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STRUCTURED ABSTRACT 1 

Objectives 2 

Although previous research indicates that cognitive skills influence benefit from 3 

different types of hearing aid (HA) algorithms, comparatively little is known about the role 4 

of, and potential interaction with, hearing loss. This holds true especially for noise reduction 5 

(NR) processing. The purpose of the present study was thus to explore if degree of hearing 6 

loss and cognitive function modulate benefit from different binaural NR settings based on 7 

measures of speech intelligibility, listening effort, and overall preference. 8 

Design 9 

Forty elderly listeners with symmetrical sensorineural hearing losses in the mild to 10 

severe range participated. They were stratified into four age-matched groups (with N = 10 per 11 

group) based on their pure-tone average hearing losses and their performance on a visual 12 

measure of working memory (WM) capacity. The algorithm under consideration was a 13 

binaural coherence-based NR scheme that suppressed reverberant signal components as well 14 

as diffuse background noise at mid-to-high frequencies. The strength of the applied 15 

processing was varied from inactive to strong, and testing was carried out across a range of 16 

fixed signal-to-noise ratios (SNRs). Potential benefit was assessed using a dual-task paradigm 17 

combining speech recognition with a visual reaction time (VRT) task indexing listening 18 

effort. Pairwise preference judgments were also collected. All measurements were made 19 

using headphone simulations of a frontal speech target in a busy cafeteria. Test-retest data 20 

were gathered for all outcome measures. 21 
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Results 1 

Analysis of the test-retest data showed all datasets to be reliable. Analysis of the speech 2 

scores showed that, for all groups, speech recognition was unaffected by moderate NR 3 

processing, whereas strong NR processing reduced intelligibility by about 5%. Analysis of 4 

the VRT scores revealed a similar data pattern. That is, while moderate NR did not affect 5 

VRT performance, strong NR impaired the performance of all groups slightly. Analysis of 6 

the preference scores collapsed across SNR showed that all groups preferred some over no 7 

NR processing. Furthermore, the two groups with smaller WM capacity preferred strong over 8 

moderate NR processing; for the two groups with larger WM capacity, preference did not 9 

differ significantly between the moderate and strong settings. 10 

Conclusions 11 

The current study demonstrates that, for the algorithm and the measures of speech 12 

recognition and listening effort employed here, the effects of different NR settings interact 13 

with neither degree of hearing loss nor WM capacity. However, preferred NR strength was 14 

found to be associated with smaller WM capacity, suggesting that HA users with poorer 15 

cognitive function may prefer greater noise attenuation even at the expense of poorer speech 16 

intelligibility. Further research is required to enable a more detailed (SNR-dependent) 17 

analysis of this effect and to test its wider applicability. 18 

Keywords 19 

Hearing loss, cognition, hearing aids, noise reduction, individualization  20 
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INTRODUCTION 1 

Modern digital hearing aids (HAs) are typically equipped with a range of signal 2 

processing algorithms including amplitude compression, noise reduction (NR), and 3 

directional microphones (e.g., Dillon 2001; Hamacher et al. 2005). These algorithms are 4 

intended to provide various user benefits, for example improved speech intelligibility, greater 5 

listening comfort, or reduced listening effort. Nevertheless, when such algorithms are 6 

evaluated in clinical studies, large variability in outcome is typically observed. For example, 7 

Ricketts and Mueller (2000) examined HA users’ benefit from directional microphones based 8 

on measures of speech intelligibility. Participants were aged 36-94 yr and had hearing losses 9 

in the “mild to moderately severe” range. Even though all participants performed better with 10 

directional processing, the improvement in signal-to-noise ratio (SNR) needed to reach 11 

criterion performance ranged from 0.3 to 7.6 dB. Using simulated HA signal processing, 12 

Moore et al. (2010) tested the effects of amplitude compression speed and HA bandwidth on 13 

speech intelligibility. For a group of 16 listeners aged 46-82 yr with near-normal to moderate 14 

high-frequency hearing thresholds, they found substantial individual differences in the 15 

relative benefit from both fast and slow compression and extended bandwidth. Recently, 16 

Brons et al. (2013) examined the perceptual effects of different NR algorithms implemented 17 

in commercial HAs. They observed marked inter-individual differences in preference for 18 

different algorithms even though they had tested a (supposedly homogeneous) group of 19 

young normal-hearing (NH) listeners. 20 

In principle, such inter-individual differences can be due to a large number of factors. 21 

For instance, listeners may differ in terms of their peripheral, central-auditory, or cognitive 22 

abilities, especially if they have higher age and/or impaired hearing (e.g., CHABA 1988). The 23 

purpose of HA algorithms such as directional microphones or NR schemes is to provide help 24 

in challenging listening situations through attenuation of background noise and/or 25 
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amplification of the target signal. It seems likely that the degree of help needed in a given 1 

situation depends on a HA user’s listening abilities or deficits and that this may explain at 2 

least some of the variability in benefit referred to above. In the current study, two user 3 

characteristics were tested in terms of their ability to account for this variability: pure-tone 4 

average hearing loss (PTA) and working memory (WM) capacity. This choice was motivated 5 

by the finding of Akeroyd (2008) that, for a total of 20 audiological studies considered in his 6 

analyses, PTA and WM capacity were the first and second most effective predictors of 7 

speech-in-noise performance. Thus, we assumed that they would serve as efficient indices of 8 

our listeners’ auditory and cognitive abilities and that any notable inter-listener differences in 9 

terms of these two characteristics would manifest themselves in different patterns of benefit. 10 

Although the idea to try to explain benefit from HA technology based on such user 11 

characteristics is not new, previous research concerned with the explanatory power of PTA is 12 

fairly sparse. Furthermore, even though research has shown that PTA-based measures can 13 

help determine candidature for either linear or non-linear amplification (Gatehouse et al. 14 

2006a, 2006b), equivalent findings are lacking for other HA technology. For instance, in the 15 

studies of Ricketts and Mueller (2000) and Moore et al. (2010) referred to above, no 16 

statistical associations between PTA-based measures and benefit from either directional 17 

microphones, amplitude compression speed, or HA bandwidth were found. In a study dealing 18 

with both single- and multi-channel NR processing, Luts et al. (2010) tested 38 NH listeners 19 

aged 16-52 yr, 34 listeners aged 22-79 yr with flat hearing losses in the mild to moderate 20 

range, and 37 listeners aged 51-80 yr with sloping hearing losses in the mild to moderate 21 

range. Five different NR schemes were tested in one setting each and compared to inactive 22 

NR. Outcome measures included speech reception thresholds (SRTs), subjective ratings of 23 

perceived listening effort, and overall preference judgments. In general, the changes in 24 

outcome due to NR processing were very similar across groups, thereby suggesting a 25 
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negligible influence of hearing loss. In a study focusing on single-channel NR, Houben et al. 1 

