer, Moore, & Gatehouse, 1993; Gatehouse & Gordon, 

1990; Hecker, Stevens, & Williams, 1966) or dual-task paradigms (Pals, Sarampalis, & Başkent, 

2013 (see also Chapter 2); Sarampalis, Kalluri, Edwards, & Hafter, 2009), and physiological 

measures, such as pupillometry (Koelewijn, Zekveld, Festen, & Kramer, 2012). An easy-to-

administer method for measuring LE could be a valuable tool in research and clinical settings. 

 

The current study compares two behavioral measures of LE that can be combined with the 

traditional clinical speech intelligibility test; the dual-task paradigm and verbal RTs to a 

speech task. Dual-task paradigms are an established method for quantifying LE (Pals et al., 

2013; Sarampalis et al., 2009), and are based on the assumption that cognitive resources are 

limited and shared across tasks (Baddeley & Hitch, 1974; Kahneman, 1973). The resources 

needed for the primary task reduce the resources available for the secondary task (Nijboer, 

Taatgen, Brands, Borst, & van Rijn, 2013). Therefore, when the primary task is given 

precedence, secondary task performance is assumed to indirectly reflect the processing 

demands of the primary task. The verbal response times to auditory stimuli (RTsaud), proposed 

as early as in the 1960s as a tool for discriminating between seemingly comparable speech 

communication systems (Hecker et al., 1966), and later used to quantify hearing device benefit 

(Baer et al., 1993; Gatehouse & Gordon, 1990), reflect cognitive processing time and index the 

cognitive effort required to interpret and respond to an incoming auditory signal (Baer et al., 

1993; Gatehouse & Gordon, 1990).  

 

In this study, a speech intelligibility task similar to clinical tests used in the Netherlands was 

performed either by itself to provide the RTaud, or simultaneously with a secondary visual 

rhyme-judgment task (Pals et al., 2013) to provide visual response-times (RTvis). To 



Chapter 4 

	76	

manipulate listening effort and intelligibility separately, and based on previous observations 

that LE can vary depending on the noise type (Koelewijn et al., 2012), participants listened to 

sentences in quiet, and in two different types of noise, each at two different intelligibility levels. 

 

Methods 

Participants 

Nineteen native Dutch speakers (age=18 to 25 years, mean=19), all students of University of 

Groningen, participated in exchange for partial course credit. Exclusion criteria were self-

reported dyslexia or other language or learning disabilities, and pure tone thresholds above 20 

dB HL at any of the audiometric frequencies (250 Hz - 6 kHz). The study was approved by 

the local ethical committee. 

 

Stimuli 

The speech stimuli used for the listening task were taken from the female speaker set of the 

Vrije Universiteit (VU) corpus (Versfeld, Daalder, Festen, & Houtgast, 2000). The corpus 

consists of 39 balanced lists of 13 conversational Dutch sentences, each 8 to 9 syllables long. A 

random subset of 24 lists was used per participant, two lists for each experiment or training 

block. A steady-state, speech-shaped noise (SSN; provided with the VU corpus) and an 8-

talker babble in English were used as background noises. The sentences were presented in 

both noise types, each at two signal-to-noise ratios (SNRs), resulting in two levels of 

intelligibility; approximately 79% or near ceiling (NC).  

 

Individual SNRs to achieve 79% intelligibility were determined for each participant at the 

start of the experiment, using sentences from the same corpus that were not included in the 

main experiment. This was done separately for SSN and babble, following a 3-down-1-up 

adaptive procedure (Levitt, 1971), which typically results in 79% accuracy. Each sentence-in-

noise was presented at an overall level of 70 dB A. The first sentence was played repeatedly 

until the sentence was correctly understood, starting at -8 dB SNR and increasing the SNR in 

steps of 4 dB. After this, the adaptive procedure ran for 8 reversals at a step size of 2 dB. The 

resulting mean SNRs from last 8 reversals that were used in the experiment were: SNR = -

1.20 dB (SD = 1.00) for SSN and SNR = 2.30 dB (SD = 1.10) for babble. A pilot experiment 
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showed that increasing the 79% SNR by 5 dB resulted in NC speech understanding and this 

was therefore used as the SNR for the NC intelligibility conditions.  

