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Abstract 

Objectives: To undertake a systematic review of available evidence on the effect of hearing 

impairment and hearing-aid amplification on listening effort. Two research questions were 

addressed: Q1) does hearing impairment affect listening effort? and Q2) can hearing aid 

amplification affect listening effort during speech comprehension? 

Design: English language articles were identified through systematic searches in PubMed, 

EMBASE, Cinahl, the Cochrane Library, and PsycINFO from inception to August 2014. 

References of eligible studies were checked. The Population, Intervention, Control, Outcomes 

and Study design (PICOS) strategy was used to create inclusion criteria for relevance. It was 

not feasible to apply a meta-analysis of the results from comparable studies. For the articles 

identified as relevant, a quality rating, based on the 2011 Grading of Recommendations 

Assessment, Development and Evaluation (GRADE) Working Group guidelines, was carried 

out to judge the reliability and confidence of the estimated effects. 

Results: The primary search produced 7017 unique hits using the key-words: hearing aids OR 

hearing impairment AND listening effort OR perceptual effort OR ease of listening. Of these, 

41 articles fulfilled the PICOS selection criteria of: experimental work on hearing impairment 

OR hearing aid technologies AND listening effort OR fatigue during speech perception. The 

methods applied in those articles were categorized into subjective, behavioral and 

physiological assessment of listening effort. For each study, the statistical analysis addressing 

research question Q1 and/or Q2 was extracted. In 7 articles more than one measure of 

listening effort was provided. Evidence relating to Q1 was provided by 21 articles that 

reported 41 relevant findings. Evidence relating to Q2 was provided by 27 articles that 

reported 56 relevant findings. The quality of evidence on both research questions (Q1 and Q2) 

was very low, according to the GRADE Working Group guidelines. We tested the statistical 

evidence across studies with non-parametric tests. The testing revealed only one consistent 

effect across studies, namely that listening effort was higher for hearing-impaired listeners 
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compared to normal-hearing listeners (Q1) as measured by EEG measures. For all other 

studies the evidence across studies failed to reveal consistent effects on listening effort. 

Conclusion: In summary, we could only identify scientific evidence from physiological 

measurement methods, suggesting that hearing impairment increases listening effort during 

speech perception (Q1). There was no systematic finding across studies indicating that 

hearing-aid amplification decreases listening effort (Q2). In general, there were large 

differences in the study population, the control groups and conditions, and the outcome 

measures applied between the studies included in this review. The results of this review 

indicate that published listening effort studies lack consistency, lack standardization across 

studies, and have insufficient statistical power. The findings underline the need for a common 

conceptual framework for listening effort to address the current shortcomings.  

 

Keywords: Listening effort, hearing impairment, hearing aid amplification, speech 

comprehension, subjective ratings, behavioral measures, physiologic measures, quality rating;  
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Introduction 

Hearing impairment is one of the most common disabilities in the human population and 

presents a great risk in everyday life due to problems with speech recognition, 

communication, and language acquisition. Due to hearing impairment, the internal 

representation of the acoustic stimuli is degraded (Humes & Roberts, 1990). This causes 

difficulties that are experienced commonly by hearing-impaired listeners, as speech 

recognition requires that the acoustic signal is correctly decoded (McCoy et al. 2005). 

Additionally, in daily life, speech is often heard amongst a variety of sounds and noisy 

backgrounds that can make communication even more challenging (Hällgren et al. 2005). 

Previous research suggests that hearing-impaired listeners suffer more from such adverse 

conditions in terms of speech perception performance as compared to normal-hearing 

listeners (Hagerman, 1984; Plomp, 1986; Hopkins et al. 2005). It has been suggested that 

keeping up with the processing of ongoing auditory streams increases the cognitive load 

imposed by the listening task (Shinn-Chunningham & Best, 2008). As a result, hearing-

impaired listeners expend extra effort to achieve successful speech perception (Rönnberg et 

al. 2013; McCoy et al. 2005). Increased listening effort due to impaired hearing can cause 

adverse psychosocial consequences, such as increased levels of mental distress and fatigue 

(Stephens & Hétu, 1991; Kramer Sophia et al. 1997; Kramer et al. 2006), lack of energy and 

stress-related sick leave from work (Edwards, 2007; Gatehouse & Gordon, 1990; Kramer et 

al. 2006; Hornsby, 2013a, 2013b). Nachtegaal and colleagues (2009) found a positive 

association between hearing thresholds and the need for recovery after a working day. 

Additionally, hearing impairment can dramatically alter peoples’ social interactions and 

quality of life due to withdrawal from leisure and social roles (Weinstein, 1982; Demorest & 

Erdman, 1986; Strawbridge et al. 2000), and one reason for this may be the increased effort 

required for successful listening. There is growing interest amongst researchers and clinicians 

in the concept of listening effort and its relationship with hearing impairment (Gosselin & 
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Gagné, 2010; McGarrigle et al. 2014). The most common approaches to assess listening effort 

include subjective, behavioral and physiological methods (for details see Table 1). The 

concept of subjective measures is to estimate the amount of perceived effort, handicap 

reduction, acceptance, benefit and satisfaction with hearing aids (Humes & Humes, 2004). 

Subjective methods such as self-ratings or questionnaires provide immediate or retrospective 

judgment of how effortful speech perception and processing was perceived by the individual 

during a listening task. The ratings are typically made on a scale ranging between “no effort” 

and “maximum effort”. Questionnaires are often related to daily life experiences and typically 

offer a closed set of possible response opportunities (e.g. Speech, Spatial and Qualities of 

Hearing scale (SSQ), (Noble & Gatehouse, 2006). The most commonly used behavioral 

measure is the dual-task paradigm (Howard et al. 2010; Gosselin & Gagné, 2011; Desjardins 

& Doherty, 2013), where participants perform a primary and a secondary task simultaneously. 

The primary task typically involves word or sentence recognition. Secondary tasks may 

involve probe reaction time tasks (Downs, 1982; Desjardins & Doherty, 2014; Desjardins & 

Doherty, 2013), memory tasks (Feuerstein, 1992; Hornsby, 2013a), tactile pattern recognition 

tasks (Gosselin & Gagné, 2011) or even driving a vehicle in a simulator (Wu et al. 2014). The 

concept of dual-task paradigms is based on the theory of limited cognitive capacity 

(Kahneman, 1973). An increase in effort or cognitive load, related to performing the primary 

task, leads accordingly to a lower performance in the secondary task, which is typically 

interpreted as increased listening effort (Downs, 1982). The concept of physiological 

measures of listening effort is to illustrate changes in the central and/or autonomic nervous 

system activity during task performance (McGarrigle et al. 2014). The 

electroencephalographic (EEG) response to acoustic stimuli, which is measured by electrodes 

on the scalp, provides temporally-precise markers of mental processing (Obleser et al. 2012; 

Bernarding et al. 2012). Functional magnetic resonance imaging (fMRI) is another 

physiological method to assess listening effort. Metabolic consequences of neuronal activity 
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are reflected by changes in the blood oxygenation level. For example, increased brain activity 

in the left inferior frontal gyrus has been interpreted as reflecting compensatory effort 

required during a challenging listening task, such as the effect of attention during effortful 

listening (Wild et al. 2012). The measure of changes in the pupil diameter (in short 

‘pupillometry’) has furthermore been used to assess the intensity of mental activity, for 

example in relation to changes in attention and perception (Laeng et al. 2012). The pupil 

dilates when a task evokes increased cognitive load, until the task demands exceed the 

processing resources (Granholm et al. 1996). Pupillometry has previously been used to assess 

how hearing impairment (Kramer et al. 1997; Zekveld et al. 2011), sentence intelligibility 

(Zekveld et al. 2010), lexical manipulation (Kuchinsky et al. 2013), different masker types 

(Koelewijn et al. 2012) and cognitive function (Zekveld et al. 2011) affect listening effort. 

Like the pupil response, skin conductance and heart rate variability also reflect 

parasympathetic and sympathetic activity of the autonomic nervous system. For example, an 

increase in mean skin conductance and heart rate has been observed when task demands 

during speech recognition tests increase (Mackersie & Cones, 2011). Finally, cortisol levels, 

extracted from saliva samples, have been associated with cognitive demands and fatigue as a 

response to stressors (Hicks & Tharpe, 2002).  

Hearing aids are typically used to correct for the loss of audibility introduced by hearing 

impairment (Hicks & Tharpe, 2002). Modern hearing aids provide a range of signal 

processing algorithms such as amplitude compression, directional microphones, and noise 

reduction (Dillon, 2001). The purpose of such hearing aid algorithms is to improve speech 

intelligibility and listening comfort (Neher et al. 2013). If hearing impairment indeed 

increases listening effort, as suggested by previous research (Feuerstein, 1992; Hicks & 

Tharpe, 2002; Luts et al. 2010), then it is essential to investigate whether hearing aids can 

reverse this aspect of hearing loss too.  
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Given that the number of methods to assess listening effort is still increasing and the evidence 

emerging is not coherent, an exhaustive review of the existing evidence is needed to facilitate 

our understanding of state-of-the-art knowledge related to 1) the influence of hearing 

impairment on listening effort and 2) the effect of hearing aid amplification on listening 

effort. The findings should guide researchers in defining research priorities and designing 

future studies, and help clinicians in improving their practice related to hearing aid assessment 

and fitting. Therefore, this systematic review addressed the following research questions:  

Q1) does hearing impairment affect listening effort? and Q2) can hearing aid amplification 

affect listening effort during speech comprehension? We hypothesized that hearing 

impairment increases listening effort (HP1). On the other hand, the application of hearing aid 

amplification is hypothesized to reduce listening effort relative to the unaided condition 

(HP2). 

 

Methods 

Search strategy  

We systematically searched the bibliographic databases PubMed, EMBASE, CINAHL, 

PsycINFO and the Cochrane Library. Search variables included controlled terms from MeSH 

in PubMed, EMtee in EMBASE, CINAHL Headings in CINAHL, and free text terms. Search 

terms expressing ‘hearing impairment’ or ‘hearing aid’ were used in combination with search 

terms comprising ‘listening effort’ or ‘fatigue’ (see appendix for detailed search terms). 

English language articles were identified from inception to August 2014.  

 

Inclusion and exclusion 

The PICOS strategy (Armstrong, 1999) was used to form criteria for inclusion and exclusion 

as precisely as possible. The formulation of a well-defined research question with well-

articulated PICOS elements has been shown to provide an efficient tool to find high-quality 
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evidence and to make evidence-based decisions (Richardson et al. 1995; Ebell, 1999). To be 

included in the review, studies had to meet the following PICOS criteria: 

I. Population: Hearing-impaired participants and/or normal-hearing listeners with a 

simulated hearing loss (for example by applying a low-pass filter to the auditory 

stimuli).  

II. Intervention: Hearing impairment or hearing aid amplification (including cochlear 

implant), such as the application of real hearing aids, laboratory simulations of 

hearing-aid amplification, comparisons between aided versus unaided conditions or 

different types of hearing aid processing technologies. Finally, we considered results 

of simulations of signal processing in cochlear implants (CIs), tested by applied 

vocoded stimuli. When a study was restricted to investigating the participant’s 

cognitive status and/or when performance comparisons between groups of participants 

with different cognitive functioning and speech perception abilities were applied, but 

participants were only normal-hearing and/or no hearing aid amplification was 

applied, the study was not included. Furthermore, measures of cognition, such as 

memory tests for speech performance on stimulus recall, were not considered an 

intervention.  

III. Control: Group comparisons (e.g. normal-hearing vs. hearing-impaired) or a within-

subjects repeated measures design (subjects are their own controls). We included 

studies that compared listeners with normal-hearing versus impaired hearing, 

monaural versus binaural testing or simulations of hearing impairment, or with 

different degrees of hearing impairment, and studies that applied noise maskers to 

simulate hearing impairment.  

IV. Outcomes: Listening effort, as assessed by (i) subjective measures of daily life 

experiences, handicap reduction, benefit or satisfaction, (ii) behavioral measures of 

changes in auditory tasks performance, or (iii) physiological measures corresponding 
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to higher cognitive processing load, such as N2 and/or P3 EEG responses, 

pupillometry, fMRI or cortisol measures. Subjective assessments that were not directly 

related to listening effort or fatigue (e. g. quality-of-life ratings, preference ratings) 

were not categorized as measure of listening effort. Furthermore, physiological 

measures of early-stage auditory processing, such as ERP components N1, mismatch 

negativity (MMN), and P2a were not considered as reflecting measures of listening 

effort.  

V. Study design: Experimental studies with repeated measures design or randomized 

control trials, published in peer-reviewed journals of English language were included. 

Studies describing case reports, systematic reviews, editorial letters, legal cases, 

interviews, discussion papers, clinical protocols or presentations were not included.  

 

The identified articles were screened for relevance by examining titles and abstracts.  

Differences between the authors in their judgment of relevance were resolved through 

discussion. The reference lists of the relevant articles were also checked to identify potential 

additional relevant articles. The articles were categorized as ‘relevant’ when they were clearly 

eligible, ‘maybe’ when it was not possible to assess the relevance of the paper based on the 

title and abstract, and ‘not relevant’ when further assessment was not necessary. An 

independent assessment of the relevance of all the articles categorized as ‘relevant’ or 

‘maybe’ was carried out on the full texts by three authors (BO, AZ and SK).  