(2012) investigated preferred NR strength using two spectral subtraction-based algorithms. 2 

Ten NH listeners aged 21-31 yr and seven listeners aged 25-61 yr with sloping hearing losses 3 

in the mild to severe range participated. For both groups, considerable inter-individual 4 

differences in preferred NR strength were observed. Also, their data overlapped considerably, 5 

resulting in a non-significant group effect. Altogether, these results seem to indicate that, 6 

except for the prescription of HA amplification, PTA matters little for benefit from HA 7 

technology. Nevertheless, since none of these studies attempted to control for any other user 8 

characteristics that might affect HA outcome such as age or cognitive function (see below), 9 

since typically only one algorithm setting was tested, and since sample sizes sometimes were 10 

small, the general validity of this finding is questionable. 11 

In contrast to PTA, cognitive function, which typically declines with age (e.g., 12 

Salthouse 1982), has repeatedly been shown to play a role for benefit from HA technology. 13 

Lunner (2003) asked 17 HI listeners aged 48-78 yr who differed in terms of their 14 

performance on a visual test of working memory (WM) capacity to evaluate an algorithm 15 

designed to reduce background noise when no speech was detected in the input signal. He 16 

found that listeners with larger WM capacity were better at identifying and reporting the 17 

effects of this algorithm. In the study of Gatehouse et al. (2006a, 2006b) referred to above, it 18 

was shown that participants with larger WM capacity were more likely to benefit from fast 19 

amplitude compression, whereas those with smaller WM capacity were more likely to benefit 20 

from slow amplitude compression. Further evidence for such a relationship was subsequently 21 

obtained by Lunner and Sundewall-Thorén (2007). Recently, Arehart et al. (2013) 22 

investigated the effects of WM capacity, noise, and frequency compression on the speech 23 

recognition performance of 26 HI listeners aged 62-92 yr. Results showed that as the amount 24 

of background noise and frequency compression increased, listeners with larger WM capacity 25 
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achieved better speech intelligibility than listeners with smaller WM capacity. Arehart et al. 1 

therefore concluded that smaller WM capacity is associated with increased susceptibility to 2 

signal distortion as caused by noise and/or HA processing. In another recent study, Ng et al. 3 

(2013) investigated the effects of WM capacity, noise, and binary mask-based NR processing 4 

on performance on a combined (i.e., dual-task) measure of speech identification and recall. 5 

Twenty-six HI listeners aged 32-65 yr participated. Results showed that, as a result of NR 6 

processing, speech recall improved for persons with larger WM capacity but not for listeners 7 

with smaller WM capacity. Ng et al. therefore concluded that NR processing can reduce the 8 

adverse effects of noise on speech recall performance of listeners with larger WM capacity. 9 

In summary, several studies have identified a link between cognitive function and 10 

benefit from HA signal processing. This link seems to be such that listeners with better 11 

cognitive skills fare better with more aggressive HA settings, whereas listeners with worse 12 

cognitive skills fare better with more moderate forms of HA signal processing. By 13 

comparison, the effects of PTA on benefit from HA signal processing seem relatively 14 

unexplored. Furthermore, since there do not seem to be any studies in which both hearing 15 

loss and cognitive function were varied in a controlled manner, it is unclear if these two user 16 

characteristics interact in any way. The present study therefore investigated whether hearing 17 

loss and cognitive function modulate benefit from HA signal processing. Hearing loss and 18 

cognitive function were varied independently of each other by testing four age-matched 19 

groups of elderly HI listeners with either smaller or larger PTAs and either smaller or larger 20 

WM capacity. WM capacity was assessed using a measure of reading span (RS) performance, 21 

as RS has been found to be a particularly effective predictor of cognitive function (Akeroyd 22 

2008). 23 

As a candidate algorithm for more HA individualization, we chose a binaural NR 24 

scheme designed to suppress diffuse noise as well as reverberation. In the study of Luts et al. 25 
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(2010) referred to above, this algorithm was evaluated under acoustically ‘dry’ and 1 

reverberant conditions using a frontal speech target presented against multi-talker babble 2 

from 90, 180, and 270. Results indicated some benefit in terms of listening effort and 3 

overall preference, but not in terms of SRTs. Furthermore, in contrast to all the other 4 

algorithms tested, a significant effect of listener group on the relative preference scores was 5 

observed. That is, whereas the two HI groups preferred this type of NR processing over no 6 

processing, the NH listeners did not. 7 

In the current study, we evaluated this algorithm in a different manner to investigate the 8 

possible influence of different NR settings and listener characteristics. More specifically, we 9 

decided to vary the strength of processing from inactive to strong to investigate whether 10 

hearing loss and/or cognitive function impact the optimal setting of this parameter. 11 

Correspondingly, we decided to carry out all testing at a number of fixed SNRs to investigate 12 

whether NR benefit varies with the SNR at which the different NR settings engage. 13 

Furthermore, we decided to increase the complexity of the test situation by evaluating it in a 14 

busy cafeteria setting with the help of a dual-task paradigm. Dual-task paradigms are 15 

assumed to provide objective, indirect measures of cognitive effort (e.g., Gosselin & Gagné 16 

2011). Sarampalis et al. (2009) made use of such a paradigm to assess the effects of a (single-17 

channel) NR algorithm on the listening performance of young NH listeners. The primary task 18 

was to recognize speech in noise and the (concurrent) secondary task was to respond as 19 

quickly as possible to digits presented on a computer screen by pressing certain keys on a 20 

keyboard. Although NR did not have any positive effects on speech recognition performance, 21 

it was found to lead to better performance on the secondary task in some conditions. 22 

Sarampalis et al. interpreted this finding in terms of NR leading to a reduction in listening 23 

effort and an associated release of cognitive resources that listeners could allocate to the other 24 

(visual) task, thereby achieving better performance. 25 
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The fact that in the studies of Sarampalis et al. (2009) and Ng et al. (2013; see above) 1 

positive effects of NR processing were observed in terms of secondary-task improvements 2 

indicates the potential value of complementing conventional speech measures with tasks 3 

tapping into cognitive processes such as memory or speed of processing. For the current 4 

study, we therefore decided to employ a dual-task paradigm very similar to the one used by 5 

Sarampalis et al. (2009) to find out whether equivalent effects could be demonstrated for 6 

elderly HI listeners and the binaural NR settings tested here. Furthermore, unlike in previous 7 

studies, we also assessed overall preference to find out whether differences in PTA and WM 8 

capacity have an impact on preferred NR strength. In view of the shortage of comparable 9 

studies, the current study was rather exploratory in nature. Nevertheless, the following 10 

hypotheses were formulated. First, given that NR algorithms typically do not improve speech 11 

intelligibility (e.g., Loizou 2007), we did not expect any positive effects for our speech 12 

measure, irrespective of listener group (hypothesis 1). Second, based on the findings of 13 

