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Abstract

Disturbing factors like reverberation or ambient noise can impair speech recognition and raise the listening effort needed for

successful communication in daily life. Situations with high listening effort are thought to result in increased stress for the

listener. The aim of this study was to explore possible measures to determine listening effort in situations with varying

background noise and reverberation. For this purpose, subjective ratings of listening effort, speech recognition, and stress

level, together with the electrodermal activity as a measure of the autonomic stress reaction, were investigated. It was

expected that the electrodermal activity would show different stress levels in different acoustic situations and might serve

as an alternative to subjective ratings. Ten young normal-hearing and 17 elderly hearing-impaired subjects listened to sen-

tences from the Oldenburg sentence test either with stationary background noise or with reverberation. Four listening

situations were generated, an easy and a hard one for each of the two disturbing factors, which were related to each other by

the Speech Transmission Index. The easy situation resulted in 100% and the hard situation resulted in 30 to 80% speech

recognition. The results of the subjective ratings showed significant differences between the easy and the hard listening

situations in both subject groups. Two methods of analyzing the electrodermal activity values revealed similar, but nonsigni-

ficant trends. Significant correlations between subjective ratings and physiological electrodermal activity data were observed

for normal-hearing subjects in the noise situation.
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Introduction

A number of studies have addressed the effort required
for hearing-impaired listeners to understand speech in
adverse conditions (see, e.g., Downs, 1982; Feuerstein,
1992; Hicks & Tharpe, 2002; Nachtegaal et al., 2009;
Picou, Ricketts, & Hornsby, 2013), but an exact defin-
ition of the term listening effort is still missing in the field
of audiological research. McGarrigle et al. (2014) con-
cluded that listening effort is often regarded as ‘‘the
attention and cognitive resources required to understand
speech’’ (Fraser, Gagné, Alepins, & Dubois, 2010;
Gosselin & Gagné, 2011; Hicks & Tharpe, 2002; Picou,
Ricketts, & Hornsby, 2011), but broadened this view
beyond speech understanding to ‘‘the mental exertion
required to attend to, and understand, an auditory mes-
sage.’’ Due to the uncertainty about an exact definition,
in the present study, listening effort shall be

operationally defined as the mental exertion that is
required to perform a speech test in an acoustical
situation.

Several studies have shown that listening effort
decreases in situations with increasing speech recogni-
tion, for example, due to less background noise or less
reverberation (Mackersie, PacPhee, & Heldt, 2015;
Picou, Gordon, & Ricketts, 2016; Rennies, Schepker,
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Holube, & Kollmeier, 2014; Sato, Sato, & Morimoto,
2007; Schepker, Haeder, Rennies, & Holube, in press;
Zekveld, Kramer, & Festen, 2011). One advantage of
measuring the listening effort might be to capture those
situations in which speech intelligibility scores of 100%
are already reached, but listening effort is still decreasing
(Rennies et al., 2014; Schepker et al., in press).
Therefore, listening effort might be an additional char-
acteristic measure for hearing in surroundings that have
acoustical disturbances of the target information. The
measurement of listening effort might provide more
detailed information about hearing losses (Mackersie &
Cones, 2011) and hence help to distinguish differences
in hearing aid performance (e.g., Luts et al., 2010).
There has been much research in recent years to find
reliable measurement procedures for listening effort,
using subjective and objective approaches (see Klink,
Schulte, & Meis, 2012a, 2012b; McGarrigle et al.,
2014). Subjective approaches include judgments or state-
ments of subjects, such as rating scales or questionnaires.
Objective approaches include physiological measures or
performance-based cognitive or perceptual measures.

Subjective measurements have been used to evaluate
the effects of signal-to-noise ratio (SNR; e.g., Larsby,
Hällgren, Lyxell, & Arlinger, 2005; Rennies et al.,
2014; Zekveld et al., 2011) and reverberation (Rennies
et al., 2014; Sato et al., 2007; Schepker et al., in press) on
listening effort. A relationship showing increasing listen-
ing effort with decreasing Speech Transmission Index
(STI; Houtgast & Steeneken, 1985) was established by
Rennies et al. (2014) using a subjective scaling method.
In that study, variations of noise and reverberation were
used to generate different STIs. In subjective measure-
ments, Larsby et al. (2005) determined that hearing-
impaired listeners struggle more in speech recognition
tasks when compared with normal-hearing listeners
and that they require a higher listening effort, measured
using subjective ratings and reaction times, for compar-
able performance in speech recognition. In recent years,
measuring physiological parameters to determine listen-
ing effort has become increasingly popular (Koelewijn,
Zekveld, Festen, & Kramer, 2012; Mackersie & Cones,
2011; Ortmann et al., 2015; Mackersie et al., 2015;
Zekveld, Kramer, & Festen, 2010; Zekveld et al., 2011).