 

Data extraction and management 

For each relevant study, the outcome measures applied to assess listening effort were 

extracted and categorized into subjective, objective or physiological indicators of listening 

effort. We identified and extracted the findings addressing Q1 and/or Q2 from all relevant 

studies. The results of each study were evaluated with respect to the two hypotheses (HP1 
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and/or HP2) based on Q1 and Q2. When HP1 was supported (i.e. hearing impairment was 

associated with increased listening effort during speech understanding relative to normal 

hearing), statistical results were reported in the category ‘more effort’ (+). Results that did not 

show significant effects of hearing impairment on listening effort were categorized as ‘equal 

effort’ (=). If hearing impairment was associated with a reduction in listening effort, the 

results were reported as ‘less effort’ (-). HP2 stated decreased listening effort due to hearing 

aid amplification. Results supporting, refuting and equivocal with respect to HP2 were 

respectively reported as ‘less effort’ (+), ‘more effort’ (-) and ‘equal effort’ (=). Any given 

study could provide more than one finding relating to Q1 and/or Q2. General information 

related to PICOS was additionally extracted, such as on population (number and mean age of 

participants), intervention (type of hearing loss and configurations and processing), outcomes 

(methods to measure listening effort and test stimulus), and control and study design (test 

parameters). 

An outright meta-analysis across studies with comparable outcomes was not feasible, because 

the studies were too heterogeneous with respect to characteristics of the participants, controls, 

outcome measures used, and study designs. However, we made across-studies comparisons 

based on the categorized signs (+, =, -) of evidence from each study, to get some insight into 

the consistency of the reported outcomes. Study findings and study quality were incorporated 

within a descriptive synthesis and by numerical comparisons across studies, to aid 

interpretation of findings and to summarize the findings.  

 

Quality of evidence  

The evaluation of the level of evidence, provided by all included studies, was adapted from 

the GRADE Working Group guidelines (Guyatt et al. 2011). The quality of evidence is rated 

for each measurement type (see Table 3, 5) corresponding to the research questions, as a body 

of evidence across studies, rather than for each study as a single unit. The quality of evidence 
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is rated by explicit criteria including “study limitations”, “inconsistency”, “indirectness”, 

“imprecision” and the “risk of publication bias”. How well the quality criteria were fulfilled 

across all studies on each measurement type was judged by rating how restricted those criteria 

were (“undetected”, “not serious”, “serious” or “very serious”). The quality criteria 

“inconsistency”, “indirectness”, “imprecision” and “publication bias” were judged by the 

same approach, as follows. If all the studies fulfilled the given criterion, restrictions on that 

criterion were judged as “undetected”, whereas “not serious” restrictions applied, when more 

than half of the studies from a measurement type fulfilled the criterion, a “serious” rating was 

given if less than half of the studies from a measurement type fulfilled the criterion, and “very 

serious” if none of the studies fulfill the criterion. The quality criterion “study limitations” 

was based on five sub-criteria (lack of allocation concealment, lack of blinding, incomplete 

accounting of patients and outcome events, selective outcome reporting, and early stop of 

trials for benefit) and rated as “undetected” if all the studies fulfilled the given criterion, “not 

serious” if more than half of the sub-criteria were fulfilled across studies, “serious” if less 

than half of the sub-criteria were fulfilled, and “very serious” if none of the sub-criteria was 

fulfilled. For example, with studies using Visual Analog Scales (VAS), the criterion “study 

limitations” was rated as “not seriously” restricted as none of the studies on VAS showed lack 

of allocation concealment, some studies lacked blinding and some had incomplete 

accountancy of patients but no selective outcome reporting and no early stop for benefit were 

identified across studies. The quality criterion called “inconsistency” was evaluated based on 

the experimental setup across studies, including the choice of stimulus, stimulus presentation 

and the measurement type for listening effort within each outcome. When findings across 

studies were not based on consistent target populations, consistent interventions and/or 

consistent factors of interest with respect to Q1 and/or Q2, “serious inconsistency” was 

judged for evidence on that measurement type. The quality criterion “indirectness” was 

related to differences between tested populations and/or differences in comparators to the 
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intervention. The criterion “indirectness” was seriously affected when findings across studies 

were based on comparing young normal-hearing listeners with elderly hearing-impaired 

listeners and/or when normal-hearing listeners were compared to listeners with simulated, 

conductive hearing impairment or sensorineural hearing-impairment. The quality criterion 

“imprecision” was evaluated based on statistical power sufficiency or provided power 

calculations across studies for each measurement type. We did not detect selective publication 

of studies in terms of study design (experimental versus observational), study size (small 

versus large studies) or lag bias (early publication of positive results), and thus “publication 

bias” was judged as “undetected”. The overall quality of evidence is a combined rating of the 

quality of evidence across all quality criteria on each measurement type. The quality is down 

rated, if the five quality criteria (limitations, inconsistency, indirectness, imprecision and 

publication bias) are not fulfilled by the evidence provided by the studies on a measurement 

type (Table 3, 5). When large effects were shown for a measurement type, dose response 

relations (e.g. between different levels of hearing impairment or hearing-aid usage and 

listening effort) and plausible confounders are taken into account, an uprating in quality of 

evidence is possible (Table 6). There are four possible levels of quality ratings, including 

high, moderate, low and very low quality. We created a separate evidence profile for each 

research questions (Table 3 on Q1, Table 5 on Q2) to sum up the key information on each 

measurement type. For each of our two research questions, evidence was provided by studies 

with diverse methods, which made it problematic to compute confidence intervals on absolute 

and relative effects of all findings on each individual measurement type. Therefore a binomial 

test (Sign test) was applied as alternative statistical method. We counted the signs (+, =, - in 

Table 1) corresponding to each measurement type for findings addressing HP1 and/or HP2 

(more, equal or less effort). Our hypotheses were that listening effort is greater for hearing-

impaired listeners than for those of normal hearing (HP1) and that aided listening helps to 

reduce effort compared to unaided listening (HP2), i.e. one-sided in both cases. Therefore we 
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applied a one-sided (directional) Sign test. The standard binomial test was used to calculate 

significance, as the test statistics were expected to follow a binomial distribution (Baguley, 

2012). Overall, evidence across all measurement types on Q1 was judged as important to 

health and life quality of hearing-impaired listeners, as hearing impairment affects people in 

their daily lives. However, no life threatening impact, myocardial infarction, fractures or 

physical pain are expected from hearing impairment and the importance was not characterized 

as critical (see Table 3, 4 “Importance”) (Schünemann et al. 2013).  

 

Two authors (BO and TL), were mainly involved in the design of the evidence profiles and 

the scoring of quality of evidence. Uncertainties or disagreement were discussed and solved 

according to the GRADE handbook (Guyatt et al. 2011). 

 

Results 

Results of the search 

The PRISMA (Moher et al. 2009) flow-chart in Figure 1 illustrates details of the search and 

selection procedure including the number of removed duplicates, the number of articles that 

were excluded and the reasons for their exclusion. The main electronic database search 

produced a total of 12210 references: 4430 in PubMed, 3521 in EMBASE.com, 2390 in 

Cinahl, 1639 in PsycINFO and 230 in the Cochrane Library. After removing duplicates, 7017 

references remained. After screening the abstracts and titles of those 7017 articles, further 

6910 articles were excluded. The most common reasons for exclusion were that measures of 

listening effort- as outlined above -  were not applied (n=4234 articles), hearing aid 

amplification was not provided (n=564) or studies focused on the development of cochlear 

implants (CI) (n=746) or the treatment of diseases (n=359) and neither of the two research 

questions was addressed. We checked the full text for the remaining 107 articles for eligibility 

and excluded 68 articles. Finally, 39 articles fulfilled the search and selection criteria and 
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were included in the review process. The inspection of the reference lists of these relevant 

articles resulted in two additional articles that met the inclusion criteria. Thus in total, 41 

articles were included in this systematic review.  

 

Results of the selection process and criteria 

Before examining the evidence arising from the 41 included studies, it is useful to consider 

the general characteristics of the sample, arranged according to the five elements of the 

PICOS strategy described earlier. 

 

Population 

In seven studies, only people with normal hearing thresholds <= 20 dB HL participated (mean 

n=22.4, SD = 12.8). In 18 studies, only people with hearing impairment (mean n=52.4, 

SD=72.1) were tested, without including normal-hearing controls. The remaining 16 studies 

assessed both normal-hearing and hearing-impaired participants (mean n=51.2, SD=27.3). 

Hearing-impaired participants had monaural and/or binaural hearing loss and the degree of 

hearing impairment varied. Some studies examined experienced hearing-aid users, whereas 

participants of other studies included non-users of hearing aids. In two studies CI users 

participated and monaural versus binaural implantation (Dwyer et al. 2014) or CI versus 

hearing-aid fitting (Noble et al. 2008) was compared. Other studies compared hearing abilities 

between different age-groups (Desjardins & Doherty, 2013; Hedley-Williams et al. 1997; Tun 

et al. 2009). Overall, there was great variety in the tested populations in terms of hearing 

status and hearing aid experience. 

 

Intervention 

The intervention or exposure of interest was either hearing impairment (Q1) or hearing-aid 

amplification (Q2). In a number of studies, a certain type of hearing aid was chosen and 
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binaurally fitted in hearing-impaired participants (Bentler et al. 2008; Ahlstrom et al. 2014; 

Desjardins & Doherty, 2014). Other studies compared different hearing-aid types, such as 

analogue versus digital hearing-aids (Bentler & Duve, 2000) or hearing-aids versus CIs 

(Noble et al. 2008; Dwyer et al. 2014) which were tested in a variety of environments. Seven 

studies simulated hearing aid algorithms or processing, for example by using implementations 

of a ‘master hearing aid’ (Luts et al. 2010). 

 

Comparators  

The most commonly applied approach to assess the effect of hearing impairment on listening 

effort was to compare subjective perception or behavioral performance between normal-

hearing and hearing-impaired listeners (Q1) (Feuerstein, 1992; Rakerd et al. 1996; Humes et 

al. 1997; Kramer et al. 1997; Oates et al. 2002; Korczak et al. 2005; Martin & Stapells, 2005; 

Humes et al. 1997). When the effect of hearing-aid amplification was investigated, aided 

versus unaided conditions (Q2) (Downs, 1982; Gatehouse & Gordon, 1990; Humes et al. 

1997; Humes, 1999; Hällgren et al. 2005; Korczak et al. 2005; Picou et al. 2013; Hornsby, 

2013; Ahlstrom et al. 2014) or different types of processing (Humes et al. 1997; Bentler & 

Duve, 2000; Noble & Gatehouse, 2006; Noble et al. 2008; Harlander et al. 2012; Dwyer et al. 

2014), different settings of the test parameters (Kulkarni et al. 2012; Bentler et al. 2008; 

Sarampalis et al. 2009; Luts et al. 2010; Kulkarni et al. 2012; Brons et al. 2013; Desjardins & 

Doherty, 2013; Pals et al. 2013; Desjardins & Doherty, 2014; Gustafson et al. 2014; Neher et 

al. 2014; Picou et al. 2014; Wu et al. 2014; Sarampalis et al. 2009), were compared. 

 

Outcomes 

There was no common outcome measure of listening effort that was applied in all of the 

studies. We identified 42 findings from subjective measures, 39 findings from behavioral 

measures and 16 findings from physiological measures (summed up across Table 2 and 4). Of 
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the 42 findings based on subjective assessment or rating of listening effort, 31 findings 

resulted from visual-analogue scales (VAS, see Table 1). Such effort rating scales ranged for 

example from 0 to 10, indicating conditions of “no effort” to “very high effort” (e. g. Zekveld 

et al. 2011; Hällgren et al. 2005). The remaining eleven findings based on subjective 

assessment of listening effort resulted from the SSQ (Noble & Gatehouse, 2006; Noble et al. 

2008; Hornsby et al. 2013; Dwyer et al. 2014). Most findings from behavioral measures 

(n=32 of 39 in total) corresponded to Dual Task Paradigm (DTP) and seven findings resulted 

from reaction time measures. The sixteen findings from physiological assessment of listening 

effort, included 12 findings from EEG measures (Oates et al. 2002; Korczak et al. 2005; 

Martin & Stapells, 2005), two findings from task-evoked pupil dilation measures (Kramer et 

al. 1997; Zekveld et al. 2011), one finding from measures of diurnal saliva cortisol 

concentrations (Hicks & Tharpe, 2002) and one finding from fMRI was used (Wild et al. 

2012). 

 

Study design 

In this systematic review, studies that used a repeated measures design and/or a randomized 

controlled design were included. A between-group design (normally-hearing vs hearing-

impaired) was applied in 17 studies (Luts et al. 2010; Rakerd et al. 1996; Kramer et al. 1997; 

Humes et al. 1997; Humes, 1999; Hicks & Tharpe, 2002; Oates et al. 2002b; Korczak et al. 

2005; Stelmachowicz et al. 2007; Noble et al. 2008; Tun et al. 2009; Luts et al. 2010; Zekveld 

et al. 2011; Kulkarni et al. 2012; Neher et al. 2013; Neher et al. 2014; Ahlstrom et al. 2014; 

Dwyer et al. 2014). 

 

Results of the data extraction and management 

We categorized the methods of assessing listening effort from all relevant articles, into 

subjective, behavioral and physiological measurement methods. In Table 1, first all studies 
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that applied subjective methods are listed in alphabetical order, followed by the studies using 

behavioral and finally physiological measurement methods of listening effort. In six studies, 

more than one method was used to measure listening effort. Those studies contributed 

multiple rows in Table 1. Evidence on HP1 was provided by 41 findings from 21 studies. The 

evidence on HP2 was based on 56 findings from 27 studies.  

 

Evidence on the effect of hearing impairment on listening effort (Q1)   

See Tables 1 and 2 respectively for detailed and summarized tabulations of the results 

described in this section. 

Subjective measures, Q1 

Six findings (out of n=9 in total) indicated that self-rated listening effort, for different fixed 

intelligibility conditions, was higher for hearing-impaired listeners than for normal-hearing 

listeners. The applied methods included VAS ratings (n=5 findings) and the SSQ (n=1 

finding). However, different comparisons across studies were made. Some compared normal-

hearing and hearing-impaired groups (n=4 findings). One finding concerned the difference in 

self-rated effort between monaural or binaural simulation of impaired hearing. Three findings, 

based on the comparison between normal-hearing and hearing-impaired listeners concluded 

that hearing impairment does not affect listening effort. Those three findings resulted from 

VAS ratings. None of the tests with subjective measures indicated less listening effort due to a 

hearing loss.  