Sarampalis et al. (2009) and Ng et al. (2013), we expected that, for our measure of listening 14 

effort, listeners with smaller WM capacity would not show any benefit from NR processing 15 

whereas listeners with larger WM capacity would show some benefit from NR processing 16 

and that this benefit might increase with NR strength (hypothesis 2). Third, given the findings 17 

of Luts et al. (2010) that reduced hearing ability seems to go hand-in-hand with a preference 18 

for NR processing, we expected that listeners with larger hearing losses would prefer more 19 

NR processing than listeners with smaller hearing losses (hypothesis 3). Fourth, given that 20 

greater NR strength generally leads to more target speech degradation (e.g., Loizou & Kim 21 

2011) and that listeners with larger WM capacity seem to be more sensitive to NR effects 22 

(Lunner 2003; see above), we hypothesized that listeners with larger WM capacity would 23 

prefer less NR processing, whereas listeners with smaller WM capacity would prefer more 24 

NR processing (hypothesis 4). Thus, in accordance with literature data, we expected that for 25 
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our measures of listening effort and overall preference the effects of WM capacity on NR 1 

strength would be in disagreement.
1
 2 

MATERIALS AND METHODS 3 

Participants 4 

The present study was based on a between-group design with 10 listeners per group and 5 

with the different groups being matched closely in terms of age, PTA, and RS performance. 6 

Participants were chosen from a large database of hearing-impaired listeners available at the 7 

Hörzentrum Oldenburg. Inclusion criteria were (1) age of at least 60 yr, (2) bilateral, sloping, 8 

sensorineural hearing loss in the mild to severe range, (3) asymmetry in air-conduction 9 

thresholds of no more than 15 dB HL at any audiometric frequency between 125 Hz and 10 

8 kHz, (4) air-bone gaps of no larger than 15 dB HL at any audiometric frequency between 11 

500 Hz and 4 kHz, and (5) normal or corrected-to-normal vision. In total, 44 listeners were 12 

recruited. Three of these listeners had to be excluded from the study because of their 13 

inconsistent performance on the dual-task test (see below). Furthermore, one listener had to 14 

withdraw because of a health condition. Out of the 40 final participants, 31 were habitual HA 15 

users with at least nine months of HA experience. Furthermore, all participants had at least 16 

some experience with similar research studies. 17 

PTA was calculated across ears for the standard audiometric frequencies from 500 Hz 18 

to 4 kHz. Stratification of the participants into the four groups was accomplished based on the 19 

medians of our sample’s PTA and RS data. In this manner, groups with mild hearing loss and 20 

better cognitive function (‘GH+C+’), moderate hearing loss and better cognitive function 21 

(‘GH-C+’), mild hearing loss and worse cognitive function (‘GH+C-’), and moderate hearing 22 

loss and worse cognitive function (‘GH-C-’) were obtained. On average, the four groups were 23 

between 72.1 and 75.8 yr of age (see Table 1). Furthermore, the GH+C+ and GH+C- groups had 24 
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mean PTAs of, respectively, 36.4 and 38.1 dB HL, whereas the GH-C+ and GH-C- groups had 1 

mean PTAs of, respectively, 53.7 and 57.1 dB HL (see Table 1). A one-way analysis of 2 

variance (ANOVA) confirmed the lack of significant group differences in terms of age 3 

(F [3,36] = 1.0; p > 0.4). Another one-way ANOVA (F [3,36] = 30.0; p < 0.0001) followed 4 

by a post hoc analysis with Bonferroni correction confirmed significant differences in terms 5 

of PTA between all pairs of groups with different hearing status (H+ vs. H-; all p < 0.0001) 6 

and no significant difference in terms of PTA between any two groups with the same hearing 7 

status (all p = 1.0). 8 

Participants were paid on an hourly basis for their participation. Ethical approval for all 9 

experimental procedures was obtained from the ethics committee of the University of 10 

Oldenburg. 11 

Reading Span Test 12 

Cognitive function was assessed using the RS test, which is a visual measure of WM 13 

capacity (e.g., Daneman & Carpenter 1983). Short sentence segments were displayed on a 14 

screen one at a time at a rate of one word per 0.8 sec. After the presentation of three 15 

segments, there was a pause of 1.75 sec, during which the participant had to respond either 16 

“yes” if the previous three segments made up a semantically correct sentence (e.g., “Das 17 

Mädchen – sang – ein Lied”; “The girl – sang – a song”) or “no” if the previous three 18 

segments made up a semantically absurd sentence (e.g., “Die Flasche – trank – Wasser”; 19 

“The bottle – drank – water”). Following a sequence of sentences (three, four, five, or six, in 20 

random
2
 order), either “first words” or “final words” was displayed on the screen. The 21 

participant was then asked to recall either the first or final words of all the three, four, five, or 22 

six previous sentences. There were two repetitions per sequence length, resulting in a total of 23 

54 sentences being presented for test purposes. Furthermore, one additional sequence of three 24 
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sentences was initially presented for training purposes. The performance measure used was 1 

the percentage of correctly recalled first and final words presented across all test sentences. 2 

Physical Test Setup 3 

All testing took place in a soundproof booth. Inside the booth, two computer screens 4 

and a keyboard were located. One screen was used for displaying information to the 5 

participants. The other screen, which the participants were unable to see during the tests, was 6 

used by the experimenter for scoring the participants’ responses to the speech stimuli (see 7 

below). All test software was implemented in MatLab (MathWorks, Natick, USA). Audio 8 

playback was via an RME (Haimhausen, Germany) DIGI96/8 soundcard, a Tucker-Davis 9 

Technologies (Alachua, USA) HB7 headphone buffer, and a pair of Sennheiser 10 

(Wennebostel, Germany) HDA200 headphones. Calibration was carried out using a Brüel & 11 

Kjær (B&K; Nærum, Denmark) 4153 artificial ear, a B&K 4134 1/2” microphone, a B&K 12 

2669 preamplifier, and a B&K 2610 measurement amplifier. 13 

Speech Stimuli 14 

For the creation of the speech stimuli, the speech material from the Oldenburg sentence 15 

test (Wagener et al. 1999) was used. This material consists of low-context sentences that all 16 

follow the form ‘name verb numeral adjective object’. For each syntactic element there are 17 

10 possible alternatives to choose from, one possible combination being the utterance 18 

