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Objectives: To undertake a systematic review of available evidence on
the effect of hearing impairment and hearing aid amplification on listen-
ing 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 system-
atic searches in PubMed, EMBASE, Cinahl, the Cochrane Library, and
PsycINFO from inception to August 2014. References of eligible stud-
ies were checked. The Population, Intervention, Control, Outcomes, and
Study design strategy was used to create inclusion criteria for relevance.
It was not feasible to apply a meta-analysis of the results from compara-
ble studies. For the articles identified as relevant, a quality rating, based
on the 2011 Grading of Recommendations Assessment, Development,
and Evaluation 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
Population, Intervention, Control, Outcomes, and Study design selec-
tion 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 seven 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 Grading
of Recommendations Assessment, Development, and Evaluation Working
Group guidelines. We tested the statistical evidence across studies with
nonparametric tests. The testing revealed only one consistent effect across
studies, namely that listening effort was higher for hearing-impaired lis-
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teners compared with normal-hearing listeners (Q1) as measured by elec-
troencephalographic 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
scientific, 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 consis-
tency, lack standardization across studies, and have insufficient statistical
power. The findings underline the need for a common conceptual frame-
work for listening effort to address the current shortcomings.

Key words: Behavioral measures, Hearing aid amplification, Hearing
impairment, Listening effort, Physiologic measures, Quality rating,
Speech comprehension, Subjective ratings.

(Ear & Hearing 2017;38;267-281)

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 rep-
resentation 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). In addi-
tion, in daily life, speech is often heard among a variety of sounds
and noisy backgrounds that can make communication even more
challenging (Héllgren et al. 2005). Previous research suggests that
hearing-impaired listeners suffer more from such adverse condi-
tions in terms of speech perception performance as compared with
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-Cunningham & Best 2008). As a result,
hearing-impaired listeners expend extra effort to achieve success-
ful speech perception (McCoy et al. 2005; Ronnberg et al. 2013).
Increased listening effort due to impaired hearing can cause adverse
psychosocial consequences, such as increased levels of mental dis-
tress and fatigue (Stephens & Hétu 1991; Kramer et al. 1997, 2006),
lack of energy and stress-related sick leave from work (Gatehouse &
Gordon 1990; Kramer et al. 2006; Edwards 2007; Hornsby 2013a,
b). Nachtegaal et al. (2009) found a positive association between
hearing thresholds and the need for recovery after a working day.
In addition, hearing impairment can dramatically alter peoples’
social interactions and quality of life due to withdrawal from lei-
sure and social roles (Weinstein & Ventry 1982; Demorest & Erd-
man 1986; Strawbridge et al. 2000), and one reason for this may
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be the increased effort required for successful listening. There is
growing interest among researchers and clinicians in the concept of
listening effort and its relationship with hearing impairment (Gos-
selin & 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, and SDC Table
1, http://links.lww.com/EANDH/A335). 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.”” Question-
naires 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 para-
digm (DTP) (Howard et al. 2010; Gosselin & Gagné 2011; Desjar-
dins & 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 2013,
2014), memory tasks (Feuerstein 1992; Hornsby 2013), tactile pat-
tern recognition tasks (Gosselin & Gagné 2011), or even driving
a vehicle in a simulator (Wu et al. 2014). The concept of DTPs is
based on the theory of limited cognitive capacity (Kahneman 1973).
An increase in effort or cognitive load, related to performing the pri-
mary task, leads accordingly to a lower performance in the second-
ary 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 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 (Bernarding et al. 2012; Oble-
ser et al. 2012). Functional magnetic resonance imaging (fMRI) is
another physiological method to assess listening effort. Metabolic
consequences of neuronal activity 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 com-
pensatory 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 “pupillom-
etry”) has furthermore been used to assess the intensity of mental
activity, for example, in relation to changes in attention and per-
ception (Laeng et al. 2012). The pupil dilates when a task evokes
increased cognitive load, until the task demands exceed the process-
ing 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 sam-
ples, have been associated with cognitive demands and fatigue as a
response to stressors (Hick & Tharpe 2002).

Hearing aids are typically used to correct for the loss of
audibility introduced by hearing impairment (Hick & Tharpe
2002). Modern hearing aids provide a range of signal-process-
ing algorithms, such as amplitude compression, directional
microphones, and noise reduction (Dillon 2001). The purpose
of such hearing aid algorithms is to improve speech intelligi-
bility and listening comfort (Neher et al. 2014a). If hearing
impairment indeed increases listening effort, as suggested by
previous research (Feuerstein 1992; Hick & Tharpe 2002; Luts
et al. 2010), then it is essential to investigate whether hearing
aids can reverse this aspect of hearing loss too.

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 find-
ings 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
Q?2) Can hearing aid amplification affect listening effort during
speech comprehension? We hypothesized that hearing impair-
ment 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).

MATERIALS AND 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 the
Supplemental Digital Content Appendix search terms, http://
links.lww.com/EANDH/A323). English language articles were
identified from inception to August 2014.