 

For the secondary, visual rhyme-judgment task, pairs of Dutch monosyllabic words (the same 

as used in Pals et al., 2013) were displayed in large, black capital letters on a white background, 

one above another, horizontally centered on a computer monitor placed ~60 cm from the 

participant. Each letter was approximately 7 mm wide and 9 mm high, with 12 mm vertical 

whitespace between the words.  

 

Experimental procedure 

Before the start of the main experiment, two cognitive tests were administered: the symbol 

search test from the Wechsler Adult Intelligence Scale (WAIS; Wechsler, 2012), to measure 

cognitive processing speed, and the standard computerized version of the reading span test 

(RST; van den Noort, Bosch, Haverkort, & Hugdahl, 2008), to measure working memory 

capacity. 

 

The experimental procedure consisted of 2 training blocks and 11 experimental blocks. 

Training consisted of one single-task rhyme-judgment task and one dual-task combining the 

listening task and the rhyme-judgment task. The experimental blocks consisted of six single-

task blocks: five times a listening task, and one visual rhyme-judgment task; and five dual-task 

blocks combining the listening task and the rhyme-judgment task. The listening tasks, in both 

single and dual task, were presented in 5 listening conditions: in no noise and in two noise 

types (babble and SSN) both at two intelligibility levels (79%, NC). Presentation order of the 

experimental blocks was counterbalanced using a Latin-square design. 

 

In the listening task, participants listened to sentences and repeated them out loud. The 

sentence recordings were on average 1.8 s in duration and were presented 8 s apart, giving the 

participants 6.2 s between sentences to respond. The responses were recorded for later scoring 

of RTsaud and accuracy. The RTsaud were calculated from the offset of the stimulus, as logged 

by the experimental program, to the onset of the verbal response, as marked by a native 

Dutch speaker upon visual inspection of the recorded waveform in Audacity. A second native 

Dutch speaker re-scored a random sample of the recordings to test for inter-rater reliability 

(Pearson's r > 0.99).  
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In the secondary, visual, rhyme-judgment task, participants pressed one of two buttons 

as fast as possible to indicate whether two words rhymed or not. Chance of a rhyming pair 

was 50%. The words were presented on a monitor for a maximum of 2.7 s, or until the 

participant responded. In case no key was pressed, a ‘miss’ was logged. A fixation cross 

appeared for a randomly varied interval between 0.5 and 2.0 s between stimuli. 

For the dual task, the listening task and the visual rhyme-judgment task were presented 

simultaneously, but with independent timing to prevent expectation-driven preparation (Pals 

et al., 2013). Note that this meant that the secondary-task stimuli could be presented during or 

between auditory stimuli.  

 

Results 

 

Figure 1: Left panel: Mean intelligibility in % sentences correctly repeated on the listening task in dual task (closed 

circles) and single task (open circles). Middle panel: Mean dual-task RTsvis in ms, with single-task RTvis 

performance indicated by the dashed reference line. Right panel: Mean single-task RTsaud in ms. In all panels, 

the error bars show ±1 standard error. 

 

The left panel of Figure 1 shows the speech intelligibility results in percentage of sentences 

correctly repeated, and confirms that the desired intelligibility levels were achieved.  

 

The middle panel of Figure 1 shows the dual-task RTsvis per condition, with average single-

task RTvis  included as a baseline. Data from incorrect secondary-task trials were excluded 

from the analysis. Due to the nature of the rhyme-judgment task, with the number of trials 
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depending on both response speed and response accuracy, the number of secondary task trials 

varied per participant per condition. As ANOVAs are less suitable for analyses based on 

different number of trials per cell, linear mixed-effects (LME) models were used (lme4-package 

version 1.1-7; lmerTest-package version 2.0-11) to analyze the RTvis data. As the RTvis were 

not normally distributed, we log-transformed the response times and excluded reaction times 

below .35 and over 2 s (1.80% of all trials), yielding a reasonably normal lnRTsvis distribution 

(assessed using QQNorm). Cognitive test score results were: WAIS (mean = 43.7, SD = 7.0) 

and RST scores (mean = 65.1, SD = 11.6). 