“Thomas hat zwei grosse Blumen” (“Thomas has two large flowers”). In total, the Oldenburg 19 

sentence test comprises 45 test lists of 20 sentences each. 20 

To simulate a realistic, complex listening situation, the sentence recordings were 21 

convolved with a pair of head-related impulse responses (HRIRs). These HRIRs were 22 

measured in a large, reverberant cafeteria using the built-in microphones of a B&K head-and-23 

torso simulator (HATS) and a frontal source at a distance of 1 m from, and at the same height 24 
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as, the HATS (Kayser et al. 2009). The resultant sentences ranged in length from 2.2 to 1 

3.2 sec. They were stored as .wav files with a sampling rate of 48 kHz and a resolution of 2 

16 bit. 3 

For the interfering signal, a HATS recording made in the same cafeteria during a busy 4 

lunch hour was selected. This recording, which is several minutes in length, is characterized 5 

by unintelligible speech babble, occasional parts of intelligible speech from nearby speakers, 6 

as well as sporadic sounds from cutlery, dishes, and chairs. On each trial, a 6-sec extract from 7 

this recording was randomly chosen and processed to have 100-msec raised-cosine on- and 8 

offset ramps. The resultant signal was presented at a nominal sound pressure level of 65 dB. 9 

It was mixed with a given target sentence, the level of which was adjusted to produce a given 10 

SNR (see below). Prior to mixing, the target sentence was processed to have a random delay 11 

of between 0.5 and 2 sec relative to the start of the cafeteria noise. 12 

Hearing Aid Processing 13 

A simulated HA implemented on the Master Hearing Aid (MHA) research platform 14 

(Grimm et al. 2006) was used for processing the speech stimuli. The processing included NR, 15 

linear amplification, and headphone equalization. It was carried out at a sampling rate of 16 

16 kHz. Prior to any HA processing, the speech stimuli were therefore resampled to 16 kHz. 17 

Following the HA processing, they were resampled to 48 kHz. 18 

Noise Reduction  The NR scheme evaluated in the current study was a binaural coherence-19 

based algorithm designed to suppress reverberant signal components and diffuse background 20 

noise. The implementation was very similar to the one tested by Luts et al. (2010). A Fast 21 

Fourier Transform-based filterbank with twelve frequency bands was used. Bands 2 to 11 22 

were one-third octave wide with the nominal center frequencies from 400 to 3175 Hz. Bands 23 

1 and 12 had center frequencies of, respectively, 250 and 4000 Hz and widths chosen so as to 24 

cover the 0 to 8 kHz bandwidth of the simulated HA. Using a 40-msec time window, the 25 
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binaural coherence (or similarity) of the input signals was estimated in each frequency band 1 

based on the method described by Grimm et al. (2009). The estimates produced by this 2 

method can take on values between 0 and 1. A value of 0 corresponds to fully incoherent (or 3 

diffuse) sound, while a value of 1 corresponds to fully coherent (or directional) sound. 4 

Because of diffraction effects around the head, the coherence is always high at low 5 

frequencies. At medium and high frequencies, the coherence is low for diffuse and 6 

reverberant signal components, but high for the direct sound from nearby sources. Due to the 7 

spectro-temporal fluctuations contained in speech, the ratio between (undesired) incoherent 8 

and (desired) coherent signal components may vary across time and frequency. By applying 9 

appropriate time- and frequency-dependent gains, this ratio can be improved. The (linear) 10 

gains are derived by applying an exponent, , to the coherence estimates. In the present 11 

study, three values of  were tested: 0, 0.75, and 2. For each value, the obtained coherence 12 

estimates (ranging from 0 to 1) were mapped to a gain range of 30 to 0 dB. The effect of 13 

varying  was to vary the strength of the NR algorithm from inactive ( = 0), through 14 

moderate ( = 0.75), to strong ( = 2). Applying a larger  leads to more suppression of 15 

incoherent signal components. This is illustrated in Figure 1 for an example stimulus with an 16 

SNR of 4 dB. As is apparent from the spectrograms, larger -values lead to more attenuation 17 

of incoherent signal components above about 1 kHz. This effect can therefore be likened to 18 

that of a low-pass filter that reduces the overall stimulus bandwidth. The effect of the 19 

processing can also be characterized in terms of the SNR improvement achieved.
3
 For the 20 

range of SNRs used in the current study (i.e., 4 to 8 dB; see below), the SNR improvement 21 

amounted to about 3.3 and 5.0 dB for the moderate ( = 0.75) and strong ( = 2) NR setting, 22 

respectively. 23 

Linear Amplification  To ensure adequate audibility, the stimuli were spectrally shaped in 24 

accordance with the NAL-RP prescription rule (Byrne et al. 1991). Specifically, for each 25 
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participant the required HA gain was determined for the frequencies of 250, 500, 1000, 1500, 1 

2000, 3000, 4000, and 6000 Hz. Using interpolation, the derived gains were then mapped to 2 

the resolution of the MHA filterbank (see above). No fine-tuning was carried out. 3 

Headphone equalization  Before presentation, the speech stimuli were processed further 4 

using a 32nd-order finite impulse response filter to compensate for the uneven magnitude 5 

response of the HDA200 headphones. 6 

Dual-Task Test 7 

The perceptual effects of the NR algorithm were assessed with the help of a dual-task 8 

test, the design of which was based on a paradigm used by Sarampalis et al. (2009). 9 

Specifically, participants had to complete two concurrent tasks: a speech intelligibility task 10 

and a visual reaction time (VRT) task. They were informed that the two tasks were equally 11 

important and that they therefore should pay equal amounts of attention to them. 12 

Speech Intelligibility Task  Speech intelligibility was measured at SNRs of 4, 0, and 13 

4 dB. In addition, measurements were made in quiet to assess baseline performance. For the 14 

measurements made in noise, the strength of the NR algorithm was varied across the three 15 

chosen settings (see above). Thus, a total of 10 conditions were tested. Two measurements 16 

were made per condition, and for each measurement one randomly chosen test list (consisting 17 

of 20 five-word sentences each) was used. Test lists were not repeated. Following the 18 

presentation of a speech stimulus, listeners had to repeat the words they had understood, 19 

which were scored by an experimenter using a graphical user interface displayed on the 20 

experimenter’s screen. 21 

Visual Reaction Time Task  For the VRT task, two boxes were displayed on the 22 

participant’s screen. The boxes were 6 cm high, 4.5 cm wide, and 1.5 cm apart. At quasi-23 

random intervals, a digit between 1 and 8 appeared in one of the boxes. Using the keyboard 24 
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provided, participants had to press a key marked by a green sticker if the digit was even or a 1 

key marked by a red sticker if the digit was odd. They were told to perform this task as 2 

quickly as possible while maintaining a high level of accuracy. Two digits were presented per 3 

speech stimulus. The first digit appeared after a randomly chosen delay of between 0.5 and 4 