Inclusion and Exclusion

The Population, Intervention, Control, Outcomes, and Study
design (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-artic-
ulated PICOS elements has been shown to provide an efficient
tool to find high-quality 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:

1. Population: Hearing-impaired participants and normal-
hearing listeners with a simulated hearing loss (for exam-
ple by applying a low-pass filter to the auditory stimuli).

II. Intervention: Hearing impairment or hearing aid ampli-
fication (including cochlear implant [CI]), 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
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TABLE 1. Summary of the 41 included articles
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Author Hypothesis (HP) 2)
listening effort:
Aided < Unaided;
+: HP Supported;

—: HP Not Supported;

Author Hypothesis (HP) 1)
listening effort: HI > NH;
+: HP Supported,

—: HP Not Supported,

Publication Method Used =: No Effect =: No Effect
Subject Measures
1. Ahlstrom et al. (2014) VAS (0-15) 1+) 2+)
2. Bentler and Duve (2000) VAS (1-10) 2=)
3. Bentler et al. (2008) VAS (1-10) 2+)
4. Brons et al. (2013) VAS (9-1) 2x 2=)
5. Bronsetal. (2014) VAS (1-9) 2-)
6. Desjardins and Doherty (2013), VAS (100-0) 1+); 1=)
*see # 25)
7. Desjardins and Doherty (2014), VAS (100-0) 2=)
*see # 26)
8. Dwyer et al. (2014) SSQ (1-10) 1+) 3x2=); 1x 24)
9. Feuerstein (1992), *see # 28) VAS (100-0) 1+)
10. Hallgren et al. (2005) VAS (0-10) 24)
11. Harlander et al. (2012) VAS (1-13) 2-); 2x 24)
12. Hicks and Tharpe (2002), *see # 31) VAS (1-5) 1=)
# 46), only exp. 2
13. Hornsby (2013),*see # 32) SSQ (0-10) questions # 14, # 18, # 19 2=)
14. Humes et al. (1997) VAS (100-0) 14) 2=)
15. Humes et al. (1999) VAS (0-100) 2+)
16. Lutsetal. (2010) VAS (0-6) 14) 2x 2+); 1x 2-)
17. Mackersie et al. (2009) VAS (9-1) 2+); 2=)
18. Neher et al. (2014), *see # 36) VAS(1-9) 3x 2+); 1x2=)
19. Noble and Gatehouse (2006) SSQ (1-10) 2+)
20. Noble et al. (2008) SSQ-50 2X 2+)
21. Palmer et al. (2006) VAS (completely agree - disagree) 2=)
22. Pals et al. (2013), *see # 37) VAS(0-100) 2+)
23. Rudner et al. (2012); only exp. 2 VAS (no effort - maximum possible 2=)
effort)
24. Zekveld et al. (2011), *see # 51) VAS (0-10) 1=)
Behavioral measures
25. Desjardins and Doherty (2013), DTP 1x 14); 2x1=)
*see # 6)
26. Desjardins and Doherty (2014), DTP 2x 2+4); 1x 2=)
*see #7)
27. Downs (1982) DTP 2+)
28. Feuerstein (1992), “see# 9) DTP 1=);14)
29. Gatehouse and Gordon (1990) RT for response to all stimulus 2+)
30. Gustafson et al. (2014) Verbal RTs for nonword repetition 2+4)
31. Hicks and Tharpe (2002), *see #12) DTP 1=); 14)
#46), only exp. 2
32. Hornsby (2013), *see # 13) DTP 2+); 2=)
33. Kulkarni et al. (2012) Exp. 1 and 2: RT for stimulus Exp.1: 2+); Exp.2: 2+)
34. Martin and Stapells (2005); RTs during discrimination of deviant 3x 1+)
*see # 49) stimuli
35. Neher et al. (2013) DTP 2-)
36. Neher et al. (2014); *see # 18) DTP 1=) 2-); 2+)
37. Pals et al. (2013); *see # 22) DTP 24)
38. Picou et al. (2013) DTP 2+)
39. Picou et al. (2014) DTP 2=)
40. Rakerd et al. (1996) Exp. 1 and 2: DTP Exp.1 and 2: 2x 14)
41. Sarampalis et al. (2009); only exp. 2 DTP 2=); 2+)
42. Stelmachowicz et al. (2007) DTP 1=)
43. Tun et al. (2009) DTP 14); 1=)

(Continued)
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TABLE 1. Continued.