 

The model of the dual-task lnRTvis results took into account all experimental manipulations: 

the overall effect of the presence or absence of noise, and for speech in noise, the effects of 

intelligibility and of noise type. Furthermore, visual stimulus timing (either during or in 

between the auditory presentation of sentences) and participants’ WAIS and RST scores were 

included as factors. Random intercepts and slopes were included for all within-subject factors, 

and for stimulus timing (Barr, Levy, Scheepers, & Tily, 2013). A random intercept for 

sentence ID was not included, as no sentence can be assigned to RTsvis responses recorded in-

between auditory stimuli. Two different contrast-coding strategies were used to reflect the 

experiment design. The difference between noise and quiet was treatment-coded, setting quiet 

to 0 and noise to 1. The contrasts between SSN and babble and between 79% and NC 

intelligibility were effect-coded, setting one of the two to -0.5 and the other to 0.5. The p-

values reported are obtained using the Satterthwaite approximation as reported by the 

lmerTest package.  

 

The model of the lnRTvis is summarized in the top half of Table 1. The intercept corresponds 

to the average lnRTvis for speech in quiet, and is estimated at 0.323, although due to large 

variance it was not significant (β = 0.323, SE = 0.221, t = 1.465, p = 0.162). The model shows 

an effect of Noise, estimated at exp(.323+.041)-exp(.323)=.7 s (β = 0.041, SE = 0.013, t = 

3.174, p = 0.005) when compared to the intercept. For speech in noise, the effects of noise 

type and intelligibility were not significant, nor was the interaction between noise type and 

intelligibility. RTvis were significantly longer for secondary task trials presented simultaneously 

with an auditory stimulus than for trials in-between auditory stimuli, the effect in lnRTvis was 

estimated at 0.055 (β = 0.055, SE = 0.009, t = 6.161, p < 0.001). From the two cognitive 

measures collected before the experiment, only the WAIS score showed significant predictive 
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value: the effect of WAIS score on lnRTvis is estimated at -0.007 (β = -0.007, SE = 0.004, t = -

2.138, p = 0.048), suggesting on average lower RTvis for participants with a higher score on 

the WAIS symbol search, i.e. better cognitive processing speed predicts lower RTvis. 

 
Table 1. Summary of the LME model for Dual-task RTsvis and Single-task RTsaud 

Dual-task lnRTvis model Estimate (ms)  Std. Error df  t value Pr(>|t|) 
(Intercept)                 323.82 221.09 16.24 1.465 0.162 
Noise   41.97 13.23 18.16 3.174         0.005    ** 
N:Intelligibility          25.61 16.93 17.96 1.513 0.148 
N:NoiseType  -1.18 14.54 17.86 -0.081 0.936 
N:Intel:NoiseType  16.76 20.19 19.19 0.830 0.417 
Timing 55.64 9.03 26.00 6.161     < 0.001 * ** 
WAIS -7.67 3.59 16.14 -2.138        0.048      * 
RST -3.61 2.17 16.06 -1.667 0.115 
Single-task RTaud model Estimate (ms)  Std. Error df  t value Pr(>|t|) 
(Intercept)                 556.82 191.12   16.27 2.913      0.010      * 
Noise   131.09  20.85   17.89   6.284      < 0.001  *** 
N:Intelligibility          72.21 17.46 17.77  4.137      < 0.001  *** 
N:NoiseType  -24.72 12.66 17.77 -1.952  0.067 
N:Intel:NoiseType  -6.34 22.73 17.78  -0.279  0.783 
WAIS -4.57 3.09 15.87 -1.480 0.158 
RST -0.48 1.87 15.90 -0.259 0.799 

Note: The intercept estimates the RTvis for No noise. Noise lists the average effect for speech in noise compared to 

No noise. Effects of Intelligibility, NoiseType and their interaction are only present in Noise and estimated relative to 

Noise (signified by ‘N:’).  