1.5 sec relative to the start of the cafeteria noise. It remained on the screen until the 5 

participant had pressed either key, or for maximally 2 sec. The second digit then appeared 6 

after another randomly chosen delay of between 0.5 and 1.5 sec and remained visible until 7 

either key was pressed, or for maximally 2 sec. Missed digits, digits responded to correctly, 8 

and reaction times for the digits responded to correctly were recorded for each trial. 9 

Training and Test Measurements  Prior to data collection, participants received at least 10 

30 min of training where they practiced the two tasks first individually and then 11 

simultaneously. Training was typically completed at a first visit and the actual measurements 12 

at two subsequent visits. Each subsequent visit started with two training measurements, 13 

followed by one measurement for each of the 10 conditions in randomized order. For the 14 

subsequent statistical analyses (see below), the first set of 10 measurements was treated as 15 

test data, while the second set was treated as retest data. Participants were required to take 16 

10-min breaks after 15-20 min of measurements. 17 

Preference Test 18 

In addition to the dual-task test, a preference test was carried out. Listeners were asked 19 

to imagine being inside the cafeteria and wanting to communicate with the speaker of the 20 

sentences. They then had to make pairwise comparisons of the different NR settings and to 21 

decide which HA setting they preferred overall. Test conditions were identical to the ones 22 

used for the dual-task test, except that an additional SNR of 8 dB was included and that no 23 

digits were presented concurrently with the audio. Comparisons were blocked by SNR. 24 

Different speech signals and cafeteria noise extracts were used for the different SNRs. Using 25 
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a graphical user interface and a touch screen, listeners could control playback of the stimuli 1 

as well as enter their responses. Four stimulus pairs, corresponding to  = 0 and  = 2 for 2 

each SNR, were initially presented for familiarization purposes. They were followed by 24 3 

pairwise comparisons (4 SNRs  3 possible stimulus combinations  2 presentations each) in 4 

randomized order. For the subsequent statistical analyses (see below), the first set of 5 

presentations was treated as test data, while the second set was treated as retest data. 6 

Participants completed the preference test at the end of their last visit. 7 

Statistical Analyses 8 

The speech scores were first divided by 100 (giving a range up to 1) and then 9 

transformed into rationalized arcsine units (RAU; Studebaker 1985) to normalize the variance 10 

across the range of scores. Mixed-model ANOVAs were carried out to analyze the RAU and 11 

VRT scores. The (binary) preference data were analyzed by counting the number of times a 12 

given NR setting was preferred by a given group of listeners at a given SNR. Since ANOVA 13 

techniques were not suitable for the analysis of these data, a series of two-tailed McNemar 14 


2
-tests were performed to analyze them statistically (cf., Luts et al. 2010). In order to 15 

prevent inflation of the type I error rate a Bonferroni correction corresponding to the total 16 

number of tests performed was applied to the significance level. 17 

RESULTS 18 

Reading Span Test 19 

The results from the RS test are summarized in Table 1. On average, GH+C+ and GH-C+ 20 

listeners were able to recall, respectively, 44.6 and 43.7% of first and final words, whereas 21 

GH+C- and GH-C- listeners were able to recall, respectively, 28.3 and 27.2%. Generally 22 

speaking, these data are in good agreement with those of other studies (Arehart et al. 2013; 23 
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Neher et al. 2011). A one-way ANOVA (F [3,36] = 30.9; p < 0.0001) followed by a post hoc 1 

analysis with Bonferroni correction confirmed significant differences in terms of RS between 2 

all pairs of groups with different cognitive status (C+ vs. C-; all p < 0.0001) and no 3 

significant difference in terms of RS between any two groups with the same cognitive status 4 

(all p = 1.0). 5 

Speech Recognition 6 

Test-retest reliability of the RAU scores was assessed using Pearson’s r correlation 7 

coefficient, which was calculated for each combination of listener group and SNR (excluding 8 

the quiet condition). The median of all correlation coefficients was found to be 0.76 (mean: 9 

0.74, range: 0.46-0.90). The correlation was generally lowest at +4 dB SNR (median: 0.66). 10 

This was mainly due to the data of the GH+C+ group (r = 0.46), which exhibited ceiling 11 

effects. All other correlations were higher than 0.65, thus indicating reasonable 12 

reproducibility overall. 13 

Figure 2 shows mean RAU scores and associated 95% confidence intervals for the 14 

different groups of listeners as a function of SNR. In the quiet reference condition, all groups 15 

were at or near ceiling, despite the concurrent VRT task. With decreasing SNR, speech 16 

recognition performance decreased, as expected. Furthermore, the groups differed in terms of 17 

their speech recognition performance, the GH+C+ and GH-C- groups lying at the high and low 18 

end of the observed performance range, respectively. Figure 3 shows mean RAU scores and 19 

associated 95% confidence intervals for the different groups of listeners as a function of NR 20 

setting. While moderate NR did not seem to have any effect on speech recognition, there was 21 

a tendency for performance of the different groups to decrease as a result of strong NR 22 

processing. To check the statistical significance of these findings, the RAU scores (excluding 23 

those from the quiet condition and those obtained at +4 dB SNR; see above) were analyzed 24 

using a mixed-model ANOVA with test-retest, SNR, and NR as within-subject factors and 25 
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listener group as between-subject factor. Significant effects of test-retest (F [1,36] = 7.9; 1 

p < 0.01), SNR (F [1,36] = 781.8; p < 0.0001), NR (F [2,72] = 38.3; p < 0.0001), and listener 2 

group (F [3,36] = 6.9; p < 0.001) were observed. The significant effect of test-retest was 3 

found to be due to a performance improvement of about 2 RAU. Planned contrasts revealed a 4 

significant (p < 0.0001) performance decrement (of about 5.5 RAU) due to strong NR 5 

processing, but no effect due to moderate NR processing. Furthermore, post hoc analyses 6 

with a Bonferroni correction revealed that the performance of the GH+C+ group differed 7 

significantly from that of the GH-C+ group (p < 0.05) and that of the GH-C- group (p < 0.001). 8 

These results imply that the significant group differences were driven by the effects of 9 

hearing loss rather than cognitive function. No other significant effects were found. 10 

Visual Reaction Time 11 

Test-retest reliability of the VRT scores was assessed in the same manner as for the 12 

RAU scores (see above). The median of all correlation coefficients was found to be 0.78 13 

(mean: 0.77) and the range was 0.69 to 0.87, thus indicating good reproducibility. 14 