Author Hypothesis (HP) 2)
listening effort:
Aided < Unaided;
+: HP Supported;

—: HP Not Supported;

Author Hypothesis (HP) 1)
listening effort: HI > NH;
+: HP Supported,

—: HP Not Supported,

Publication Method Used =: No Effect =: No Effect
44. Wu et al. (2014) Exp. 1: DTP (sentence recall, driving Exp. 3: 1+) Exp. 1: 2=); Exp 2: 2=);
vehicle in simulator); Exp. 2 and 3: Exp. 3: 2x 2+)
DTP: (sentence recall, ViRT)
Physiological measures
45. Kramer et al. (1997) Pupil during listening: peak amplitude, 1+)
mean dilation;

46. Hicks and Tharpe (2002) *see # 12) # Saliva samples for cortisol 1+)

31), only exp. 1 concentration
47. Oates et al. (2002) EEG: N2 and P3 3x 14); 1x 1=); 1x1-)
48. Korczak et al. (2005) EEG: N2 and P3 and RTs to stimuli 1+) 2+)
49. Martin and Stapells (2005); *see # 34)  EEG: RT for deviant stimuli; N1, P3 5x 1+4)
50. Wild et al. (2012) fMRI while decision making 1+)
51. Zekveld et al. (2011), *see # 24) Pupil during listening: peak, mean 1+)

amplitude and latency

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.

NH, normal hearing; HI, hearing-impaired; HP, hypothesis; VAS, visual-analogue scale; ViRT, visual response/reaction time; RT, reaction time; SRT, speech recognition test; LE, listening
effort; Exp., experiment; DTP, dual-task paradigm; SSQ, Speech Spatial and Qualities of hearing scale SSQ (Gatehouse & Noble, 2004).

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.

1. Control: Group comparisons (e.g., normal hearing versus
hearing impaired) or a within-subjects repeated measures
design (subjects are their own controls). We included
studies that compared listeners with normal hearing ver-
sus 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 (1) subjec-
tive measures of daily life experiences, handicap reduc-
tion, benefit, or satisfaction, (2) behavioral measures of
changes in auditory tasks performance, or (3) physiolog-
ical measures corresponding to higher cognitive process-
ing load, such as N2 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 process-
ing, such as ERP components N1, mismatch negativity,
and P2a were not considered as reflecting measures of
listening effort.

V. Study design: Experimental studies with repeated mea-
sures design or randomized control trials, published in
peer-reviewed journals of English language were included.
Studies describing case reports, systematic reviews, edi-
torial letters, legal cases, interviews, discussion papers,
clinical protocols, or presentations were not included.

The identified articles were screened for relevance by exam-
ining titles and abstracts.

Differences between the authors in their judgment of rel-
evance 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 “rel-
evant” 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 (B.O., A.Z., and S.K.).

Data Extraction and Management
For each relevant study, the outcome measures applied
to assess listening effort were extracted and categorized into

TABLE 2. Factors determining the quality of evidence according
to the GRADE handbook, chapter 5 (Schiinemann et al. 2013)

Factors That Can Reduce the Quality of the

Evidence Consequence

Limitations in study design or execution Lower 1 or 2 levels

(risk of bias)
Inconsistency of results
Indirectness of evidence
Imprecision

Publication bias

Lower 1 or 2 levels
Lower 1 or 2 levels
Lower 1 or 2 levels
Lower 1 or 2 levels

Factors That Can Increase the Quality of
the Evidence

Consequence

Increase 1 or 2 levels
Increase 1 level

Large magnitude of effect

All plausible confounding would reduce
the demonstrated effect or increase the
effect if no effect was observed

Dose-response gradient Increase 1 level

GRADE, Grading of Recommendations Assessment, Development and Evaluation.
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Records identified through
search in electronic databases
n=12210

Removal of duplicates

Identification

A

" n=5193

Records removed after
duplicates
n=7017

Articles excluded: n=6910
- LE not covered or measured: n=4234
- no LE and no HA amplification: n=564

v

- case or pilot studies: n =79
-review articles or meta analysis n=94

Screening

Record screening of titles and
abstracts n=7017

- irrelevant questionnaires used: n=22
- CI development no LE n =746

- diseases n = 359

- usage of early stage processing:

v

\ 4

n=27
- cognitive status only no LE: n = 69

Full-text articles assessed for

Full-text articles excluded: n=68

-LE not covered or measured: n=22

- no LE and no HA amplification: n=16
-review articles or case studies: n=6

-retraced article: n=1
- cognitive status only no LE n=7
-only SSQ subscales analyzed: n=16

assessment for

.‘? ______ !' _______ eligibility n=107
—
S i References :
=) | checked n=107 |
[T lmm e rm————— 1
pmmmm— \ S v
Full text Studies included in

qualitative synthesis n=39

1

1

1

| possible eligible
1 articles n=15
1

1

1 Relevant h

| articles bmmm -
1 n=2 I i

Studies included in quantitative
synthesis n=41

Fig. 1. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram of the study identification, the screening, the eligibility,

and the inclusion process within the systematic search.