 

Behavioral measures, Q1 

Ten findings (out of n=17 in total) indicated higher levels of listening effort for groups with 

hearing impairment compared to groups with normal hearing. Findings from DTPs were 

mainly (n=6 out of 7) based on comparing performance between hearing-impaired and 

normal-hearing listeners, while all findings from reaction time measures (n=3) were based on 
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simulations of hearing impairment on normal-hearing listeners. The remaining 7 findings (all 

related to DTP) did not demonstrate significant differences between normal-hearing and 

hearing-impaired listeners. So, roughly half of the tests showed higher effort (10 findings, +) 

in the hearing-impaired group, and slightly less than half showed no difference (7 findings, 

=). No clear evidence showed reduced listening effort due to hearing impairment. 

 

Physiological measures, Q1 

Most findings (n=13 of 15 in total) indicated higher levels of listening effort due to hearing 

impairment. The applied methods varied between measures of EEG (n=9 findings), pupil 

dilation (n=2 findings), diurnal Cortisol levels (n=1 finding), and fMRI (n=1 finding). Nine 

findings resulted from comparing normal-hearing and hearing-impaired listeners and six 

findings from simulations of hearing impairment. The two remaining findings both resulted 

from EEG measures; one indicated no effect of hearing impairment, and the other indicated 

less effort in the presence of hearing impairment.  

 

Quality of evidence on Q1 

The GRADE evidence profile on all findings on the effect of hearing impairment on listening 

effort (Q1) is shown in Table 3. We created a separate row for each measurement type: 

subjective assessment by VAS, behavioral assessment by DTP or reaction-time measures, and 

physiological assessment by pupillometry or EEG. All measurement types corresponded to 

studies of randomized controlled trials (RCT). For each measurement type, all findings across 

studies were evaluated with respect to the quality criteria (“limitations”, “inconsistency”, 

“indirectness”, “imprecision” and “publication bias”). Each row in Table 3, representing a 

separate measurement type, was based on at least two findings (across studies) to justify being 

listed in the evidence profile. In summary, five measurement types were identified for Q1 (1 

subjective, 2 behavioral and 2 physiological methods). Most quality criteria (“inconsistency”, 
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“indirectness”, “imprecision”) across the five measurement types showed “serious” 

restrictions for the evidence rating. The quality criterion “study limitation” showed “not 

serious” restrictions across all five measurement types, as only lack of blinding and lack of 

information on missing data or excluded participants (incomplete accounting of patients and 

outcome events) were identified for some studies. But there was no lack of allocation 

concealment, no selective outcome reporting and no early stop for benefit across studies. 

Overall, “serious inconsistency”, “serious indirectness” or “serious imprecision” caused 

down-rating in quality and consequently low or very low quality of evidence resulted for three 

out of five outcomes on Q1. The quality criteria “publication bias” was “undetected” for all 

five measurement types, as we did not detect selective publication of studies in terms of study 

design, study size or lag bias.  

 

Quality of evidence for subjective measures, Q1 

Subjective assessment of listening effort, assessed by VAS ratings, provided the first row 

within the evidence profile in Table 3, based on seven randomized controlled trials (RCT). 

We found the quality criterion “study limitations” (Table 3) “not seriously” affected, as across 

studies only a lack of blinding and lack of descriptions of missing data or exclusion of 

participants were identified. No lack of allocation concealment, no selective outcome 

reporting and no early stop for benefit was found across those seven studies. We rated the 

criterion “inconsistency” as “serious” due to a great variety of experimental setups across 

studies, including different stimuli (type of target and masker stimulus) and presentation 

methods (headphones versus sound field). We identified furthermore “serious indirectness” 

for VAS ratings, as the population across the seven studies varied in age and hearing ability 

(young normal-hearing versus elderly hearing-impaired, children versus adults). Only two 

studies provided sufficient power or information on power calculations, which resulted in 

“serious imprecision”. Publication bias was not detected across the seven studies. We rated 
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the quality of evidence on VAS ratings as very low based on “serious inconsistency”, “serious 

indirectness” and “serious imprecision”. We counted the “+”, “=” and “-” for all findings on 

VAS ratings for Q1 in Table 1 and we applied a binomial test (Sign test), which resulted in a 

p-value of p=0.25. This indicated that HP1 could not be rejected, and therefore we did not 

find evidence across studies that listener’s effort assessed by VAS-scales show higher 

listening effort ratings for hearing impaired listeners compared to normal-hearing listeners.  

 

Quality of evidence for behavioral measures, Q1 

We identified two types of behavioral assessment of listening effort. The first measurement 

type corresponded to listening effort assessed by DTPs and was based on eight randomized 

control studies (see Table 3). The quality assessment for findings from DTPs indicated “not 

serious limitations” (lack of blinding and incomplete accounting of patients and outcome 

events), “serious inconsistency” (different stimulus and test setups between studies), “serious 

indirectness” (participant groups not consistent across studies) and “serious imprecision” 

(missing information on power analysis and sufficiency of study participants) across the eight 

studies, resulting in a low quality of evidence. The evidence across studies, showed that 

listening effort, as assessed by DTP, did not indicate higher listening effort for hearing-

impaired listeners compared to normal-hearing listeners (Sign-test: p=0.61). The second 

behavioral measurement type was reaction time assessment. Only one randomized controlled 

study used this measurement type. “Study limitations” (lack of blinding and incomplete 

accounting of patients and outcome events), “inconsistency” and “indirectness” were “not 

serious”. However, we found serious “imprecision”, which caused a down-rating from high to 

moderate quality of evidence. Only 10 normal-hearing but no hearing-impaired listeners were 

included in the single study using reaction time measures. Thus it was not possible to answer 

Q1 for reaction time.   
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Quality of evidence for physiological measures, Q1 

Two types of physiological measures were identified for studies addressing Q1 (see Table 3). 

The first was pupillometry. Two randomized controlled trials using pupillometry were found. 

We rated “not serious limitations” as no lack of allocation concealment, no selective outcome 

reporting and no early stop for benefit was found. Both studies lacked information on blinding 

but only one showed incomplete accounting of patients and outcome events. We identified 

“serious inconsistency” (different stimulus conditions and test setups across both studies), 

“serious indirectness” (young normal-hearing compared with elderly hearing-impaired 

listeners), “serious imprecision” (missing power analysis and sufficiency for both studies). 

Thus the quality assessment of studies using pupillometry was judged as very low due to 

“serious inconsistency”, “serious indirectness” and “serious imprecision” across studies. We 

counted two plus signs (+) from the two corresponding studies in Table 1 and the applied Sign 

test did not show a difference in listening effort (as indexed by pupillometry) between 

normal-hearing and hearing-impaired listeners (p = 0.25).  

The second physiological measurement type was EEG. Three studies used EEG. We 

identified “not serious limitations” across studies as experimental blinding and information on 

missing data or excluded participants was not provided but no lack of allocation concealment, 

no selective outcome reporting or early stop for benefit were found. However, “not serious 

inconsistency” was found across studies. Similar stimuli were applied and only one study 

differed slightly in the experimental setup from the other two studies. We rated “indirectness” 

as “not serious”, as across studies, age-matched hearing-impaired and normal-hearing 

listeners were compared and only one study did not include hearing-impaired listeners. We 

found “serious imprecision”, as across studies neither information on power calculation nor 

power sufficiency was given. The results from the Sign test on the outcome of EEG measures 

indicated, that hearing-impaired listeners show higher listening effort than normal-hearing 
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listeners (p=0.03). The quality of evidence was moderate for the EEG data and very low for 

pupillometry studies.  

 

Evidence on the effect of hearing aid amplification on listening effort (Q2)  

See Tables 1 and 4 respectively for detailed and summarized tabulations of the results 

described in this section. 

Subjective measures, Q2 

Reduced listening effort associated with hearing aid amplification was found 17 times. The 

applied methods were VAS ratings (n=13 findings) and the SSQ (n=4 findings). Studies 

compared different types of signal processing (n=8 findings), unprocessed versus processed 

stimuli (n=4 findings), aided versus unaided listening (n=4 findings) and active versus 

inactive signal processing algorithms (n=1 finding).  

We identified thirteen findings indicating no effect of hearing-aid amplification on listening 

effort based on comparing different signal-processing algorithms (n=7), aided versus unaided 

conditions (n=4) and signal processing algorithms in active versus inactive settings (n=2). 

Those findings resulted mainly from VAS ratings (n=9 findings) or from the application of 

the SSQ (n=4 findings). 

Three findings from VAS ratings indicated increased listening effort with hearing aid 

amplification when active versus inactive signal processing algorithms (n=2 findings) or 

processed versus unprocessed stimuli (n=1 finding) were tested.  

In sum, evidence from subjective assessment on Q2 was based on 33 findings in total. 17 

findings indicated reduced listening effort, 13 findings equal effort and 3 findings increased 

listening effort associated with hearing-aid amplification.  

 

Behavioral measures, Q2 
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Fourteen findings indicated reduced listening effort with hearing aid amplification: aided 

versus unaided listening (n=4 findings), active versus inactive signal processing algorithms 

(n=5 findings) and unprocessed versus processed stimuli (n=5 findings). These findings 

resulted from DTPs (n=10 findings) or reaction time measures (n=4 findings). Six findings, 

which resulted from DTPs, indicated that hearing aid amplification does not affect listening 

effort. Those findings resulted when unprocessed versus processed stimuli (n=3) or active 

versus inactive signal processing algorithms (n=2 tests) or aided versus unaided conditions 

(n=1 test) were compared.  

Two findings from DTPs indicated that listening effort is actually increased with hearing aid 

amplification, from comparing active versus inactive hearing aid settings, such as aggressive 

DNR versus moderate DNR versus inactive DNR settings. So, 14 findings indicated a 

reduction of listening effort when using amplification, 6 failed to find a difference and 2 tests 

indicated an increase in listening effort in the group with amplification. 

 

Physiological measures, Q2 

Evidence from a single EEG finding that compared aided versus unaided listening, indicated 

reduced listening effort for the aided condition. We did not identify further findings from 

physiological measures of listening effort that provided evidence on Q2. 

 

Quality of evidence on Q2 

Four measurement types were identified on Q2, including VAS and the SSQ for subjective 

assessment and DTP and reaction time measures from behavioral assessment (see Table 5). 

We judged that evidence based on a single physiological finding provides too little 

information to create a separate row in Table 5. The quality criteria (“limitations”, 

“inconsistency”, “indirectness”, “imprecision” and “publication bias”) were checked for 
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restrictions and rated accordingly (“undetected”, “not serious”, “serious”, or “very serious”) 

across the studies on each measurement type, as done for Q1. The quality of evidence for each 

measurement type was then judged across all quality criteria.  

 

Quality of evidence for subjective measures, Q2 

We identified two measurement types, including sixteen studies using VAS ratings and four 

studies that applied SSQ (Table 5). We judged the quality of evidence from VAS as very low, 

based on “serious inconsistency”, “serious indirectness” and “serious imprecision”. We found 

a lack of experimental blinding and incomplete accounting of patients and outcome events 

(treatment of missing data or excluded participants) across studies but there was no lack of 

allocation concealment, no selective outcome reporting and no early stop for benefit, which 

caused “limitations” to be “not serious”. We rated “inconsistency” as “serious” as target and 

masker material, hearing aid setting and algorithms and the applied scales for VAS were not 

consistent across studies. Furthermore, “indirectness” was at a “serious” level based on a 

large variety regarding the participant groups (young normal-hearing versus elderly hearing-

impaired, experienced versus inexperienced hearing aid users, different degrees of hearing 

impairment). Finally, only six (out of n=16 in total) of the studies provided sufficient power, 

which caused “serious imprecision”. We counted the “+”, “=” and “-” signs in Table 1 for 

subjective findings for VAS on Q2 and applied the Sign test, which revealed a p-value of 

p=0.50, meaning that evidence from VAS across studies did not show higher listening effort 

ratings for hearing aid amplification compared to unaided listening.  

The second measurement type on subjective assessment resulted from SSQ data. We found 

randomized controlled trials (RCT, Table 5) in three studies. One study (Dwyer et al. 2014) 

was an observational study where different groups of participants rated their daily life 

experience with either hearing impairment, cochlear implant or hearing aid fitting. As 

everyday scenarios were rated, randomization was not applicable for this study. We judged 
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the study limitations for observational studies (development and application of eligibility 

criteria such as inclusion of control population, flawed measurement of exposure and 

outcome, failure to adequately control confounding) as they differ from randomized 

controlled studies, according to GRADE (Guyatt et al. 2011). The quality criteria 

“limitations” for the observational study using SSQ was rated as “not seriously” restricted as 

we could not identify any limitations. Quality of evidence was very low, as the quality criteria 

across studies, were similar to VAS, barely fulfilled (“serious inconsistency”, “serious 

indirectness”, “serious imprecision”). Based on the Sign test (p=0.64), we did not find 

evidence across studies from SSQ showing higher listening effort ratings for aided versus 

unaided listening conditions.  

 

Quality of evidence for behavioral measures, Q2 

Two behavioral measurement types included evidence from the application of DTPs (n=10 

studies) and reaction time measures (n=3 studies, Table 5). For DTPs, the quality criteria 

across studies showed “not serious limitations” (no lack of allocation concealment, no 

selective outcome reporting or early stop for benefit, but lack of experimental blinding and 

lack of description of treatment of missing data), “serious inconsistency” (no consistent 

stimulus, test setups and hearing aid settings), “serious indirectness” (young normal-hearing 

versus elderly hearing-impaired; experienced versus inexperienced hearing aid users) and 

“serious imprecision” (lack of power sufficiency), which resulted in very low quality of 

evidence. Based on the Sign test (p=0.41), evidence across studies did not show that listening 

effort assessed by DTPs was higher for aided versus unaided listening.  