To examine the reliability of the VRT scores further, the percentage of digits missed 15 

and the percentage of digits responded to correctly was calculated for each group. The 16 

percentage of digits missed ranged from 0.6 to 1.8% across groups (grand average: 1.0%), 17 

while the percentage of digits responded to correctly ranged from 97.2 to 98.3% (grand 18 

average: 97.6%). Altogether, these data indicate that the four groups of listeners were able to 19 

perform the concurrent secondary task in a reliable manner. 20 

Figure 4 shows mean VRT scores and associated 95% confidence intervals for the 21 

different groups of listeners as a function of SNR. Unexpectedly, in the quiet condition there 22 

was a tendency for the performance of some groups – especially those with poorer cognitive 23 

function – to worsen. Originally, the data from this condition had been intended to be used 24 

for compensating for any inter-listener differences in baseline performance (see also 25 
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Discussion). However, because of the observed effects the raw (i.e., absolute) VRT scores 1 

were used for all subsequent analyses in order not to distort the results. 2 

Generally speaking, VRT performance improved with increasing SNR. As was the case 3 

for the RAU scores, the GH+C+ group appeared to perform best on the VRT task, while the 4 

performance of the other three groups was very similar. Figure 5 shows mean VRT scores 5 

and associated 95% confidence intervals for the different groups of listeners as a function of 6 

NR setting. In general, there was a tendency for performance of the different groups to 7 

decrease with more NR processing. To check the statistical significance of these findings, the 8 

VRT scores (excluding those from the quiet condition) were analyzed using another mixed-9 

model ANOVA with test-retest, SNR, and NR as within-subject factors and listener group as 10 

between-subject factor. Significant effects of SNR (F [2,72] = 50.7; p < 0.0001) and NR 11 

(F [2,72] = 10.7; p < 0.0001) were observed. Planned contrasts revealed significant 12 

(p < 0.001) differences between all three SNRs as well as a significant (p < 0.001) increase in 13 

VRT (of about 0.017 sec) due to strong NR processing, but no effect due to moderate NR 14 

processing. No other significant main effects or interactions were found. Thus, despite the 15 

apparently better performance of the GH+C+ group (see above), no group effects due to 16 

differences in PTA or WM capacity were observed. 17 

Preference 18 

Test-retest reliability of the preference data was assessed by calculating a measure of 19 

consistency based on the two responses per pairwise comparison of each participant. Since 20 

there were three NR settings and thus three possible combinations or comparisons per SNR, a 21 

measure was derived that could take on four values: 0, 1/3, 2/3, or 1. A value of 0 22 

corresponds to completely inconsistent responses, while 1/3, 2/3, and 1 correspond to 23 

consistent responses for one, two, or three comparisons, respectively. The 10 resultant values 24 

per group and SNR were averaged, resulting in a range from 0.77 to 1 (overall mean: 0.85; 25 
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overall median: 1.0). Averaged across groups, these values ranged from 0.83 (4 and 1 

4 dB SNR) to 0.88 (0 and 8 dB SNR); averaged across SNRs, they ranged from 0.83 (GH-C- 2 

listeners) to 0.88 (GH+C+ listeners). Altogether, these results indicate good reproducibility. 3 

Table 2 shows, for each listener group and SNR, the percentage of times a given NR 4 

setting was preferred. In each case, the “winner” is marked in bold. Upon inspection of these 5 

data, a number of observations can be made. First, all groups preferred some over no NR 6 

processing across the entire range of SNRs tested. Second, preference for either moderate or 7 

strong processing seemed to vary across groups and SNRs. While at the largest SNR tested 8 

(i.e., 8 dB) all groups appeared to prefer strong over moderate NR, at 4 dB SNR the GH+C+ 9 

group preferred the moderate setting. At 0 dB SNR, the same trend was apparent for the other 10 

group with better cognitive skills (i.e., the GH-C+ group), whereas the GH+C- and GH-C- groups 11 

still favored strong NR. At the smallest SNR tested (i.e., 4 dB), the preference scores of the 12 

two groups with poorer cognitive skills were almost equally distributed across the moderate 13 

and strong NR settings; in other words, there was a tendency for the strong NR setting to be 14 

less preferred, as already observed for the other groups at higher SNRs. 15 

For the statistical analysis of these data, we decided to follow the approach of Luts et 16 

al. (2010) and limited the number of (pairwise) McNemar tests by collapsing the data from 17 

each group across the four SNRs. As a result, we increased the number of data points (to 80) 18 

and thus the statistical power for each test. We then performed two comparisons per group: 19 

preference for no vs. moderate NR and preference for moderate vs. strong NR. In each case, 20 

we tested the null hypothesis that preference for the two settings was equal against the 21 

alternative hypothesis that preference for the two settings was different. For all four groups, 22 

we found a statistically significant preference for moderate over no NR processing (all 23 

p < 0.0001 after Bonferroni correction). Furthermore, for the two C- groups we observed a 24 

statistically significant preference for strong over moderate NR processing (all p < 0.01 after 25 
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Bonferroni correction); for the two C+ groups no difference in preference was apparent (all 1 

p > 0.05 after Bonferroni correction). 2 

DISCUSSION 3 

The purpose of the present study was to find out if benefit from different binaural NR 4 

settings depends on hearing status and cognitive skills. Using four age-matched groups of 5 

elderly listeners with either mild or moderate PTA and either larger or smaller WM capacity, 6 

speech recognition was assessed concurrently with VRT performance. Overall preference 7 

was also assessed. Statistical analyses revealed that, for all groups, speech and VRT scores 8 

were unaffected by moderate NR, whereas strong NR impaired performance slightly. 9 

Furthermore, all groups preferred some over no NR processing, and the two groups with 10 

poorer cognitive skills also preferred strong over moderate NR processing. In the following 11 

sections, these findings are discussed in more detail. 12 

Speech Recognition 13 

There is a large body of research showing that, in general, NR processing does not 14 

improve speech intelligibility (e.g., Bentler et al. 2008; Loizou 2007; Nordrum et al. 2006). 15 

This is because, in addition to removing background noise, NR processing typically also 16 

degrades the target speech. Generally speaking, more processing leads to more signal 17 

enhancement but also to more degradation (e.g., Loizou & Kim 2011), and this was also the 18 

case for the NR settings evaluated in the current study. Thus, for our speech measure we did 19 

not expect to find any positive effects of NR processing (hypothesis 1), and our data were in 20 

accordance with this expectation. 21 

The moderate NR setting under consideration here was very similar to the binaural 22 

coherence-based NR algorithm evaluated by Luts et al. (2010). Generally speaking, the 23 

results we obtained with this setting were very similar to theirs (see Introduction). That is, 24 
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neither did we observe any effect on speech intelligibility, nor did we find any evidence for 1 

differences in terms of NR benefit among our groups of listeners. The latter finding might 2 

reflect an insensitivity of our (fairly typical) speech measure to processes involving higher-3 

level cognitive functions such as WM capacity, based on which we chose to define our 4 

groups. Such an interpretation would be broadly consistent with the finding that the observed 5 

differences in speech recognition among our groups were driven by hearing loss and not 6 

cognitive function (see Results). This finding, in turn, might have been due to our WM-based 7 

group definition. That is, it is possible that stratification based on other cognitive measures 8 