subjective, objective, or physiological indicators of listening
effort. We identified and extracted the findings addressing Q1
or Q2 from all relevant studies. The results of each study were
evaluated with respect to the two hypotheses (HP1 or HP2) based
on Q1 and Q2. When HP1 was supported (i.e., hearing impair-
ment 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 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 pro-
cessing), 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 hetero-
geneous with respect to characteristics of the participants, con-
trols, 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 Grading of Recommendations
Assessment, Development, and Evaluation (GRADE) Working
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TABLE 3. Summary of extracted evidence from studies
providing findings on the effect of hearing impairment on
listening effort (Q1) (n = 21 studies, 41 findings)

Number of
Q1 Type of Effects Methods Participants
Less 1 tests in total: Physiological: 1 findings NH=20
effort 1 NH vs. HI HI=20
Equal 11 tests in total: Subjective: 3 findings NH=278
effort 10 NH vs. HI Behavioral: 7 findings Hl=164
1 monaural vs. Physiological: 1 findings
binaural
More 29 tests in total: Subijective: 6 findings NH=450
effort 14 NH vs. HI Behavioral: 10 findings HI=481

4 different degrees Physiological: 13 findings
of hearing loss

11 hearing loss
simulations

Summary of evidence proposing more, equal, or less effort due to hearing impairment
with respect to the effect types, the applied methods and the corresponding number of
participants.

Hl, hearing impaired; NH, normal hearing.

Group guidelines (Guyatt et al. 2011). The quality of evidence is
rated for each measurement type (Tables 4, 6) 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 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 seri-
ous”). The quality criteria “inconsistency,” “indirectness,” “impre-
cision,” 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 seri-
ous” 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 ful-
filled the criterion, and “very serious” if none of the studies fulfill
the criterion. The quality criterion “study limitations” was based on
five subcriteria (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 seri-
ous” if more than half of the subcriteria were fulfilled across stud-
ies, “serious” if less than half of the subcriteria were fulfilled, and
“very serious” if none of the subcriteria 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 presen-
tation, and the measurement type for listening effort within each
outcome. When findings across studies were not based on consis-
tent target populations, consistent interventions, or consistent fac-
tors of interest with respect to Q1 or Q2, “serious inconsistency”
was judged for evidence on that measurement type. The quality

criterion “indirectness” was related to differences between tested
populations or differences in comparators to the 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 when normal-
hearing listeners were compared with listeners with simulated,
conductive hearing impairment, or sensorineural hearing impair-
ment. 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 ver-
sus 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 (Tables 4, 6). 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 pos-
sible (Table 2). 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 4 on
Q1, Table 6 on Q2) to sum up the key information on each mea-
surement type. For each of our two research questions, evidence
was provided by studies with diverse methods, which made it prob-
lematic to compute confidence intervals on absolute and relative
effects of all findings on each individual measurement type. There-
fore, a binomial test (Sign test) was applied as alternative statistical
method. We counted the signs (+, =, — in Table 1, and SDC Table 1,
http://links.lww.com/EANDH/A335) corresponding to each mea-
surement type for findings addressing HP1 and 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
with unaided listening (HP2), that is, one sided in both cases.
Therefore, we applied a one-sided (directional) Sign test. The stan-
dard 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, frac-
tures, or physical pain are expected from hearing impairment and
the importance was not characterized as critical (see “Importance”
column in Tables 3, 5) (Schiinemann et al. 2013).

Two authors (B.O. and T.L.) 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 illus-
trates details of the search and selection procedure including the
number of removed duplicates, the number of articles that were
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TABLE 4. GRADE evidence profile for findings on Q1

GRADE Evidence Profile: Q1: Does Hearing Impairment Affect Listening Effort?

Summary of Findings

No of Effect
Quality Assessment Participants (Sign Test)
No of Studies Publication Hearing Normal HP.:
(Design) Study Limitations Inconsistency Indirectness Imprecision Bias Impaired Hearing LE: NH < HI Quality Importance

Subjective assessment by visual analog scales (1-10)

7 (RCT) Not serious?® Serious*® Serious® Serious’ Undetected 259 220 p,=0.25 Verylow Important
Behavioral assessment by dual-task paradigms

8 (RCT) Not serious?? Serious*®® Serious®® Not serious” Undetected 187 147 p, =0.61 Low Important
Behavioral assessment by reaction time measures

1 (RCT) Not serious?® Not serious  Not serious  Serious’ Undetected 0 10 p,=0.13 Moderate Important
Physiological assessment by pupillometry

2 (RCT) Not serious?? Serious™ Serious® Serious’  Undetected 50 80 p,=0.25 Verylow Important
Physiological assessment by EEG measures

3 (RCT) Not serious?? Not serious' Not serious  Serious” Undetected 50 34 p,=0.03 Moderate Important