Evidence on Q2 from reaction time measures (n=3 studies) had very low quality, based on 

very similar findings on the quality criteria across studies as described for the DTP measures. 

The results from the Sign test (p=0.06) on findings from reaction time measures across 

studies, did not indicate that aided listeners show lower listening effort than unaided listeners. 
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Discussion 

The aim of this systematic literature review was to provide an overview of available evidence 

on: Q1) does hearing impairment affect listening effort? and Q2) does hearing aid 

amplification affect listening effort during speech comprehension? 

 

Outcome measures on Q1  

Evidence and quality of evidence from subjective measures  

Across studies using subjective measures, we did not find systematic evidence that listening 

effort assessed by subjective measures was higher for hearing-impaired compared to normal-

hearing listeners. A possible explanation for the weakness of evidence could be the great 

diversity of subjective measurement methods. For example, we identified eleven different 

rating scales for VAS, with varying ranges, step sizes labels and different wordings. Even 

though a transformation of scales to the same range can provide more comparable findings, it 

may still be questionable whether labels and meanings, such as “effort”, “difficulty” or “ease 

of listening”, are actually comparable across studies. The great variety in VAS scales may 

arise as subjective ratings were sometimes applied as an additional test to behavioral 

(Feuerstein, 1992; Desjardins & Doherty, 2014; Bentler & Duve, 2000) or physiological 

measures of listening effort (Hicks & Tharpe, 2002; Zekveld et al. 2011), in studies with 

varying research questions and test modalities. The variety of subjective scales illustrates how 

immature the methods for subjective assessment of listening effort still are. Comparing 

subjective findings across studies requires greater agreement in terminology, standardized 

methods and comparable scales.  

 

Evidence and quality of evidence from behavioral measures  
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Evidence from DTPs and reaction time measures did not support our first hypothesis (HP1; 

higher listening effort scores for hearing-impaired listeners compared to normal-hearing 

listeners). The barely fulfilled GRADE quality criteria on DTP are caused by the great 

diversity of test setups across DTPs. The primary tasks typically applied sentence or word 

recall, and varied mainly in the type of speech material. However, the variety across 

secondary tasks was much greater, including visual motor tracking, reaction time tasks, 

memory recall, digit memorization, or driving in a car simulator. The diversity of tasks within 

DTPs is probably related to the developmental stage of research on listening effort, aiming for 

the most applicable and realistic method and better understanding of the concept of listening 

effort. However, the applied tasks within the DTPs may actually tax different stages of 

cognitive processing, such as acquisition, storage and retrieval from working memory or 

selective and divided attention, which makes a direct comparison of the findings questionable. 

It is furthermore problematic to compare the results directly as they originate from studies 

with different motivations and research questions, such as the comparison of single- versus 

DTPs (Stelmachowicz et al. 2007), the effect of age (Stelmachowicz et al. 2007; Tun et al. 

2009; Desjardins & Doherty, 2013), cognition (Neher et al. 2014) or different types of stimuli 

(Feuerstein, 1992; Desjardins & Doherty, 2013). Evidence on reaction time measures resulted 

from just one study and showed better quality according to the GRADE criteria compared to 

evidence from DTPs, mainly because findings within a single study (reaction times) are less 

diverse than findings across eight studies (DTP).  

 

Evidence and quality of evidence from physiological measures  

EEG measures indicated that certain brain areas, representing cognitive processing, were 

more active during the compensation for reduced afferent input to the auditory cortex (Oates 

et al. 2002; Korczak et al. 2005). It seems reasonable, that evidence from EEG measures 

supported HP1, as brain activity during auditory stimulus presentation was compared between 
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hearing-impaired and normal-hearing listeners or for simulations of hearing impairment. 

Brain activity increased in response to a reduced level of fidelity of auditory perception for 

listeners with impaired hearing compared to those with normal hearing. The findings on the 

outcome of EEG were consistent and directly comparable across studies, as the same deviant 

stimuli were presented at the same presentation levels. However, quality of evidence rating by 

GRADE (Table 3) was still moderate, and research with less “imprecision” is required to 

provide reliable findings and conclusions on the results.   

 

Summary of evidence and quality of evidence on Q1 

The quality of evidence across measurement methods was not consistent and we found 

evidence of moderate quality (reaction time and EEG), low quality (DTP) or very low quality 

(VAS, pupillometry). Overall, evidence from physiological assessment supported HP1, but 

the moderate quality of this evidence may not allow high confidence in this finding. However, 

this result raises the intriguing question of how it was possible to show a significant effect of 

hearing-impairment on listening effort when evidence was based on findings from EEG 

measures (physiological), but not for any subjective or behavioral measure. The time-locked 

EEG activity (especially N2, P3), which corresponds to neural activity related to cognitive 

processing, may more sensitively reflect changes in the auditory input (e. g. background noise 

or reduced hearing abilities) than measures corresponding to behavioral consequences (e. g. 

reaction time measures) or perceived experiences (e. g. subjective ratings) of listening effort. 

However, effects of hearing impairment may still cover unknown factors that may be difficult 

to capture as they depend on the degree of hearing impairment, the intensity of the stimulus 

and the level of cortical auditory processing that the response measure is assessing.  

 

Outcome measures on Q2  

Evidence and quality of evidence from subjective measures  
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We identified twice as many findings from subjective assessment for Q2 compared to Q1. 

However, great diversity across scales, great variety of applied comparisons (e. g. aided 

versus unaided, active versus inactive algorithms, processed versus unprocessed stimuli) 

together with a variety of tested hearing aid algorithms prevented comparisons across studies. 

Consequently quality criteria, such as “inconsistency” and “indirectness” were poorly 

fulfilled. We believe that self-report measures should be more uniform to increase 

comparability. Furthermore, information on applied stimulus, environmental factors and 

individual motivation should be taken into account to provide better understanding of the 

findings.  

 

Evidence and quality of evidence from behavioral measures  

The systematic evidence on behavioral measures is small due to the diversity of behavioral 

measurement methods across studies, as was also the case for Q1. It is very difficult to 

compare task evoked findings on varying levels of cognitive processing for a great diversity 

of tasks, factors of interest and compared settings and conditions. The quality of evidence 

suffers as a consequence.  

 

Evidence and quality of evidence from physiological measures  

We observed a general lack of evidence on the effect of hearing-aid amplification on listening 

effort assessed by physiological measures. The use of hearing aids or CIs may be 

incompatible with some physiological measures such as fMRI.  

 

Summary of evidence and quality of evidence on Q2 

Even though there was no consistent evidence showing increased listening effort due to 

hearing impairment (HP1), it was surprising to see that even the existing evidence for less 

listening effort due to hearing aid amplification (HP2) was not significant. The diversity of 
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tests within each measurement type (subjective, behavioral and physiological) seems to 

restrict the amount of comparable, systematic evidence and consequently the quality of 

evidence. It is for example still unclear which factors influence subjective ratings of perceived 

listening effort and what motivates listeners to stay engaged versus giving up on performance. 

This kind of information would support more clear interpretations of outcomes of self-ratings 

of listening effort.  

 

Limitations of the body of the search  

This review illustrates the great diversity in terms of methodology to assess listening effort 

between different studies, which makes a direct comparison of the data problematic. 

Furthermore, the comparability of those findings is questionable as the different measurement 

methods may not tax the same cognitive resources. For example, the subjective and 

behavioral measures may assess different aspects of listening effort (Larsby et al. 2005; Fraser 

et al. 2010). In addition, a study by Zekveld and colleagues (2011) failed to show a relation 

between a subjective and a physiological measure (the pupil dilation response). We 

recommend that interpretation differences need to be resolved, by determining which 

measurement types reflect which elements of cognitive processing and listening effort. As an 

important part of this resolution, a unifying conceptual framework for listening effort and its 

components is much needed.  

 

Limitations of our review 

The definition of listening effort and the strict inclusion and exclusion criteria created for the 

search could be one limitation of the outcome of this systematic review. Studies were only 

included when the wording “listening effort” was explicitly used and results were provided by 

an outcome measure reflecting the effects of hearing impairment or hearing-aid amplification. 

Meanwhile, there are potentially relevant studies which were not included, for example 
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focusing on the effect of adverse listening conditions on alpha oscillations (which are often 

interpreted as a measure for attention or memory load) (Obleser et al. 2012; Petersen et al. 

2015), or studying the relationship between hearing impairment, hearing aid use and sentence 

processing delay by recording eye fixations (Wendt et al. 2015). Such studies often apply 

different terminologies or keywords, which prevents them passing our search filters. An 

alternative view of this situation might be that it reflects the current lack of definition of what 

is and is not ‘Listening Effort’. 

Only two additional articles were identified by checking the reference lists from the 39 

articles deemed to be relevant from the initial search. This might indicate that the set of search 

terms was well defined, or alternatively, that researchers in this field tend not to look far 

afield for inspiration. 

The search output was certainly limited by the fixed end date for the inclusion of articles. 

Furthermore, only English language articles were considered, which may limit the search 

output.   

This review produced evaluations of evidence quality which were generally disappointing. 

This should not be interpreted as an indication that the measurement methods used in the 

many studies included are inherently inadequate, merely that they have been applied in ways 

which are inconsistent and imprecise across studies. According to GRADE, low or very low 

quality of evidence resulted mainly due to “inconsistency”, “indirectness” and “imprecision” 

across studies. The applied experimental setups across studies were inconsistent as most 

presented target and masker stimuli differed and participants were tested in different listening 

environments. We identified “serious indirectness” across studies as findings across studies 

resulted from testing different populations, including young normal-hearing listeners, elderly 

hearing-impaired listeners, normal-hearing and hearing-impaired children, simulated, 

conductive impairment, unilateral or bilateral hearing-aid usage, unilateral and bilateral CI 

usage. This does not mean that applied measurement methods within each individual study 
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were flawed. However, “serious inconsistency and indirectness” within GRADE does indicate 

that different test methods across studies may influence the reliability of the results as the 

tasks and the tested populations, used to evoke those results, differ. Non-randomized 

observational studies were not considered flawed as compared to randomized control trial 

studies as GRADE accounts for the design of the assessed studies and different sub-criteria 

are applied to evaluate the criterion called “study limitations” (see Table 5). Within this 

review findings from only one non-randomized observational study were included.  

 

Conclusions:  

Reliable conclusions, which are much needed to support progress within research on listening 

effort, are currently elusive. The body of research so far is characterized by a great diversity 

regarding the experimental setups applied, stimuli used and participants included. This review 

revealed a generally low quality of evidence relating to the question Q1; does hearing 

impairment affect listening effort? and Q2; can hearing-aid amplification affect listening 

effort during speech comprehension? Amongst the subjective, behavioral and physiological 

studies included in the review, only the results from the Sign test on the outcome of EEG 

measures indicated, that hearing-impaired listeners show higher listening effort than normal-

hearing listeners. No other measurement method provided statistical significant evidence 

indicating differences in listening effort between normal-hearing and hearing-impaired 

listeners. The quality of evidence was moderate for the EEG data as little variability across 

studies, including the test stimuli, the experimental setup and the participants, was identified. 

Only physiological studies generated moderately reliable evidence, indicating that hearing 

impairment increases listening effort, amongst the subjective, behavioral and physiological 

studies included in this review. It seems fair to say that research on listening effort is still at 

an early stage.  
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Future directions:  

More research is needed to identify the components of listening effort, and how different 

types of measures tap into them. Less diversity across studies is needed to allow 

comparability and more reliable conclusions based on current findings. The community needs 

to develop more uniform measures for distinct components of listening effort, as well as clear 

definitions of different aspects of cognitive processing, in order to understand current findings 

and to apply further research resources efficiently.  
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PubMed: 
 
#1 Hearing aid (technology) 
"Hearing Aids"[Mesh:NoExp] OR "background noise"[tiab] OR "noise reduction"[tiab] OR 
"hearing aid"[tiab] OR "hearing aids"[tiab]OR "hearing loss"[tiab] OR "hearing 
impaired"[tiab] OR "hearing impairment"[tiab] 
 
#2 Listening effort 
"Speech Perception"[Mesh] OR "Reflex, Pupillary"[Mesh] OR "listening effort"[tiab] OR 
"perceptual effort"[tiab] OR "speech perception"[tiab] OR "speech discrimination"[tiab] 
OR"speech understanding"[tiab] OR "auditory stress"[tiab] OR "auditory fatigue"[tiab] 
OR "listening fatigue"[tiab] OR "cognitive load"[tiab] OR "Speech Acoustics"[tiab]OR 
"Speech Intelligibility"[tiab] OR "Pupillary reflex"[tiab] OR "ease of listening"[tiab] 
OR"Memory"[Mesh:NoExp] OR memory[tiab] 
 
 
EMBASE.com: 
 
#1 Hearing aid (technology) 
'hearing aid'/de OR'background noise':ti,abOR 'noise reduction':ti,ab OR 'hearing 
aid':ti,ab OR 'hearing aids':ti,abOR 'hearing loss':ti,abOR 'hearing impaired':ti,ab OR 
'hearing impairment':ti,ab 
 
#2 Listening effort 
'speech perception'/exp OR 'pupil reflex'/exp OR'listening effort':ti,ab OR 'perceptual 
effort':ti,ab OR 'speech perception':ti,ab OR 'speech discrimination':ti,ab OR'speech 
understanding':ti,ab OR 'auditory stress':ti,ab OR 'auditory fatigue':ti,ab OR 'listening 
fatigue':ti,ab OR 'cognitive load':ti,ab OR 'Speech Acoustics':ti,abOR 'Speech 
Intelligibility':ti,ab OR 'Pupillary reflex':ti,ab OR 'ease of listening':ti,ab OR'memory'/de 
OR memory:ti,ab 
 