(e.g., measures of inhibitory skills; cf., Rudner et al. 2011) would have given rise to different 9 

results. Alternatively, it could be that the lack of any effects due to differences in PTA and 10 

cognitive function was because these user characteristics simply do not modulate speech 11 

recognition performance achievable with the different NR settings. 12 

The results obtained for the stronger NR setting indicate that more aggressive settings 13 

of this algorithm may reduce speech intelligibility for elderly HI listeners, irrespective of 14 

hearing status and cognitive function. Thus, as is the case for any other type of NR scheme, if 15 

this algorithm was to be applied in clinical practice it would be important to find a setting that 16 

would minimize its adverse effects on speech recognition while at the same time maximizing 17 

any other benefits such as greater listening comfort or ease of listening for the individual 18 

user. 19 

Visual Reaction Time 20 

For our measure of listening effort, we expected – based on literature data – that our 21 

listeners with smaller WM capacity would not show any benefit from NR processing, 22 

whereas our listeners with larger WM capacity would show improved VRT performance and 23 

that this improvement might increase with NR strength (hypothesis 2). However, this was not 24 

the case. 25 
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The dual-task paradigm we used was very similar to that used by Sarampalis et al. 1 

(2009). Data analyses showed that our listeners carried out the speech and VRT tasks in a 2 

reliable fashion. Somewhat unexpected were the data from the quiet condition, for which the 3 

two groups with poorer cognitive function displayed a tendency towards longer reaction 4 

times (e.g., relative to the supposedly more strenuous 4-dB-SNR condition). It could be that 5 

the onset of the cafeteria noise acted as a cue to prepare for the next stimulus, resulting in 6 

quicker responses to the digits in the noisy conditions for these listeners. It could also be that 7 

over the course of our dual-task measurements (which were carried out in randomized order 8 

and at fixed SNRs) listeners with smaller WM capacity became more fatigued than listeners 9 

with larger WM capacity. Thus, the absence of noise might have instinctively led these 10 

listeners to relax and therefore to expend less effort on the task. 11 

Regardless of the precise cause, the observed data pattern prevented us from using the 12 

data from the quiet condition to correct for any inter-individual differences in baseline 13 

performance, as is common practice in dual-task studies involving elderly participants using 14 

data collected at the very start of such measurements (e.g., Desjardins & Doherty 2013; 15 

Hornsby 2013; Picou et al. 2013). Consequently, we were forced to use the absolute VRT 16 

scores in all subsequent analyses. Thus, our measure of listening effort may not have been 17 

sufficiently sensitive to reveal any differences among our groups of listeners. 18 

Nevertheless, for the conditions in noise a highly significant effect of SNR was 19 

observed. That is, at poorer SNRs the reaction times of the listeners became longer. This 20 

finding is in concordance with a large body of research documenting the detrimental effects 21 

of noise on cognitive processes such as memory and speed of processing (e.g., Broadbent 22 

1958; Rabbitt 1966, 1968, 1991). The fact that this measure was found to be clearly sensitive 23 

to SNR changes indicates that, in principle, it should be suitable for evaluating HA 24 

processing with elderly HI listeners (e.g., at SNRs where speech recognition has saturated). 25 
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However, no positive effects of NR processing on VRT performance were observed. On the 1 

contrary, the strong setting even led to a performance decrement. This was in spite of the fact 2 

that the moderate and strong NR settings gave rise to SNR improvements that were on the 3 

same order of magnitude as the 4-dB-SNR changes applied independently of any NR 4 

processing. It seems likely that the degradation of the speech signal caused by the NR scheme 5 

was responsible for this finding. As proposed by Lunner et al. (2009), any signal distortion 6 

introduced by HA signal processing may lead to an increase in cognitive processing load. 7 

One prominent effect of the NR scheme under investigation here was the attenuation of high-8 

frequency information, with stronger processing leading to more attenuation (see Hearing Aid 9 

Processing section). Recently, McCreery and Stelmachowicz (2013) investigated the effect of 10 

low-pass filtering speech-in-noise stimuli on the time it took NH children to respond to them. 11 

They observed that, even when speech recognition remained unaffected, reduced stimulus 12 

bandwidth caused slower responses, leading them to conclude that limited bandwidth may 13 

result in greater cognitive effort. We consider it possible that the increase in VRT observable 14 

with the strong NR setting can be explained in a similar manner. 15 

The lack of any positive NR effects may have also been influenced by the speech 16 

material used. The amount of context information available in a sentence influences the role 17 

of cognitive factors in speech understanding (e.g., Foo et al. 2007). In the Sarampalis et al. 18 

(2009) study, positive NR effects were observed with high-context materials only, whereas in 19 

the current study only low-context sentences were used (see Speech Stimuli section). 20 

It is also possible that the lack of any improvement in VRT performance was 21 

influenced by our choice of measure. Using subjective ratings of perceived listening effort, 22 

Luts et al. (2010) reported some improvement due to this algorithm (see Introduction). 23 

Although dual-task paradigms are commonly assumed to provide indirect indices of 24 

perceived effort, recent studies indicate that they do not tap the same aspects of listening 25 
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effort as subjective ratings (Desjardins & Doherty 2013; Gosselin & Gagné 2011). A 1 

different benefit pattern might therefore have emerged if we had asked our listeners to rate 2 

perceived effort directly. 3 

Finally, it is worth noting that while the findings obtained with our measures of 4 

listening effort and speech intelligibility seem in reasonable agreement, this is not necessarily 5 

the case for other datasets. For example, Luts et al. (2010; see Introduction) reported that in 6 

their study changes in listening effort were only weakly associated with changes in SRTs due 7 

to NR processing. Given the considerable differences in terms of test conditions, participants, 8 

and outcome measures used, further research is needed to determine the precise cause for this 9 

discrepancy. 10 

Preference 11 

Regarding the preference data, we expected that listeners with larger hearing losses 12 

would prefer more NR processing than listeners with smaller hearing losses (hypothesis 3). 13 