Possible levels of quality criteria: not serious, serious, very serious, and undetected; possible range of quality of evidence: high, moderate, low, or very low. RCT with corresponding limitations
factors: 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)
Differences in target stimulus: single sentences vs. sentence passages vs. words vs. consonants; 5) Differences in masker types: speech shaped noise vs. 1-talker babble vs. 6-talker babble caf-
eteria noise vs. stationary noise; 6) Differences between populations: young normal-hearing vs. elderly hearing-impaired participants; 7) Power sufficiency rarely provided; 8) Dual-task paradigm
vs. single task paradigms; 9) Differences in comparators to the intervention: normal-hearing vs. sensorineural hearing-impaired vs. simulated, conductive hearing-impairment; 10) Differences
in test setup: speech reception threshold at different levels; 11) Same stimulus and levels used for all three studies but in two studies presentation via sound field while in one via headphones.
GRADE, Grading of Recommendations Assessment, Development and Evaluation; HI, hearing impaired; NH, normal hearing; RCT, randomized controlled trial.

excluded, and the reasons for their exclusion. The main elec-
tronic database search produced a total of 12,210 references:
4430 in PubMed, 3521 in EMBASE.com, 2390 in Cinahl, 1639
in PsycINFO, and 230 in the Cochrane Library. After removing

TABLE 5. Summary of extracted evidence from studies
providing findings on the effect of hearing aid amplification on
listening effort (Q2) (n = 27 studies, 56 findings)

Number of
Q2 Type of Effects Methods Participants
Less 32 tests in total: Subjective: NH: 282
effort 12 HA vs. none 17 findings HI: 761
10 unprocessed vs. Behavioral:
processed stimuli 14 findings
6 comparison of Physiological:
processing types 1 findings
4 algorithms on vs. off
Equal 19 tests in total: Subjective: NH: 112
effort 6 comparison of signal- 13 findings HI: 289
processing algorithms  Behavioral:
5 signal-processing 6 findings
algorithms on vs. off
5 HA vs. none
3 unprocessed vs.
processed stimuli
More 5 tests in total: Subjective: NH: 63
effort 2 signal-processing 3 findings HI: 143
algorithm on vs. off Behavioral:
3 comparison of signal- 2 findings

processing algorithms

Summary of evidence proposing more, equal, or less effort due to hearing aid amplifica-
tion with respect to the effect types, the applied methods and the corresponding number
of participants.

HA, hearing aid; HI, hearing impaired; NH, normal hearing.

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
CIs (n = 746) or the treatment of diseases (n = 359) and neither
of the 2 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 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 7 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 nor-
mal-hearing and hearing-impaired participants (mean n = 51.2,
SD = 27.3). Hearing-impaired participants had monaural or bin-
aural hearing loss and the degree of hearing impairment varied.
Some studies examined experienced hearing aid users, whereas
participants of other studies included nonusers of hearing aids. In
two studies, CI users participated and monaural versus binaural
implantation (Dwyer et al. 2014) or CI versus hearing aid fitting
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(Noble et al. 2008) was compared. Other studies compared hear-
ing abilities between different age-groups (Hedley-Williams et
al. 1997; Tun et al. 2009; Desjardins & Doherty 2013). Overall,
there was great variety in the tested populations in terms of hear-
ing 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 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 ana-
log 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 simu-
lated 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 com-
pare 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).
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; Hallgren et
al. 2005; Korczak et al. 2005; Hornsby 2013; Picou et al. 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 (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. 2014b;
Picou et al. 2014; Wu et al. 2014), 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
Tables 3 and 5). Of the 42 findings based on subjective assessment
or rating of listening effort, 31 findings resulted from VAS (Table 1,
and SDC Table 1, http://links.Iww.com/EANDH/A335). Such effort
rating scales ranged for example from 0 to 10, indicating conditions
of “no effort” to “very high effort” (Héllgren et al. 2005; Zekveld
et al. 2011). The remaining 11 findings based on subjective assess-
ment 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) cor-
responded to DTP and 7 findings resulted from reaction time mea-
sures. The 16 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 (Hick & 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 or a randomized controlled design
were included. A between-group design (normally hearing ver-
sus hearing impaired) was applied in 17 studies (Rakerd et al.
1996; Kramer et al. 1997; Humes et al. 1997; Humes 1999; Hick

& Tharpe 2002; Oates et al. 2002b; Korczak et al. 2005; Stelma-
chowicz 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.
2014a, b; 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 physi-
ological measurement methods. In Table 1, and Supplemental
Digital Content Table 1, http://links.Iww.com/EANDH/A335,
first all studies 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 listen-
ing effort. Those studies contributed multiple rows in Table 1,
and Supplemental Digital Content Table 1, http://links.lww.
com/EANDH/A335. Evidence on HP1 was provided by 41 find-
ings 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, Supplemental Digital Content Table 1, http://
links.lww.com/EANDH/A335, and 3, respectively, for detailed
and summarized tabulations of the results described in this
section.

Subjective Measures, Q1 * Six findings (of n = 9 in total)
indicated that self-rated listening effort, for different fixed intel-
ligibility conditions, was higher for hearing-impaired listeners
than for normal-hearing listeners (see Table 3: more effort). 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 hear-
ing-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 lis-
teners concluded that hearing impairment does not affect lis-
tening effort. Those three findings resulted from VAS ratings.
None of the tests with subjective measures indicated less listen-
ing effort due to a hearing loss.