 
Cinahl: 
 
#1 Hearing aid (technology) 
(MH "Hearing Aids+") OR (MH "Auditory Brain Stem Implants") OR TI ("background 
noise" OR "noise reduction" OR "hearing aid" OR "hearing aids" OR "hearing loss"OR 
"hearing impaired" OR "hearing impairment") OR AB ("background noise" OR "noise 
reduction" OR"hearing aid" OR "hearing aids" OR "hearing loss"OR "hearing impaired" OR 
"hearing impairment") 
 
#2 Listening effort 
(MH "Speech Perception") OR (MH "Reflex, Pupillary") OR (MH "Memory") OR TI 
("listening effort" OR "perceptual effort" OR "speech perception" OR "speech 
discrimination" OR"speech understanding" OR "auditory stress" OR "auditory fatigue" OR 
"listening fatigue" OR "cognitive load" OR "Speech Acoustics"OR "Speech Intelligibility" 
OR "Pupillary reflex" OR "ease of listening" OR memory) OR AB ("listening effort" OR 
"perceptual effort" OR "speech perception" OR "speech discrimination" OR"speech 
understanding" OR "auditory stress" OR "auditory fatigue" OR "listening fatigue" OR 
"cognitive load" OR "Speech Acoustics"OR "Speech Intelligibility" OR "Pupillary reflex" OR 
"ease of listening" OR memory) 
 
 
PsycINFO: 
 
#1 Hearing aid (technology) 
DE "Hearing Aids" OR TI ("background noise" OR "noise reduction" OR "hearing aid" OR 
"hearing aids" OR "hearing loss"OR "hearing impaired" OR "hearing impairment") OR AB 
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("background noise" OR "noise reduction" OR"hearing aid" OR "hearing aids" OR "hearing 
loss"OR "hearing impaired" OR "hearing impairment") 
 
#2 Listening effort 
(DE "Speech Perception") OR (DE "Memory") OR TI ("pupillary reflex" OR "listening 
effort" OR "perceptual effort" OR "speech perception" OR "speech discrimination" 
OR"speech understanding" OR "auditory stress" OR "auditory fatigue" OR "listening 
fatigue" OR "cognitive load" OR "Speech Acoustics"OR "Speech Intelligibility" OR 
"Pupillary reflex" OR "ease of listening" OR memory) OR AB ("pupillary reflex" OR 
"listening effort" OR "perceptual effort" OR "speech perception" OR "speech 
discrimination" OR"speech understanding" OR "auditory stress" OR "auditory fatigue" OR 
"listening fatigue" OR "cognitive load" OR "Speech Acoustics"OR "Speech Intelligibility" 
OR "Pupillary reflex" OR "ease of listening" OR memory) 
 
 
Cochrane Library: 
 
#1 Hearing aid (technology) 
"background noise" OR "noise reduction" OR "hearing aid" OR "hearing aids"OR "hearing 
loss"OR "hearing impaired" OR "hearing impairment" 
 
#2 Listening effort 
"Speech Perception" OR "Pupillary reflex" OR "listening effort" OR "perceptual effort" OR 
"speech perception" OR "speech discrimination" OR"speech understanding" OR "auditory 
stress" OR "auditory fatigue" OR "listening fatigue" OR "cognitive load" OR "Speech 
Acoustics"OR "Speech Intelligibility" OR "ease of listening" OR memory 
 
#4 excluded publication types 
NOT ("addresses"[Publication Type] OR "biography"[Publication Type] OR 
"comment"[Publication Type] OR "directory"[Publication Type] OR "editorial"[Publication 
Type] OR "festschrift"[Publication Type] OR "interview"[Publication Type] OR 
"lectures"[Publication Type] OR "legal cases"[Publication Type] OR 
"legislation"[Publication Type] OR "letter"[Publication Type] OR "news"[Publication Type] 
OR "newspaper article"[Publication Type] OR "patient education handout"[Publication 
Type] OR "popular works"[Publication Type] OR "congresses"[Publication Type] OR 
"consensus development conference"[Publication Type] OR "consensus development 
conference, nih"[Publication Type] OR "practice guideline"[Publication Type]) NOT 
("animals"[MeSH Terms] NOT "humans"[MeSH Terms]) 
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Figure legends  

Figure 1: PRISMA flow diagram of the study identification, the screening, the 

eligibility and the inclusion process within the systematic search.  
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TABLE 1: Descriptive summary of data extracted from the 41 included articles.  1 
 2 

 Study n
u
m 

Number of 
subjects 

 Mean age 
(years) 

 Type of hearing loss 
Mod.: moderate 
Bilat.: bilateral 

Mon.: monaural 

 Stimuli  Configurations and 
processing  

 Method to 
measure listening 

effort  

 Test parameters 
A: HA vs. none 

B: HA 1 vs. HA 2 
C: NR; D: DIR; E: NAL; F: DSL; 

G: other  

 Author hypothesis (HP) 
1) LE: HI > NH 

+: HP supported 
-: HP not supported 

=: no effect 

 Author hypothesis (HP) 
2) LE: aided < unaided 

+: HP supported 
-: HP not supported 

=: no effect 
 
 Subjective measures                        

 
1.  Ahlstrom et al. (2014)  a)n=14 NH 

b)n=10 NH 
c)n=12 HI 

 a)23.4 
b)67.7 
c)69.8 

 c) Mild to mod. 
 
 

 consonant recognition  (0° 
,70 dB SPL) in SSN (0° or 
90°, 66 dB SPL), stimuli 
were low-pass filtered at 
fcut=  1.7, 3.4, 7.1 kHz 

 BTEs, bilateral, quasi-DSL 
v4.0 
 

 VAS (0-15)  A: HA vs. none 
Hearing: NH vs. HI 
 

 1+) LE unaided decreased 
with increasing bandwidth 
for group a, b and c 
Age effect: LE: a < b for fcut 
= 1.7 and 3.4 kHz, no benefit 
of spatial separation  

 2+) group c: LE: aided < 
unaided only for spatially 
separated speech and noise 
at fcut = 1.7 kHz 
 

2.  Bentler & Duve (2000) 
 

 n=14 HI  
 

 60.9 
 

 Mild to mod. SHL  
 

 Real life (church and 
restaurant) recordings  
 

 5 HAs tested: 
a) linear HA, NAL-R 
b) 1-channel compression 
HA, FIG6 prescription 
c) digital HA: 2-channel 
WDRC, loudness fitting  
d) digital HA 

 VAS (1-10) for all 5 
HAs, random order 

 B: analogue vs. digital 
amplification 
B: b) vs. c) vs. d)  
 

   
 

 2=) effect of HAs on LE in 
both real life conditions 

3.  Bentler et al., (2008) 
 
 

 n=25 HI  
 

 65.1 
 

 Mild to mod. 
bilateral SHL 
 

 AVETM created virtual 
sound environment of 3 
personally problematic 
situations, 68-92 dBA  

 Bilateral BTE fitting: 4-
channels, directional 
microphone, feedback 
cancellation, DNR, NAL-
NL1 

 
 
 

VAS (1-10) effect of 
DNR  
 

 B(C) DNR-off vs. DNR-on (4, 
8, 16s onset)  

   2+) LE rating: DNR-on < 
DNR-off, but no effect of 
DNR onset 

4.  Brons et al., (2013) 
 
 

 n=10 NH  
 

 20.8  <= 15 dB HL   sentences in multi-talker 
babble noise, SNRs -4, 0, + 
4dB; HA output recordings 
presented via head 
phones 

 B: 4 DNR conditions from 
4 HAs 
E: NAL-RP  
 

 VAS (9-1),  
1: no effort,  
9: extreme effort 
 as #15  

 C: DNR-off vs. DNR-on 
B(C): NR1 to NR4  

  
 

 2=) LE: DNR-on = DNR-off;  
2=) LE: DNR1 and DNR4 < 
DNR2 and DNR3 

5.  Brons et al., (2014)  n=20 HI  61.3  Mod. HL  Sentences in multi-talker 
babble, SRT 50% and fixed 
SNRs: -4, +4, +10 dB, 
monaural via head-phones 

 Hearing aid output 
recorded, with NAL-RP, 
for  
a) DNR mild 
b) DNR moderate 
c) DNR strong 
d) unprocessed 

 VAS (1-9)  A: processed vs. unprocessed  
B(C): a vs. b vs. c vs. d 
Stimulus: -4 dB vs. +4 dB vs. 
+10 dB 
 

   2-) LE at fixed SNRs: c > a and 
d 
Stimuli:  -4 dB > +4 dB > +10 
dB for a, b, c, d 

6.  Desjardins & Doherty 
(2013), *see # 25) 

 a)n=15 YNH  
b)n=15 ONH 
c)n=16 OHI 

 a: 21.66,  
b: 66.86,  
c: 68.18  

 a and b: <= 25 dB HL;  
c: mild-mod., 
sensorineural HL 

 Sentences in ii) 1-talker 
babble, iii) 6-talker babble 
or iiii) SSN in free field, 
SNRs for 76% intelligibility   

 Only for c: personal HAs, 
bilateral, DSL, no DNR or 
DIR processing 

 VAS (100-0); 
100: very easy,  
0: very difficult 

 Hearing: a and b vs. c 
Age: a vs. b and c 
Stimulus: ii vs. iii vs. iiii 
 

 1+) LE: b < c for ii, iii and iiii 
1=) LE: iiii < iii < ii: a = b = c 
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7.  Desjardins & Doherty 
(2014), *see # 26) 

 n=12 HI 
 

 66.0  
 

 Mild to mod., 
bilateral SHL 
 

 sentences in quiet and 2-
talker babble for a) 50 % 
and b) 76% performance  

 bilateral BTEs: 
DSL-v.5, DNR (such as 
#39) 

 VAS (100-0),  
100: very easy, 
0: very difficult 

 B(F): DNR-on vs. DNR-off 
Stimulus: a) vs. b)  

  
 

 2=) LE: DNR-on = DNR-off for 
a) and b)  
stimuli) LE: b<a 

8.  Dwyer et al. (2014) 
 

 a)n=21 NH 
b) n=30 UHI 
c) n=20 UCI 
d) n=16 UHA  
e)c) and d) 
got CI CICI 
or CIHA 

 a)50  
b) 50.5 
c) 53.4  
d) 60.3  
 

 b, c, d): 
asymmetrical, 
severe to profound 
HL  
 
 
 

  daily life environment  
UCI, UHA, UHI, NH 

  Testing with own HAs/ CIs  SSQ (1-10) for e) 
pre- and post-CI (3 
and 6 months) 
 

 A: NH (a) vs. HI (b, c, d)  
Group effects: UHI, UCI, UHA 
Pre-vs. post CI: UCI vs. CICI 
and UHA vs. CIHA 

 1+) LE: HI (b, c ,d) > NH  
 
 

 2=) LE: c = d  
2=) c and d = b  
2=) LE: post-CI = pre-CI 
2+) LE: CICI and CIHA < b 
 

9.  Feuerstein (1992), 
*see # 28) 

 n=48 NH 
 

 19  ear plug: mon., 
conductive HL ~30 
dB HL 

 Sound field: sentences 
(68°) in  multi-talker 
background noise (68° and 
65°), SNR: -5dB  

 a) monaural near (MN): 
good ear towards target 
b) monaural far (MF) good 
ear toward masker 
c) binaural listening (BIN) 

 Perceived LE: VAS 
(100-0) 

 Stimuli: c vs. a vs. b 
 

 1+) LE: c < a < b  
 

  

10.  Hällgren et al. (2005) 
 

 n=24 HI 
 
 

 G1:36.8 
(n=12) 
G2:71.8 
(n=12) 
 

 mild-to-mod. SHL 
 

 Sentences in: a) quiet 
b) modulated noise 
c) competing talker 
in two modalities:  
i)auditory (loudspeaker) 
ii) audio-visual ( 
loudspeaker+ visual cues) 

 Own bilateral HAs  VAS (0-10)   A: HA vs. none 
Background: a vs.. b vs.. c  
 

   2+) LE: aided < unaided  
Greater HA benefit in a) 
than in b) and c); 
LE(background): c > b> a 
 

11.  Harlander et al. (2012) 
 
 
 
 

 n=14 HI 
 
 
 
 

 66 
 
 
 
 
 

 Asymmetrical, mod. 
SHL  
 
 
 
 

 Sentences in: a)multi-
talker babble, b)street 
noise, c)printer noise 
d)quasi-stationary noise 
SNRs: -5 to 15 dB, in 4dB- 
steps 

 MHA, 3 DNR systems: 
i)CBB 
ii) AMS 
iii) MS 
 

 VAS (1-13)  B(C): unprocessed vs. i vs. ii 
vs. iii  
Stimuli: a vs. b vs. c vs. d for 
all SNRs  

   2-) LE: unprocessed < iii 
especially for c and d 
2+) LE: unprocessed > ii only 
for b 
2+) LE: unprocessed > i for a, 
b, c; 
LE: iii > ii > i  
Stimuli: positive (better) 
SNRs reduced LE 

12.  Hicks & Tharpe (2002), 
*see # 31) and # 46), only 
exp. 2 

 n=14 HI  
n=14 NH 

 NH and HI: 
8.8 

 mild to mod. SHL  a) words (PBK) in quiet  
b) speech babble: +20, 
+15, +10 dB SNRs  

 Own HAs during testing 
N=12: own HA binaural  
N=1: HA monaural  
N=1: no HA 

 VAS (1-5)    1=) NH = HI    

13.  Hornsby (2013),  
*see # 32) 
 
 

 n=16 HI  
 
 
 

 65.8  
 
 

 Mild-severe SHL 
 
 