Furthermore, we expected listeners with larger WM capacity to prefer less NR processing and 14 

listeners with smaller WM capacity to prefer more NR processing (hypothesis 4). The results 15 

we obtained agreed partly with hypothesis 4, but not with hypothesis 3. 16 

In concordance with Luts et al. (2010), we pooled our preference scores across SNR to 17 

increase the number of data points per pairwise comparisons and thus the robustness of our  18 

findings. For the two C+ groups, we did not find any significant difference in preference for 19 

moderate vs. strong NR. This finding was influenced by the marked variation in preferred NR 20 

strength across SNR apparent for these listeners (see Table 2). Follow-up studies (based on 21 

larger datasets) should therefore ideally address these potential SNR effects. Given that the 22 

GH+C+ and GH-C+ groups appeared to differ in terms of the SNR at which their preference 23 

shifted from strong to moderate NR processing (4 and 0 dB SNR, respectively), this might 24 

also reveal an effect of hearing loss. 25 
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For the two C- groups, a statistically significant preference for strong over moderate 1 

NR processing was observed. Informal comments made by these participants implied that 2 

they favored lower levels of background noise, even at the expense of poorer speech 3 

intelligibility. Compared to the C+ groups, these listeners seemed to experience our fixed-4 

SNR stimuli as more strenuous. We speculate that, due to their limited cognitive resources, 5 

they were more reliant on NR settings providing greater attenuation of the background noise. 6 

This would be consistent with the finding that, for a given SNR, older listeners with and 7 

without hearing loss expend more listening effort than young NH adults recognizing speech 8 

in noise (Desjardins & Doherty 2012; Gosselin & Gagné 2011). 9 

Given that, for all groups, the strong NR setting was found to reduce speech recognition 10 

(and VRT) performance at SNRs of 4 dB and below, any preference for it in this SNR range 11 

might seem surprising. Nevertheless, preference for different NR settings can be influenced 12 

by factors other than speech intelligibility. For instance, as part of their study dealing with the 13 

perceptual effects of different NR algorithms implemented in commercial HAs, Brons et al. 14 

(2013; see Introduction) found that judgments of speech naturalness and noise annoyance 15 

both contributed to the overall preference of their NH listeners. Our HI listeners’ informal 16 

comments suggest that such factors also played a role in their preference judgments. 17 

CONCLUSION 18 

The present study investigated if differences in PTA and WM capacity manifest 19 

themselves in different patterns of benefit from binaural NR processing. Regarding the 20 

influence of PTA, our results did not provide any evidence for such an association. Regarding 21 

the influence of WM capacity, we did not observe any effects on our measures of speech 22 

recognition and cognitive effort, but our preference data were indicative of such an effect. 23 

Specifically, the data pattern we observed was such that listeners with smaller WM capacity 24 
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preferred stronger processing. This is in contrast to previous studies, which – for different 1 

outcome dimensions – basically observed the opposite effect, namely that listeners with 2 

larger WM capacity obtain (greater) benefit from more aggressive processing (see 3 

Introduction). Given the substantial differences in terms of experimental design, signal 4 

processing, and outcome measures across studies, it is currently unclear why this was the 5 

case. Altogether, this leads us to the conclusion that further research is required so that the 6 

underlying factors can be better understood and the viability to individualize NR processing 7 

based on these factors be determined. 8 

ENDNOTES 9 

1
 Although such an expectation seems counterintuitive, the perceptual assessment of 10 

noise-reduced speech stimuli based on different types of outcome measures can in fact lead to 11 

seemingly inconsistent datasets. For example, as part of their study on the perceptual effects 12 

of different NR algorithms Brons et al. (2013) found that overall preference was correlated 13 

with neither speech intelligibility nor (subjective ratings of) listening effort. 14 

2
 Other implementations of the reading span test typically use a sequential (rather than 15 

random) order of sequence length. However, the good correspondence of our RS data with 16 

other such datasets (see Results) indicates that the random order did not affect performance. 17 

3
 Using a technique called shadow filtering, the NR gains obtained for the speech-in-18 

noise mixture were separately applied to the speech target and cafeteria noise. The resultant 19 

signals were then used to estimate the SNR at the output and hence the SNR improvement of 20 

the algorithm. 21 
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FIGURES 1 

Figure 1. Graphical illustration of the effects of no (top), moderate (middle), and strong 2 

(bottom) noise reduction (NR) processing on (one channel of) an example stimulus with a 3 

signal-to-noise ratio of 4 dB. The panels on the left-hand side show the time waveforms of 4 

the target speech (black) and the cafeteria noise (gray), while the panels on the right-hand 5 

side show spectrograms of the corresponding signal mixtures. a.u., arbitrary units. 6 
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Figure 2. Mean rationalized arcsine unit (RAU) scores for the four groups of listeners as a 1 

function of signal-to-noise ratio (SNR). Error bars show 95% confidence intervals. inf., 2 

infinity. 3 
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Figure 3. Mean rationalized arcsine unit (RAU) scores for the four groups of listeners as a 1 

function of noise reduction setting. Error bars show 95% confidence intervals. 2 
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Figure 4. Mean visual reaction time (VRT) scores for the different groups of listeners as a 1 

function of signal-to-noise ratio (SNR). Error bars show 95% confidence intervals. inf., 2 

infinity. 3 
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Figure 5. Mean visual reaction time (VRT) scores for the different groups of listeners as a 1 

function of noise reduction setting. Error bars show 95% confidence intervals. 2 
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TABLES 1 

Table 1. Group means in terms of age, pure-tone average hearing loss (PTA), and reading 2 

span (RS). Data in parentheses correspond to minimum and maximum values. N = 10 per 3 

group. 4 

Group Age (yr) PTA (dB HL) RS (%-correct) 

GH+C+ 
72.1 

(60-79) 

36.4 

(23-43) 

44.6 

(35-54) 

GH-C+ 
74.7 

(70-83) 

53.7 

(48-64) 

43.7 

(35-56) 

GH+C- 
75.8 

(68-81) 

38.1 

(33-42) 

28.3 

(22-33) 

GH-C- 
75.0 

(65-81) 

57.1 

(44-70) 

27.2 

(19-33) 

  5 
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Table 2. Preference (in percent) for the three NR settings for each group and SNR. In each 1 

case, the strongest preference is marked in bold. 2 

 
GH+C+ GH-C+ 

NR -4 dB 0 dB 4 dB 8 dB -4 dB 0 dB 4 dB 8 dB 

off 13 20 15 10 17 2 2 0 

moderate 52 53 50 38 50 52 43 37 

strong 35 27 35 52 33 47 55 63 

 
 

GH+C- GH-C- 

NR -4 dB 0 dB 4 dB 8 dB -4 dB 0 dB 4 dB 8 dB 

off 12 3 5 3 8 2 3 3 

moderate 43 40 38 40 47 45 42 40 

strong 45 57 57 57 45 53 55 57 

 3 