Behavioral Measures, Q1 ¢ Ten findings (of n = 17 in total)
indicated higher levels of listening effort for groups with hear-
ing impairment compared with groups with normal hearing (see
Table 3: more effort). Findings from DTPs were mainly (n = 6 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 simulations of hearing
impairment on normal-hearing listeners. The remaining seven
findings (all related to DTP) did not demonstrate significant dif-
ferences 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 (see Table 3: more effort). The applied methods
varied between measures of EEG (n = 9 findings), pupil dila-
tion (n = 2 findings), diurnal cortisol levels (n =1 finding), and
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TABLE 6. GRADE evidence profile for findings on Q2
GRADE Evidence Profile: Q2: Does Hearing Aid Amplification Reduce Listening Effort?
Summary of Findings
Effect (Sign
Quality Assessment No of Participants  Test)
HP,:
No of Studies Study Publication Hearing Normal LE:HA<
(Design) Limitations  Inconsistency Indirectness Imprecision Bias Impaired Hearing none Quality Importance
Subjective assessment by visual analog scales (1-10)
16 (RCT) Not serious™®  Serious®61° Serious’ Serious® Undetected 419 127 p,=0.50 Verylow Important
Subjective assessment by the speech, spatial, and qualities of hearing scale
3 (RCT) Not serious'? Serious™ Serious?® Serious® Undetected 638 21 p,=0.64 Verylow Important
1(0S) Not serious*
Behavioral assessment by dual-task paradigms
10 (RCT) Not serious®  Serious®6° Serious’ Serious® Undetected 184 108 p,=0.41 Verylow Important
Behavioral assessment by reaction time measures
3 (RCT) Not serious™® Serious’® Serious’ Serious® Undetected 52 30 p,=0.06 Verylow Important

Possible levels of quality criteria: not serious, serious, very serious, and undetected; possible range of quality of evidence: high, moderate, low, or very low. Randomized controlled trials (RTC)
and nonrandomized observational studies (OS) with corresponding limitations factors: 1) 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) failure to develop and apply appropriate eligibility criteria (inclusion of control population), flawed measurement
of both exposure and outcome (differences in measured exposure), failure to adequately control confounding (adjust analysis) and incomplete or inadequately short follow-up (follow all groups
for same amount of time); 5) Differences in target stimulus: single sentences, sentence passages, words or consonants; 6) Differences in masker types: speech shaped noise, 1-talker babble,
6-talker babble, cafeteria noise, church environment or stationary noise; 7) Differences between populations: young normal-hearing vs. elderly hearing-impaired participants or experienced
hearing-aid users vs. hearing-impaired listeners without hearing-aid experience; 8) Power sufficiency rarely provided; 9) Differences in comparators to the intervention: normal-hearing, senso-
rineural hearing-impaired or simulated, conductive hearing-impairment, unilateral vs. bilateral hearing-aid use, unilateral Cl use vs. bilateral Cl use or post-or pre-Cl fitting; 10) Differences of

test environment: daily life vs. multi-talker babble or cafeteria noise.

HA, hearing aid; GRADE, Grading of Recommendations Assessment, Development and Evaluation; RCT, randomized controlled trial.

fMRI (n = 1 finding). Nine findings resulted from comparing
normal-hearing and hearing-impaired listeners and six find-
ings from simulations of hearing impairment. The two remain-
ing 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 4. 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 (RCTs). For each mea-
surement type, all findings across studies were evaluated with

99 s

respect to the quality criteria (“limitations,” “inconsistency,”
“indirectness,” “imprecision,” and “publication bias”). Each
row in Table 4, 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,”
“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 of five outcomes on Q1.
The quality criteria “publication bias” was “undetected” for all
five measurement types, as we did not detect selective publica-
tion of studies in terms of study design, study size, or lag bias.

Quality of Evidence for Subjective Measures, Q1 * Subjec-
tive assessment of listening effort, assessed by VAS ratings, pro-
vided the first row within the evidence profile in Table 4, based
on seven RCTs. We found the quality criterion “study limita-
tions” (Table 4) “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 were 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 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
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on VAS ratings for Q1 in Table 1, and SDC Table 1, http://links.
Ilww.com/EANDH/A335, and we applied a binomial test (Sign
test), which resulted in a p value of 0.25. This indicated that
HP1 could not be rejected, and therefore we did not find evi-
dence across studies that listener’s effort assessed by VAS scales
show higher listening effort ratings for hearing-impaired listen-
ers compared with 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 (Table 4). 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” (miss-
ing information on power analysis and sufficiency of study par-
ticipants) 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 with normal-
hearing listeners (Sign test: p = 0.61). The second behavioral
measurement type was reaction time assessment. Only one ran-
domized controlled study used this measurement type. “Study
limitations” (lack of blinding and incomplete accounting of
patients and outcome events), “inconsistency” and “indirect-
ness” were “not serious.” However, we found serious “impre-
cision,” 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 reac-
tion time measures. Thus, it was not possible to answer Q1 for
reaction time.