 Words, 70% intelligibility ( 
0°) in cafeteria babble 
noise from 60°, 120°, 180° 
, 240° 

 Multi-channel HAs: a) 
OMNI and feedback 
management; b) DIR, 
DNR, wind noise and 
reverberation reduction,  

 pre-DTP and post-
DTP LE ratings; 
SSQ (0-10) 
questions # 14, # 
18, # 19 

 A: HA vs. none  
 

   2=) LE: unaided = aided (for 
a and b); 
LE: pre-DTP < post-DTP  
 

14.  Humes et al. (1997)  a) n=41 HI 
b) n=53 HI 
c) n=16 HI 

 Age range 
a) 27-85 
b) 34-87 
c) 47-90 

 Symmetrical  
a) mild SHL 
b) mod. SHL 
c) severe SHL  

 sentence recognition in 
quiet, multi-talker babble 
and cafeteria noise, free 
field, +5, +10 dB SNRs 

 binaural HA fitting, NAL-R 
 

 VAS (100-0),  
100: extremely 
easy, 
0: very difficult  

 A: HA vs. none 
B: BILL vs. linear  

 1+) LE interaction: HL x 
noise x HA setting: c > a for 
BILL in babble noise   

 2=) LE: BILL = linear  
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15.  Humes et al. (1999) 
 
 

 n=55 HI  Not given  Symmetrical, mild- 
severe HL 
 

 sentence recognition in 
quiet (50, 60, 75 dB SPL) 
and babble noise at +5, 
+10 dB SNR 

 2 binaural sets of ITC-HAs 
HA1: BILL with NAL-R 
HA2: 2-channel WDRC, 
DSL[i/o] 

 VAS (0-100)  A: HA vs. none 
B: HA1 vs. HA2 
 

   2+) LE: unaided > HA1 > HA2 
for n=55 in quiet (50 and 60 
dB SPL) 
 

16.  Luts et al. (2010) 
 
 
 

 n=38 NH  
n=34 HI-F 
n=37 HI-S 
(F: flat, S: 
steep slope) 

 NH: 30 
HIF: 62 
HIS: 68 
 
 

 NH: <= 20 dB HL 
HI: mod. SHL  
 
 

 Sentences (0° azimuth) in 
background noise (90°, 
180°, 270°), in office like 
room; SNRs: -10, -5, 0, +5, 
+10 dB 

 Binaural MHA:  
3 microphones, NAL-RP 
 
 

 VAS (0-6),  
0: no effort,  
6: extreme effort 

 B1: unprocessed vs. 
processed  
B2: SC1, SC2, BSS, WMF, COH 
Hearing: NH vs. HI 
Stimulus: 5 SNRs 

 
 
 

1+) LE: HI > NH  
  

 2+) LE: MWT < unprocessed, 
largest effect at -10,-5, 0 dB 
SNRs 
2+) LE: SCI, SC2, COH < 
unprocessed at 0 dB SNR 
only 
2-) LE: BSS > unprocessed 
for all SNRs 

17.  Mackersie et al. (2009) 
 
 

 n=14 HI  
 
 

 76 
 
 
 

 mild to mod. 
bilateral SHL  
 

 Sentences (75 dB SPL) in 
speech babble, +5dB SNR, 
free field  
 

 Simulated cellular phone 
encoding: wide and 
narrow band; 
HA functions: multi-
channel, DIR, feedback 
cancellation, NAL-NL1  

 VAS (9-1)   Stimulus: quiet vs. noise  
B1: wide-band vs. narrow 
band encoding  
B2: individualized-
amplification vs. standard 
setting  

   Stimuli: LE: quiet < noise 
2+) LE: individual 
amplification < standard 
setting 
2=) LE: wide band = narrow 
band encoding  

18.  Neher et al. (2014),  
*see # 36) 

 n=10:GH+C+, 
n=10: GH-C+, 
n=10: GH+C-, 
n=10: GH-C- 

H: hearing 
C: cognition 
+:good, -: 
poor 

 GH+C+: 73 
GH-C+: 75 
GH+C-: 76,6 
GH-C-: 75.5 

 

 bilateral SHL   Sentences in cafeteria 
noise, at -4, 0, +4 dB SNR 

 MHA:NAL-RP; OFF: NR 
inactive; ON: active NR; 
ON+g: active NR with 
restored stimuli long term 
spectrum  
Noise (N) or speech (S) 
processing  

 VAS(1-9)   B: SoffNoff, SonNon, Son+gNon+g, 
SoffNon+g, Son+gNoff 
Stimulus:  
-4 vs. 0 vs. +4 dB SNR 
Group effect:  
H+ vs. H- and C+ vs. C- 

   2+) LE: SonNon  < Son+gNoff 
and SoffNoff 

2+) LE: SonNon and SoffNon+g  

< SoffNoff and Son+gNoff at 
0dB and +4dB SNR 
2+) LE (interaction: 
processing condition x 
group): SonNon < SoffNoff for 
all groups but smallest 
benefit for GH-C- compared 
to other groups  
 2=) LE: at -4 dB SNR similar 
across processing 
conditions 
Stimuli: LE: -4 dB > 0 dB > +4 
dB 

19.  Noble & Gatehouse (2006)  n=144: no 
HA 
n=118: 1 HA 
n=42: 2 HAs 

 no HA: 68.3 
1 HA: 66.2  
2 HAs: 66.4  

 Mild to mod. SHL 
 
 

 Rating of listening in 
everyday world, 
conversations 

 HA fitting: 
volume control, NAL-RP  

 SSQ (1-10) 
 

 A: no HA vs. 1 HA vs. 2 HAs    
 
  2+) LE: 2HA < 1HA < no HA 

 

20.  Noble et al. (2008)  n=36: CICI 
n=70 CI  
n=39 CIHA 

 CICI: 64.8  
CI: 60.7  
CIHA: 61.4 

 severe SHL  Rating of daily listening 
situations  

 Participants own CI or HA 
 

 SSQ-50  B:CI vs. CICI vs. CIHA 
A: pre vs. post implantation  

   2+) LE: CICI < CI < CIHA 
2+) LE: pre implant > post-
implant for CI and CICI but 
not for CIHA  
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21.  Palmer et al. (2006)  49 HI  62.1  
 
 

 Mild-mod. SHL 
 
 
 

 daily listening 
environment  

 BTEs fitted: NAL-NL1, 
DNR, adaptive feedback 
management; P1: fixed 
OMNI; P2: adaptive DIR 
P3: fixed DIR, P4: telecoil 

 VAS (completely 
agree - disagree) 
and diary on HA 
use 

 B: P1 vs. P2 vs. P3     2=) tiredness: P1 = P2 = P3 
 

22.  Pals et al. (2013),  
*see # 37) 

 19 NH  22  < 20dB HL  noise-vocoded sentences    Noise vocoding for 2, 4, 6, 
8, 12, 16, 24  channels  

 VAS(0-100)  B: unprocessed vs. vocoded 
speech (all  channels) 
Stimulus: single task vs. dual 
tasks (judgment, mental-
rotation) see 35) 

   2+) decreased LE for # 
channels < 6 compared to 
unprocessed speech; 
LE: both dual-tasks > single 
task   

23.  Rudner et al. (2012) 
only exp. 2 

  30 HI 
 

  70 
 

 Mild to mod. SHL 
 

 sentences in SSN and 
modulated noise at -2, +4, 
+10 dB SNR 

 Participant’s own BTEs 
 

 VAS(no effort to 
maximum possible 
effort) 
 

 B: fast vs. slow compression 
as between subject factor 

   2=) no main effect of 
compression on effort 

24.  Zekveld et al. (2011), *see 
# 51) 

 n=28 NH 
n=36 HI 
n=38 YNH 
from 2010 

 NH: 55  
HI: 61 
NHY: 23 

 NH and YNH: <+20 
dB HL 
HI: mild-mod. HL 

 Sentences in stationary 
noise, in free field, a)in 
quiet, b)50% intelligibility, 
c) 71%, d) 84% 

 Internal processing HI vs. 
NH 

 VAS(0-10),  
0: no effort, 
10: high effort 

 Hearing: NH vs. HI 
Stimulus: SRT50% vs. SRT71% 

vs. SRT84% 

Age: 23 vs. 55,61 years 

 Stimuli: LE: b > c > d 
1=) LE: HI = NH  
 

  

 Behavioral measures                        
 

25.  Desjardins & Doherty 
(2013), *see # 6) 

 a)n=15 YNH  
b)n=15 ONH 
c)n=16 OHI 

 a: 21.66,  
b: 66.86,  
c: 68.18  

 a and b: <= 25 dB HL;  
c: mild-mod., 
sensorineural HL 

 Sentences: high and low 
context in i) quiet (70dB 
SPL) or ii) 1-talker babble, 
iii) 6-talker babble or iiii) 
SSN in free field, SNRs for 
76% intelligibility   

 See # 5)  DTP: Task 1: 
sentence recall 
Task 2: visual 
motor tracking  

 hearing: a and b vs. c 
age: a vs. b and c 
Stimulus: i vs. ii vs. iii vs. iiii 
Stimulus: high vs low context 

 LE: YNH: iii> iiii 
1+) LE: b and c > a in ii and 
iiii 
1=) LE: b = c, in all masker 
conditions 
1=) LE: high = low context 
across ii, iii and iiii for a, b 
and c  

  

26.  Desjardins & Doherty 
(2014), *see # 7) 
 

 n=12 HI 
 

 66.0  
 

 Mild to mod., 
bilateral SHL 
 

 sentences in quiet and 2-
talker babble for a) 50 % 
and b) 76% performance  

 bilateral BTEs: 
DSL-v.5, DNR (such as 
#39) 

 DTP: Task 1: 
sentence recall 
Task 2: visual 
motor tracking  

 B(C): DNR-on vs. DNR-off 
Stimulus: a) 50% vs. b) 76% 
performance 

  
 

 2+) LE: DNR-on < DNR-off for 
b  
2=) LE: DNR-off = DNR-on for 
a  
2+) LE: b > a for DNR-off  
but LE: a = b  when DNR-on 

27.  Downs (1982) 
 

 n=23 HI 
 

 51  N=16 bilat. SHL 
N=1 bilat. mixed  
N=6 mon. SHL, mon. 
mixed HL  

 CNC words in multi-talker 
babble, 0dB SNR, free field 

 Individual BTE fitting: 
-n=10: 3 fittings tested 
-n=12: 2 fittings tested 
-n=1: 1 fitting tested 

 DTP: task 1: word 
recall 
Task 2: ViRT 
 

 A: HA vs. none 
 

   2+) ViRTs: with HA < without 
HA 

28.  Feuerstein (1992),  
*see # 9)  

 
 
n=48 NH 
 

 19  ear plug: mon., 
conductive HL ~30 
dB HL 

 SPIN sentences and light 
flash 

 a) monaural near (MN): 
good ear towards target 
b) monaural far (MF) good 
ear toward masker 
c) binaural listening (BIN) 

 attentional LE: DTP 
task 1: sentence 
recall 
task 2: ViRT  

 Hearing: c) vs. a) and b) 
a(MN) vs. b(MF)  

 1=) LE: c = a  
1+) LE: c < b and a < b 
Attentional LE not 
correlated with perceived 
LE (see #7) 

  

29.  Gatehouse & Gordon 
(1990) 

 n=44 HI  68  
 

 Symmetric, mild- 
mod. SHL  

 a) Tones: 60, 80 dB SPL 
b) SSN: 60, 70, 80 dB SPL 

  HA fitted   RT for response to 
all stimulus 

 A: HA vs. none    2+) RT: aided < unaided, 
effect larger for d) than c); 
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c)words: 60, 70, 80dB SPL 
d) sentences, levels as c) 
c) and d) in quiet and +5 dB 
SNR with b);  free field 

 Stimulus: 60 vs. 70 vs. 80 dB 
SPL 
 

Stimuli: RT: 60 < 70 < 80 dB 
SPL for a) 

30.  Gustafson et al. (2014) 
 
 
 

 n=24 NH  Age range: 
7-12 
 

 thresholds <= 15 dB 
HL  
 

 CVC non-words in 
broadband noise; 60 and 
65 dBSPL; SNRs: +5dB, 
0dB, recorded HA output 
monaurally presented via 
headphones  

 2 different HAs fitted : DSL 
v5.0, amplitude 
modulation detection 

 Verbal RTs for non-
word repetition 

 B: DNR-on vs. DNR-off 
Stimulus: 0dB vs. +5dB SNR 
Hearing: HA1 vs. HA2 

    2+) RTs: DNR-on < DNR-off, 
no variation across both 
HAs; 
Stimuli: RTs: +5 dB < 0 dB 
SNR 
 

31.  Hicks & Tharpe (2002),  
*see #12) and #46), only 
exp. 2 

 n=14 HI  
n=14 NH 

 NH and HI: 
8.8 

 mild to mod. SHL  a) words (PBK) in quiet  
b) speech babble: +20, 
+15, +10 dB SNRs  

 Own HAs during testing 
N=12: own HA binaural  
N=1: HA monaural  
N=1: no HA 

 DTP: Task 1: word 
recall 
Task 2: ViRT  

 Hearing: NH vs. HI  
Stimulus: a vs. b 

 1=) baseline RTs: NH = HI 
1+) ViRT: HI > NH in all 
conditions 

  

32.  Hornsby (2013), *see # 13)  n=16 HI  
 
 
 

 65.8  
 
 

 Mild-severe SHL 
 
 

 Words, 70% intelligibility ( 
0°) in cafeteria babble 
noise from 60°, 120°, 180° 
, 240° 

 Multi-channel HAs: a) 
OMNI and feedback 
management; b) DIR, 
DNR, wind noise and 
reverberation reduction,  

 DTP: Task 1: word 
recall 
Task 2: memory 
recall and ViRTs 

 A: HA vs. none 
B: a vs. b 
 

  
 