 

The right panel of Figure 1 shows the average RTaud per listening condition. Only RTsaud for 

sentences that were repeated correctly were included in the analysis, therefore, similar to the 

dual-task RTvis data, the RTaud data contained unequal numbers of trials per cell depending 

on speech recognition accuracy. RTsaud were analyzed using the same methodology as the 

dual-task RTsvis. The RTaud were approximately normally distributed for durations up to 1 s 

duration, with a skewed tail above 1 s. Therefore, RTsaud of over 1 s were excluded from the 

analysis (1.85% of all trials). All factors relevant to the RTaud were included as fixed effects, 

and a maximal random effects structure was used, accounting for individual intercepts and 

slopes for all within subject factors, as well as random intercepts for sentenceID.  

 

The results of the model are summarized in the bottom half of Table 1. In quiet listening 

conditions, the verbal response was estimated to start 557 ms after stimulus offset (β = 556.82, 

SE = 191.12, t = 2.913, p = 0.010). In noise, averaged across the noise conditions, RTaud were 
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significantly longer by 131 ms (β = 131.09, SE = 20.85, t = 6.284, p < 0.001) implying an 

average RTaud in noise of 688 ms. The average RTsaud for speech in noise at 79% 

intelligibility was 72 ms longer than at NC intelligibility (β = 72.21, SE = 17.47, t = 4.137, p < 

0.001) suggesting that the average RTaud in noise at NC intelligibility was 652 ms, and the 

average RTaud in noise at 79% intelligibility was 724 ms. The effect of noise type was not 

significant, suggesting that RTsaud averaged over both intelligibility levels was no different for 

speech in SSN compared to babble. Finally, the interaction between noise type and 

intelligibility was not significant either. The cognitive measures taken before the experiment, 

the WAIS and the RST, were both included in the model as factors, however neither showed 

a significant effect. 

 

Discussion 

The goal of this study was to compare RTaud and RTvis for suitability as measures of LE, 

especially as a complementary test next to a speech intelligibility test. Speech intelligibility, 

RTsaud (for a simple speech intelligibility task), and RTsvis (on a secondary rhyme-judgment 

task in a dual-task paradigm) were measured in five listening conditions: in no noise, and in 

SSN and babble, each at 79% and NC sentence intelligibility. Both RTsvis and RTsaud showed 

a clear effect of the presence of noise, similar to what literature suggests. However, RTsaud 

showed a significant effect of intelligibility, while the RTsvis did not.  

 

The dual-task paradigm is a powerful tool for understanding the challenges listeners face in 

every day settings when combining speech communication with other tasks, or for showing 

the consequences of increased LE on cognition (Pals et al., 2013; Sarampalis et al., 2009). 

Hockey (1997) proposed that individual differences in coping strategies in demanding 

situations result in differences in the total amount of resources allocated to the tasks at hand. 

Dual-task measures have been suggested to reflect the proportion of the allocated resources 

needed for the primary task, while physiological measures, such as pupillometry, can reflect 

the magnitude of resource allocation (Karatekin, Couperus, & Marcus, 2004). It could well be 

that an increase in dual-task demands results in allocation of more resources to the 

combination of tasks, therefore not showing a difference in the proportional use of the 

allocated resources. However, if the goal is to find a measure suitable for clinical purposes, 
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physiological measures would present drawbacks as they require expensive equipment and the 

procedures can be cumbersome.   

 

The single-task RTsaud showed a significant difference between the two intelligibility levels 

while the dual-task RTsvis did not. On top of this, the RTsaud, as measured in this experiment, 

have several advantages over the dual task for potential use in clinical settings and with a wide 

range of patients, for example, children and elderly. The RTaud can be collected from 

recordings made during a simple speech-understanding test, already used in clinics, without 

the need for additional tests or expensive equipment. While the patient listens to sentences 

and repeats them out loud, the RTaud can be collected by recording the responses for offline 

analysis, using software for automated speech onset detection (Jansen & Watter, 2008), or 

online using a simple, inexpensive voice-activated trigger.  With its ease of implementation, 

RTaud  seems to be a good candidate for a measure of LE, complementing speech tests, in 

research and clinical settings. 

 