Quality of Evidence for Physiological Measures, Q1 ¢ Two
types of physiological measures were identified for studies
addressing Q1 (Table 4). The first was pupillometry. Two RCTs
using pupillometry were found. We rated “not serious limitations”
as no lack of allocation concealment, no selective outcome report-
ing, and no early stop for benefit was found. Both studies lacked
information on blinding but only one showed incomplete account-
ing of patients and outcome events. We identified “serious incon-
sistency” (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 SDC
Table 1, http:/links.lww.com/EANDH/A335, 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 limita-
tions™ 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 report-
ing 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 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 5 as well as Supplemental Digital Content
Table 1, http://links.lww.com/EANDH/A335 for detailed and
summarized tabulations of the results described in this section.
Subjective Measures, Q2 * Reduced listening effort associ-
ated 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 stim-
uli (n = 4 findings), aided versus unaided listening (n = 4 find-
ings), and active versus inactive signal-processing algorithms
(n =1 finding).

We identified 13 findings indicating no effect of hearing aid
amplification on listening effort based on comparing differ-
ent 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 listen-
ing effort with hearing aid amplification when active versus
inactive signal-processing algorithms (n = 2 findings) or pro-
cessed versus unprocessed stimuli (n = 1 finding) were tested.

In sum, evidence from subjective assessment on Q2 was based
on 33 findings in total. Seventeen findings indicated reduced lis-
tening effort, 13 findings equal effort, and 3 findings increased
listening effort associated with hearing aid amplification.
Behavioral Measures, Q2 ¢ Fourteen findings indicated
reduced listening effort with hearing aid amplification: aided
versus unaided listening (n = 4 findings), active versus inac-
tive signal-processing algorithms (n = 5 findings), and unpro-
cessed 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, indi-
cated that hearing aid amplification does not affect listening
effort. Those findings resulted when unprocessed versus pro-
cessed stimuli (n = 3) or active versus inactive signal-process-
ing 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 com-
paring 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.
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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 listen-
ing 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 reac-
tion time measures from behavioral assessment (Table 6). We
judged that evidence based on a single physiological finding pro-
vides too little information to create a separate row in Table 6.

EEINT

The quality criteria (“limitations,” “inconsistency,” “indirect-
ness,” “imprecision,” and “publication bias”) were checked for
restrictions and rated accordingly (“undetected,” “not serious,”
“serious,” or “very serious”) across the studies on each measure-
ment type, as done for Q1. The quality of evidence for each mea-
surement type was then judged across all quality criteria.
Quality of Evidence for Subjective Measures, Q2 + We identi-
fied 2 measurement types, including 16 studies using VAS ratings
and four studies that applied SSQ (Table 6). We judged the qual-
ity of evidence from VAS as very low, based on “serious incon-
sistency,” “serious indirectness,” and “serious imprecision.” We
found a lack of experimental blinding and incomplete account-
ing 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 seri-
ous.” 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 hear-
ing aid users, different degrees of hearing impairment). Finally,
only 6 (out of n = 16 in total) of the studies provided sufficient
power, which caused “serious imprecision.” We counted the “+,”
“="and “—" signs in Table 1, and SDC Table 1, http:/links.lww.
com/EANDH/A335, for subjective findings for VAS on Q2 and
applied the Sign test, which revealed a p value of 0.50, meaning
that evidence from VAS across studies did not show higher lis-
tening effort ratings for hearing aid amplification compared with
unaided listening.

The second measurement type on subjective assessment
resulted from SSQ data. We found RCTs (Table 6) in three
studies. One study (Dwyer et al. 2014) was an observational
study where different groups of participants rated their daily
life experience with hearing impairment, CI, or hearing aid fit-
ting. As everyday scenarios were rated, randomization was not
applicable for this study. We judged the study limitations for
observational studies (development and application of eligi-
bility 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 qual-
ity criteria “limitations” for the observational study using SSQ
was rated as “not seriously” restricted as we could not iden-
tify any limitations. Quality of evidence was very low, as the
quality criteria across studies, were similar to VAS, barely ful-

filled (“serious inconsistency,” “ serious

EEINT3

serious indirectness,

imprecision”). Based on the Sign test (p = 0.64), we did not
find evidence across studies from SSQ showing higher listen-
ing effort ratings for aided versus unaided listening conditions.
Quality of Evidence for Behavioral Measures, Q2 « Two
behavioral measurement types included evidence from the appli-
cation of DTPs (n = 10 studies) and reaction time measures
(n=3 studies, Table 6). For DTPs, the quality criteria across stud-
ies showed “not serious limitations” (no lack of allocation con-
cealment, no selective outcome reporting or early stop for benefit,
but lack of experimental blinding and lack of description of treat-
ment of missing data), “serious inconsistency” (no consistent
stimulus, test setups, and hearing aid settings), “serious indirect-
ness” (young normal-hearing versus elderly hearing-impaired;
experienced versus inexperienced hearing aid users), and “seri-
ous 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 qual-
ity criteria across studies as described for the DTP measures.
The results from the Sign test (p = 0.06), on findings from reac-
tion time measures across studies, did not indicate that aided
listeners show lower listening effort than unaided listeners.