 2+) RT: unaided > b 
2=) RT: unaided = a 

33.  Kulkarni et al. (2012) 
 
 

 Exp.1:  
n=6 NH 
 
Exp.2. 
n= 8 HI  
 

 Exp.1: 35-45  
Exp.2: 32-66  

 Exp.1: 
thresholds <20dB HL  
 
Exp.2: 
Mod.-severe SHL 

 Exp. 1 only NH:  
CVC recognition in broad 
band noise; SNR: 6, 3, 0, -
3, -6, -12, -15 dB 
Exp. 2: only HI: 
CVC recognition in quiet 
Exp 1 and 2: monaural 
testing via headphones;   

 Exp.1 and 2 
Multi-band frequency 
compression, CRs: 
uncompressed, 0.8, 0.6, 
0.4, applied on speech  

 Exp. 1 and 2: RT for  
stimulus  
 

 Exp. 1 and 2 
B: uncompressed vs. 
compressed speech (all CRs) 
Stimulus: Range of SNRs 
 

   Exp.1:  
2+)RTs for uncompressed: 
(SNR<0dB)>(SNR>0dB) but 
RT(all CRs):  
(SNR <0dB) < (SNR >0dB); 
Exp1: stimuli: increased RTs 
for decreasing SNRs    
Exp.2: 2+) RTs:  
compressed<uncompressed 

34.  Martin & Stapells (2005) 
*see # 49) 
 

 n=10 NH 
 

 33  
 

 <=20 dB HL 
 

  Deviant stimuli: /ba/, /da/, 
monaural, at i) 65 and ii) 
80 dB ppSPL in  
a)quiet 
b)low pass filtered noise, 
fc = 250, 500, 1k, 2k, 4kHz, 
at 50% masking threshold, 
ipsilateral 

 HL simulation by masking 
noise 

 RTs during  
discrimination of 
deviant stimuli 
 

 Noise: fc effect  
Stimulus: a) vs. b) 
 

 1+) RTs: 65 dB > 80 dB ppSPL  
1+) RT: (fc<1kHz) > (fc>1Hz) 
only for i) 
1+) RTs: a) < b) for all fc but 
especially with increasing fc 
 

  

35.  Neher et al. (2013) 
 
 

 GH+C+=10 NH 
GH-C+-=10 HI 
GH+C-=10 NH 
GH-C-=10 HI 
H+/- NH / HI 
C+/- 
cognition 
good / poor 

 GH+C+=72.1 
GH-C+-=74.7 
GH+C-=75.8 
GH-C-=75.0 
 

 GH+C+,PTA: 36.4 
GH-C+- ,PTA: 53.7 
GH+C-,PTA: 38.1 
GH-C- ,PTA: 57.1 
 

 Sentences (convolved with 
head-related impulse 
responses from cafeteria 
babble) in quiet and SNRs: 
-4, 0, 4 dB  

 MHA with NAL-RP 
a) DNRoff 
b) DNRmoderate 
c) DNRstrong 

 DTP (see # 39) ) 
Task 1: sentence 
recall 
Task 2: ViRTs 

 B: a) vs. b) vs. c) 
Stimulus:  
-4 vs. 0 vs. +4 dB SNR 
Hearing: HI vs. NH 

   2-) ViRT: DNRstrong > 
DNRmoderate and DNRoff for all 
groups 
Stimuli: LE: reduced ViRTs 
with increasing SNR 
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36.  Neher et al. (2014) 
*see # 18)  

 n=10:GH+C+, 
n=10: GH-C+, 
n=10: GH+C-, 
n=10: GH-C- 

H: hearing 
C: cognition 
+:good, -: 
poor 

 GH+C+: 73 
GH-C+: 75 
GH+C-: 76,6 
GH-C-: 75.5 

 

 bilateral SHL   Sentences in cafeteria 
noise at 0 and -4dB SNR 

 MHA:NAL-RP; OFF: NR 
inactive; ON: active NR; 
ON+g: active NR with 
restored stimuli long term 
spectrum  
Noise (N) or speech (S) 
processing 

 DTP: task 1:  

sentence recall 
Task 2: ViRT  

 B: SoffNoff, SonNon, 
Son+gNon+g, SoffNon+g, 
Son+gNoff 
Stimuli -4 vs. 0 dB SNR 
Group effect:  
H+ vs. H- and C+ vs. C-  

 Stimuli:  
-4 dB SNR > 0dB SNR 
1=) ViRT: no group effect 

 2-) ViRT: SoffNoff and all 
other conditions < SonNon  

2+) ViRT: SonNon > 
Son+gNon+g, 

37.  Pals et al. (2013) 
*see # 22) 

 n=19 NH  22  < 20dB HL  noise-vocoded sentences    Noise vocoding for 2, 4, 6, 
8, 12, 16, 24  channels  

 DTP: task 1: 
sentence recall 
task 2: rhyme 
judgment and 
mental rotation 

 B: unprocessed vs. vocoded 
speech (2 to 24  channels) 

   2+) ViRT: (2-8 channels) > (9-
24 channels) 

38.  Picou et al. (2013) 
 

 n=27 HI   65.3  
 
 

 Bilateral, SHL 
 
 

 Words (65dBA) in quiet 
and 4-talker babble, 50% 
to 70% performance, AO 
and AV cues 

 bilateral HA fitting: NAL-
NL1, digital feedback 
suppression 

 DTP: task 1: word 
recall 
task 2: ViRT 

 A1: HA vs. none 
Stimulus1: words in quiet vs. 
babble noise 
Stimulus2: AO vs. AV 

   2+) ViRT: HA < no HA 
ViRT: AO = AV and no 
interaction with HA use or 
noise 
ViRT: quiet < noise 

39.  Picou et al. (2014) 
 
 

 n=18 HI 
 

 69.1  
 

 Mild to mod. SHL 
 

 Monosyllable words (62 
dBA), in background noise 
(55dBA), audio-visual 
presentation 
  

 bilateral BTEs: NAL-NL1,  
feedback reduction 
DIR: a) mild, b) moderate, 
c) strong; DNR active only 
for b) and c) 

 DTP (as 35)) 
task 1: word recall 
task 2: ViRT  

 B(D): a vs. b vs. c 
C: DNR inactive for a vs. 
active b and c  

  
 

 2=) ViRT: DIR-off = DIR-on 
for n=17 

40.  Rakerd et al. (1996) 
 
 
 
 

 Exp. 1 
n=8 NH,  
n=9 HI  
 
Exp. 2: 
n=11 NH,  
n=11 HI  

 Exp.1:not 
given, young  
 
Exp.2: NH: 
24; HI2: 62  
 

 Exp. 1:  
NH: < 15 dB HL;  
HI: congenital /early 
onset HL 
Exp.2: HL through 
presbyacusis 

 Exp.1 and 2:  
a)speech  
b) SSN 

 Exp. 1 and 2: monaural 
testing via headphones 
NH: speech at 65dB SPL 
HI: amplification for MCL 
 

 Exp. 1 and 2: DTP 
Task 1: listening to 
a) or b) with 
following 
questions for a) 
Task 2: digit 
memorization (9 
digits for exp.1, 11 
for exp.2 

 Exp. 1 and 2: 
Hearing: NH vs. HI 
Stimulus: a) vs. b)  

 Exp.1 and 2:  
1+) recall: HI < NH 
Exp1 and 2: recall: a < b 
1+) forgotten digits:  
HI (exp1) > HI (exp2) > NH 

  

41.  Sarampalis et al. (2009)  
only exp. 2 

 n=25 NH   21  
 
 
 
 

 <= 15 dB HL 
 

 sentences in  
a)quiet, 65 dB SPL 
b)4-speaker babble, SNRs: 
-6, -2, +2dB, headphone 
presentation 

 i)unprocessed 
ii) DNR only for b) 

 DTP: task 1: 
sentence recall 
Task 2:ViRT  

 Stimulus: a) vs. b) 
B(C): i) vs. ii)  
 

   2=) ViRTs: i) = ii) for SNRs: -
2, +2dB 
2+) ViRTs: i) > ii) for SNR: -
6dB only; 
ViRTs: a) < b) for all SNRs 

42.  Stelmachowicz et al. 
(2007) 

 n=32 NH  
n=24 HI 

 Range: 7-14 
n=14 in 4 
age groups 

 NH:  < 20dB HL 
HI: Mild to severe 
SHL 

 b) PBK words in SSN, 
SNR:+8 dB, bandwidth 
(BW): a)stimuli filtered at 
5kHz, b) filtered at 10kHz 

 HI: DSL (v.5.0)  DTP: task 1: word 
recall 
Task 2: digit recall  

 Stimulus:5 vs. 10 kHz BW 
Hearing: NH vs. HI 
Age: 7-8 vs. 9-10 vs. 11-12 vs. 
13-14 
Tasks: dual vs. single 

 Stimuli: single-task < dual-
task for HI and NH, for a) 
and b) 
1=) LE (digit recall): a) = b) 
for NH and HI  
Age: 9-10 HI < all other; 13-
14 NH < all other 
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43.  Tun et al., 2009  n=12: ONH 
n=12: OHI 
n=12: YNH 
n=12: YHI  

 YNH and 
YHI: 27.9; 
ONH and 
OHI: 73.9 

 Sensorineural, mild- 
mod. HL  

 Words: related and 
unrelated; 
 insert ear phone, 
monaural at better ear, 70 
dB HL  

 Internal processing HI vs. 
NH 

 DTP: task 1: word 
recall 
Task 2: mean % 
time on target for 
visual tracking  

 Hearing: NH vs. HI 
Age: young vs. old 
  

 1+) LE: OHI > ONH  
1=) LE: YHI = YNH 

  

44.  Wu et al. (2014) 
 
 
 
 
 

 Exp.1:  
n=29 HI  
 
Exp. 2:  
n=19 HI  
 
Exp.3: 
n=24 NH  

 Exp.1: 72.7  
 
Exp. 2: 72.7  
 
Exp. 3: 23.4  

 Exp. 1 and 2:  
SHL 
 
Exp. 3:  
<=25 dB HL 

 Exp. 1, 2, 3:  
Sentences in road-noise, -
1 dB SNR; 
  

 Exp. 1 and 2: 
Recordings of HA output: 
compression, feedback 
suppression, NAL-NL1, 
DNR-off, stimuli 
presentation: ear-phones 
Exp. 3:  
MCL for directional 
conditions, no HL 
dependent amplification 

 Exp. 1: DTP 
Task 1: sentence 
recall 
Task 2: driving 
vehicle in simulator 
 
Exp. 2 and 3: DTP: 
Task 1: sentence 
recall 
Task 2: ViRT 

 Exp 1, 2:  
A: HA vs. none 
B: OMNI vs. DIR 
Stimulus:  
single-task vs. dual-task 
 
Exp. 3:  
A: unaided vs. aided  
B: OMNI vs. DIR 
 

 Exp. 1: 
Speech perception:  
dual-task < single-task  
Exp. 2: 
Speech perception:  
dual-task = single-task  
Exp. 3:  
1+) LE: young NH < elderly 
HI 

 Exp. 1:  
2=) no effect of HA 
conditions on driving 
performance 
Exp 2:  
2=) no effect of HA 
conditions on RTs 
Exp. 3:  
2+) RT: DIR < OMNI 
2+) RT: DIR < unaided  

 Physiological measures                    

45.  Kramer et al., 1997 1
4  
n=14 NH 
n=14 HI 

 NH: 29 
HI: 44 

 HI: mild- mod.   Sentences in fluctuating 
noise at: a) SRT, b) SRT+5, 
c) SRT+10, d) noise only 

 Internal processing HI vs. 
NH 

 Pupil during 
listening: i) peak 
amplitude, ii) mean 
dilation, 

 Hearing: NH vs. HI 
Stimulus: a vs. b vs. c vs. d  

 Stimulus: i: a > b for HI and 
NH  
1+) ii: HI < NH between a vs. 
b 

  

46.  Hicks & Tharpe (2002) 
*see # 12) and # 31), only 
exp. 1 

 n=10 HI  
n=10 NH  
 

 HI: 8.1  
NH: 7.11 
 

 mild-to-mod. SHL 
 

 Classroom environment 
 

 Own HAs during testing 
n=8: binaural HAs 
n=1: monaural HA 
n=1: no HA 

 Saliva samples 
(beginning and end 
of school day, 2 
days) for cortisol 
concentration  

 Hearing: NH vs. HI 
 

 1+) cortisol levels: HI > NH 
for morning and afternoon 
samples 
 

  

47.  Oates et al., 2002  n=20 NH,  
n=20 HI 

 NH: 30.3,  
HI: 31.2 

 NH <= 15 dB HL,  
HI: PTA1: 0-24 dB, 
PTA2: 25-49 dB, 
PTA3: 50-74 dB, 
PTA4: 75-120 dB 

 /ba and /da at  
i) 65dB ppe SPL 
ii) 80 dB ppe SPL  
via sound field 

 Internal processing HI vs. 
NH 

 EEG: N2 and P3: a) 
amplitude, b) 
latency, RT to 
deviant stimuli 

 Hearing: NH vs. HI  
Stimulus: i) vs. ii)   

 1+) b (N2,P3): PTA1 and 
PTA2 > NH for i  
1=) a(N2,P3): PTA1 and 
PTA2 = NH for i 
1+) a(N2,P3): PTA3 and 
PTA4 < NH for i and ii  
1+) b (N2,P3): PTA3 > NH for 
ii 
1-) a (P3): PTA3 > NH for ii  

  

48.  Korczak et al. (2005) 
 
 

 n=20 NH 
n=14 HI 
 
 

 30.3  
29.3  
 
 