DISCUSSION

The aim of this systematic literature review was to provide
an overview of available evidence on Q1) Does hearing impair-
ment affect listening effort? and Q2) Does hearing aid amplifi-
cation 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 com-
pared 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 11 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 sub-
jective ratings were sometimes applied as an additional test to
behavioral (Feuerstein 1992; Bentler & Duve 2000; Desjardins
& Doherty 2014) or physiological measures of listening effort
(Hick & Tharpe 2002; Zekveld et al. 2011), in studies with vary-
ing research questions and test modalities. The variety of subjec-
tive scales illustrates how immature the methods for subjective
assessment of listening effort still are. Comparing subjective
findings across studies requires greater agreement in terminol-
ogy, standardized methods, and comparable scales.

Evidence and Quality of Evidence From Behavioral Mea-
sures ¢ Evidence from DTPs and reaction time measures did not
support our first hypothesis (HP1; higher listening effort scores
for hearing-impaired listeners compared with normal-hearing
listeners). The barely fulfilled GRADE quality criteria on DTP
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are caused by the great diversity of test setups across DTPs. The
primary tasks typically applied sentence or word recall, and var-
ied 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 lis-
tening effort, aiming for the most applicable and realistic method
and better understanding of the concept of listening effort. How-
ever, 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 (Stelma-
chowicz et al. 2007), the effect of age (Stelmachowicz et al. 2007;
Tun et al. 2009; Desjardins & Doherty 2013), cognition (Neher
et al. 2014b), or different types of stimuli (Feuerstein 1992; Des-
jardins & Doherty 2013). Evidence on reaction time measures
resulted from just one study and showed better quality accord-
ing to the GRADE criteria compared with 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 Mea-
sures * EEG measures indicated that certain brain areas, rep-
resenting 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 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 percep-
tion for listeners with impaired hearing compared with 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 4) 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 con-
sistent and we found evidence of moderate quality (reaction
time and EEQG), 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 mea-
sure. 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 Mea-
sures ¢« We identified twice as many findings from subjective
assessment for Q2 compared with 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 stud-
ies. 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 Mea-
sures  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 Mea-
sures * 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 lis-
tening 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 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 influ-
ence subjective ratings of perceived listening effort and what
motivates listeners to stay engaged versus giving up on perfor-
mance. This kind of information would support more clear inter-
pretations of outcomes of self-ratings of listening effort.
Limitations of the Body of the Search ¢ This review illus-
trates the great diversity in terms of methodology to assess lis-
tening effort between different studies, which makes a direct
comparison of the data problematic. Furthermore, the compara-
bility of those findings is questionable as the different measure-
ment 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 et al. (2011) failed to
show a relation between a subjective and a physiological mea-
sure (the pupil dilation response). We recommend that interpre-
tation differences need to be resolved, by determining which
measurement types reflect which elements of cognitive process-
ing 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
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search could be one limitation of the outcome of this systematic
review. Studies were only included when the wording “listen-
ing 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 rel-
evant studies which were not included, for example focusing on
the effect of adverse listening conditions on alpha oscillations
(which are often interpreted as a measure for attention or mem-
ory 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 cur-
rent lack of definition of what is and is not “listening effort.”

Only 2 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 that
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 evi-
dence 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 differ-
ent 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, and unilateral and bilateral CI usage.
This does not mean that applied measurement methods within
each individual study were flawed. However, “serious inconsis-
tency and indirectness” within GRADE does indicate that differ-
ent test methods across studies may influence the reliability of
the results as the tasks and the tested populations, used to evoke
those results, differ. Nonrandomized observational studies were
not considered flawed as compared with randomized control trial
studies as GRADE accounts for the design of the assessed stud-
ies and different subcriteria are applied to evaluate the criterion
called “study limitations” (Table 6). Within this review findings
from only one nonrandomized 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 par-
ticipants 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? Among 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 measure-
ment method provided statistical significant evidence indicating
differences in listening effort between normal-hearing and hear-
ing-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 identi-
fied. Only physiological studies generated moderately reliable
evidence, indicating that hearing impairment increases listening
effort, among the subjective, behavioral, and physiological studies
included in this review. It seems fair to say that research on listen-
ing effort is still at an early stage.

FUTURE DIRECTIONS

More research is needed to identify the components of lis-
tening 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 dis-
tinct components of listening effort, as well as clear definitions
of different aspects of cognitive processing, to understand cur-
rent findings and to apply further research resources efficiently.
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