 NH: <= 15 dB HL 
HI: mild-severe HL 
 

 /ba and /da at  
i) 65dB ppe SPL 
ii) 80 dB ppe SPL  
via sound field  

 Only for HI: a) unaided 
 b) personal HAs 
 

 EEG: N2 and P3 and 
RTs to stimuli 

 A: HA vs. no HA 
Stimulus: i) vs. ii)   

 1+) P3 and RT latencies for 
i): HI > NH  

 2+) detectability of N2, P3, 
aided > unaided, for HI in i) 

49.  Martin & Stapells (2005) 
*see # 34) 
 
 

 n=10 NH 
 

 33  
 

 <=20 dB HL 
 

  /ba/, /da/, monaural, 
at i) 65 and ii) 80 dB ppe 
SPL in a)quiet 
b)low pass filtered noise, 
fc = 250, 500, 1k, 2k, 4kHz, 

 HL simulation by masking 
noise 

 EEG measures for  
a) RT for deviant 
stimuli perception 
b)ignoring deviant 
stimuli while 
reading 

 Stimulus: fc effect  
Stimulus: quiet vs. noise 
 

 1+) N1 amplitude decreases 
when fc increases only for i) 
1+) N1 latency:  
(fc<1kHz) >(fc>1kHz) 
1+) P3 only present for fc 
<4kHz 
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at 50% masking threshold, 
ipsilateral 

i)N1: speech 
audibility  
ii)P3: stimulus 
discrimination  

1+) P3 amplitude: (fc<1kHz) 
> (fc>2kHz) 
1+) P3 latency: (fc<1kHz) > 
(fc>1kHz) 

50.  Wild et al. (2012)  n=21 NH 
 

 21   Self-report of NH  3 attentional conditions: a) 
sentences 
b) auditory distracter 
c) visual distracter 
4 intelligibility conditions 
i) clear speech 
ii) 6-band NV  
iii)compressed 6-band NV 
iiii) spectrally rotated NV 

 noise vocoding   fMRI while decision 
making for a, b or c 
by key press 

 Stimulus: a vs. b vs. c 
Stimulus: i, ii, iii, iiii  

 1+) attentional task: LE: i < ii 
and iii 
 

  

51.  Zekveld et al. (2011),  
*see # 24) 
 

 n=28 NH 
n=36 HI 
n=38 YNH 
 from 2010 

 NH: 55  
HI: 61 
NHY: 23 

 NH and YNH: <+20 
dB HL 
HI: mild-mod. HL 

 Sentences in stationary 
noise, in free field, a)in 
quiet, b)50% intelligibility, 
c) 71%, d) 84% 

 Internal processing HI vs. 
NH 

 Pupil during 
listening:  
i) peak amplitude, 
ii) mean dilation,  
iii) peak latency,  
iiii) response 
duration  

 Hearing: NH vs. HI 
Stimulus: SRT50% vs. SRT71% 

vs. SRT84% 

Age: 23 vs. 55,61 years 

 1+) decline with increasing 
SNR in i), ii): HI < NH, less 
strong for NHY 
Age: iiii): NHY < NH, HI and 
baseline ii): NHY > NH, HI 

  

 3 
Extended data for 41 articles arranged by subjective, behavioral or physiological measurement types in alphabetical order. Articles describing studies using multiple types of measurement appear in multiple rows. 4 
vs.: versus; NH: normal hearing, HI: hearing-impaired, UHI: unilateral HI; (S)HL: (sensorieneural) hearing loss, CI: Cochlear Implant; UCI: unilateral CI; PTA: pure tone average; MCL: most comfortable level; HA: hearing aid; 5 
UHA: unilateral HA; VRT: verbal response time; DNR: digital noise reduction; NR: noise reduction; HA: hearing aid; BTE: behind-the-ear HA; ITC: in the channel HA; OMNI: omnidirectional; DIR: directional; ViRT: visual 6 
response/reaction time; RT: reaction time; SRT: speech recognition test, LE: listening effort; PR: preference ratings; Exp.: experiment; SSN: speech-shaped noise; ppeSPL: peak-to-peak equivalent SPL; DTP: dual-task 7 
paradigm; S+N: speech + noise; AO: auditory only; AV: auditory visual; SSQ: Speech Spatial and Qualities of hearing scale SSQ (Gatehouse & Noble, 2004); NAL: National Acoustic Laboratories prescription (Byrne & Dillon, 8 
1986), CVC: revised consonant-vowel-consonant words (Peterson and Lehiste, 1962); CBB: Codebook-Based (Rosenkranz, 2010), AMS: Amplitude Modulation System-Based (Tchorz & Kollmeier, 2003), MS: minimum 9 
statistics (Martin et al., 2004); MHA: Master Hearing Aid research platform (Grimm et al. 2006);  10 
 11 
 12 
  13 

http://www.nal.gov.au/nal-software_tab_nal-nl-1.shtml
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TABLE 2: Summary of extracted evidence from studies providing findings on the effect of hearing impairment on listening effort (Q1) (n=21 15 
studies, 41 findings).  16 
 17 

Q1  Type of effects  Methods  Participants  

Less  
Effort  

1 tests in total:  
• 1 NH vs. HI  Physiological: 1 findings  NH: 20  

HI: 20  

Equal  
Effort  

11 tests in total:  
• 10 NH vs. HI  
• 1 monaural vs. binaural  

Subjective: 3 findings  
Behavioral: 7 findings  
Physiological: 1 findings  

NH: 278  
HI: 164  

More 
Effort  

29 tests in total:  
• 14 NH vs. HI  
• 4 different degrees of hearing loss  
• 11 hearing loss simulations  

Subjective: 6 findings 
Behavioral: 10 findings  
Physiological: 13 findings  

NH: 450  
HI: 481  

 18 
Summary of evidence proposing more, equal or less effort (from top to bottom) due to hearing impairment with respect to the effect types, the 19 
applied methods and the corresponding number of participants. NH: normal-hearing; HI: hearing-impaired; vs: versus;  20 
 21 
 22 
 23 
 24 
  25 



Hearing impairment, hearing aids and listening effort  p. 10 

 
 

TABLE 3: GRADE evidence profile for findings on Q1 26 

 27 
Possible levels of quality criteria: not serious, serious, very serious and undetected; Possible range of quality of evidence: high, moderate, low or very low;  28 
RCT: randomized controlled trial with corresponding limitations factors 1-5;  29 
1)Lack of allocation concealment; 2) Lack of experimental blinding; 3) Incomplete accounting of patients and outcome events failure to adhere to an intention to treat analysis (excluded participants, missing data); 4) 30 
Selective outcome reporting; 5) Stopping trial earlier for benefit; 7) Differences in target stimulus: single sentences vs. sentence passages vs. words vs. consonants; 8) Differences in masker types: speech shaped noise vs. 31 
1-talker babble vs. 6-talker babble cafeteria noise vs. stationary noise; 9) Differences between populations: young normal-hearing vs. elderly hearing-impaired participants; 10) Power sufficiency rarely provided; 11) Dual-32 
task paradigm vs. single task paradigms; 12) Differences in comparators to the intervention: normal-hearing vs. sensorineural hearing-impaired vs. simulated, conductive hearing-impairment; 13) Differences in test setup: 33 
speech reception threshold at different levels; 14) Same stimulus and levels used for all three studies but in two studies presentation via sound field while in one via headphones;  34 
 35 
 36 
  37 

GRADE evidence profile: Q1: Does hearing-impairment affect listening effort?  

Quality assessment Summary of findings   

 No of participants Effect  
(Sign test) 

  
Importance 

No of studies 
(Design) 

Study limitations Inconsistency Indirectness Imprecision Publication bias Hearing-
impaired 

Normal-
hearing 

HP!:  
LE: NH < HI 

Quality  

Subjective assessment by visual-analogue scales (1-10) 

7 (RCT) Not serious2,3 Serious7,8 Serious9 Serious10 undetected 259 220 p1 = 0.25 Very low Important 
Behavioral assessment by dual-task paradigms 

8 (RCT) Not serious2,3 Serious7,8,11 Serious9,12 Not serious10 undetected 187 147 p1 = 0.61 Low Important 
Behavioral assessment by reaction time measures 

1 (RCT) Not serious2,3 Not serious Not serious Serious10 undetected 0 10 p1 = 0.13 Moderate Important 
Physiological assessment by pupillometry 

2 (RCT) Not serious2,3 Serious13 Serious9 Serious10 undetected 50 80 p1 = 0.25 Very low Important 
Physiological assessment by EEG measures 

3 (RCT) Not serious2,3 not serious14 not serious Serious10 undetected 50 34 p1 = 0.03 Moderate Important 
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TABLE 4: Summary of extracted evidence from studies providing findings on the effect of hearing aid amplification on listening effort (Q2) (n=27 39 
studies, 56 findings).  40 
 41 

Q2  Type of effects Methods  Participants  

Less 
Effort  

32 tests in total:  
• 12 HA vs. none  
• 10 unprocessed vs. processed stimuli 
• 6 comparison of processing types  
• 4 algorithms on- vs. off  

Subjective: 17 findings  
Behavioral: 14 findings 
Physiological: 1 findings  
   

NH: 282  
HI: 761  
   

Equal 
Effort  

19 tests in total:  
• 6 comparison of signal processing algorithms  
• 5 signal processing algorithms on vs. off  
• 5 HA vs. none 
• 3 unprocessed vs. processed stimuli  

Subjective: 13 findings 
Behavioral: 6 findings 

NH: 112  
HI: 289  

More 
Effort  

5 tests in total:  
• 2 signal processing algorithm on vs. off  
• 3 comparison of signal processing algorithms  

Subjective: 3 findings  
Behavioral: 2 findings  

NH: 63  
HI: 143  

 42 
Summary of evidence proposing more, equal or less effort (from top to bottom) due to hearing-aid amplification with respect to the effect types, the 43 
applied methods and the corresponding number of participants. NH: normal-hearing; HI: hearing-impaired; HA: hearing-aid; vs.: versus; 44 
 45 
  46 
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TABLE 5: GRADE evidence profile for findings on Q2 48 

 49 
Possible levels of quality criteria: not serious, serious, very serious and undetected; Possible range of quality of evidence: high, moderate, low or very low;  50 
RCT: randomized controlled trial with corresponding limitations factors 1-5;  51 
1)Lack of allocation concealment; 2) Lack of experimental blinding; 3) Incomplete accounting of patients and outcome events failure to adhere to an intention to treat analysis (excluded participants, missing data); 4) 52 
Selective outcome reporting; 5) Stopping trial earlier for benefit;  53 
OS: non-randomized observational studies have the following limitation factors: 6a) failure to develop and apply appropriate eligibility criteria (inclusion of control population), 6b) flawed measurement of both exposure 54 
and outcome (differences in measured exposure),6c) failure to adequately control confounding (adjust analysis) and 6d) incomplete or inadequately short follow-up (follow all groups for same amount of time); 55 
7) Differences in target stimulus: single sentences, sentence passages, words or consonants; 8) Differences in masker types: speech shaped noise, 1-talker babble, 6-talker babble, cafeteria noise, church environment or 56 
stationary noise; 9) Differences between populations: young normal-hearing vs. elderly hearing-impaired participants or experienced hearing-aid users vs. hearing-impaired listeners without hearing-aid experience; 10) 57 
Power sufficiency rarely provided; 11) Dual-task paradigm vs. single task paradigms; 12) Differences in comparators to the intervention: normal-hearing, sensorineural hearing-impaired or simulated, conductive hearing-58 
impairment, unilateral vs. bilateral hearing-aid use, unilateral CI use vs. bilateral CI use or post-or pre-CI fitting, ; 13) Differences in test setup: speech reception threshold at different levels; 14) Differences in treatment: 59 
noise reduction, compression or linear amplification; 15) Differences of test environment: daily life vs. multi-talker babble or cafeteria noise; 16) Differences in test setup: verbal reaction times, button press reaction times, 60 
stimulus in sound-field vs. headphones; 61 
  62 

GRADE evidence profile: Q2: Does hearing-aid amplification reduce listening effort?  

Quality assessment Summary of findings   

 No of participants Effect  
(Sign test) 

  
Importance 

No of studies 
(Design) 

Study limitations Inconsistency Indirectness Imprecision Publication bias Hearing-
impaired 

Normal-
hearing 

HP2 :  
LE: HA < none 

Quality  

Subjective assessment by visual-analogue scales (1-10) 

16 (RCT) Not serious2,3 Serious7,8,14 Serious9 Serious10 undetected 419 127 p1 = 0.50 Very low important 
Subjective assessment by the Speech, Spatial, and Qualities of Hearing Scale  

3 (RCT) 
1 (OS) 

Not serious2,3 

Not serious6 

Serious15 Serious12 Serious10 undetected 638 21 p1 = 0.64 Very low  important 

Behavioral assessment by dual-task paradigms  

10 (RCT) Not serious2,3 Serious7,8,14 Serious9 Serious10 undetected 184 108 p1 = 0.41 Very low important 
Behavioral assessment by reaction time measures  

3 (RCT) Not serious2,3 Serious7,8 Serious9 Serious10 undetected 52 30 p1 = 0.06 Very low important 
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TABLE 6: Factors determining the quality of evidence according to the GRADE handbook, chapter 5 (Schünemann et al. 2013). 63 

Factors that can reduce the quality of the evidence  Consequence 
Limitations in study design or execution (risk of bias) lower 1 or 2 levels 
Inconsistency of results lower 1 or 2 levels 
Indirectness of evidence lower 1 or 2 levels 
Imprecision lower 1 or 2 levels 
Publication bias lower 1 or 2 levels 
Factors that can increase the quality of the evidence  Consequence  
Large magnitude of effect increase 1 or 2 levels 
All plausible confounding would reduce the 
demonstrated effect or increase the effect if no effect 
was observed 

increase 1 level 

Dose-response gradient increase 1 level 
 64 

 65 

 66 

 67 
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