Situations with high listening effort may also induce
increased stress in the listener (Mackersie & Cones,
2011). When exposed to stress, the human body reacts
via the autonomic nervous system with alterations in
many physiological parameters (Mackersie et al., 2015).
One physiological parameter that is responsive to pro-
cesses such as mental activity or the influence of stress
inducers is the electrodermal activity (EDA), which
describes the electrical conductance and changes of
potential of the skin (Schandry, 1989). The EDA, also
termed skin conductance, is influenced by the

innervation of eccrine sweat glands, which are stimulated
sympathetically, and not at all parasympathetically
(Critchley, 2002). The sympathetic nervous system is
that part of the nervous system that mediates perfor-
mance-enhancing signals in the body (Goldstein &
Kopin, 2007). Therefore, the EDA is a good indicator
for the sympathetic reaction or the inner tension of a sub-
ject (Bruns & Praun, 2002). Even small stress inducers,
for example, mental load or emotional arousal, lead to
an increased EDA (Bruns & Praun, 2002). The more
pronounced the sympathetical activity, the higher
the EDA level and the frequency of the spontaneous
fluctuations that can be seen as sequences of peaks in a
recording of the EDA (Bruns & Praun, 2002; Schandry,
1989). Therefore, it is of interest to see whether changes
in this physiological measure can be used as an indicator
for the effects of variable listening effort on the body.
Among listening situations with variable listening
effort, different levels of the mean EDA were observed
by Mackersie and Cones (2011) and different numbers of
peaks per minute were found by Ortmann et al. (2015).
From these studies, it was concluded that the EDA might
be the most promising physiological measure, beside
pupillometry and reaction time measures, to capture
listening effort. Nevertheless, the EDA might not be dir-
ectly related to the participant’s reactions in subjective
rating tasks. Weak or absent correlations between
physiological and subjective measures were reported for
pupil responses (Koelewijn et al., 2012; Zekveld et al.,
2011) and for skin conductance (Mackersie & Cones,
2011; Mackersie et al., 2015). Therefore, the relation
between the different measures is still unclear.

The aim of the present study was to explore the rela-
tionships between speech recognition, the subjectively
rated listening effort and the physiological EDA measure
in two easy and in two hard listening situations
for young normal-hearing and elderly hearing-impaired
participants. These two groups were included as elderly
hearing-impaired subjects are the target group for listen-
ing effort evaluations and rehabilitation with hearing
technology and young normal-hearing listeners are
regarded as a reference group that might show largest
effects in EDA (Boucsein et al., 2012). In addition, pre-
vious experience with subjectively rated listening
effort was available for both groups. The easy and
hard listening situations differed either by the amount
of supplemental noise or by the induced reverberation.
It was assumed that more difficult listening situations
would result in a higher ‘‘subjective listening effort’’
and that possible differences might be found in the
physiological EDA measure. As signals in reverberation
and signals in noise with similar STI are said to have a
comparable effect on speech recognition, an effort was
made to achieve a similar subjective and objective effect
in both easy and in both hard situations. Based on
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Schepker et al. (in press), an adjustment of SNR and
reverberation implied a similar effect between easy and
hard conditions for normal-hearing and hearing-impaired
listeners. Listeners were invited to provide a free response
after each listening situation to enhance knowledge about
the generated reverberant and noise condition. The
responses might give a hint about the dimensions of the
perceived listening situation and whether the chosen cate-
gories are sufficient to characterize the listening conditions
and the listening effort for the different groups.

Methods

Subjects

Thirteen normal-hearing and 19 hearing-impaired sub-
jects were recruited for the experiment. They were
each invited for two sessions. The first session included
information about the experiment, an interview to obtain
the medical history, measurement of the pure-tone
audiogram and, for the hearing-impaired listeners, a cat-
egorical loudness scaling with the Oldenburg measure-
ment application (Adaptive Categorical Loudness
Scaling [ACALOS]; Brand & Hohmann, 2002) using
the noise of the experiments to adjust the required back-
ground noise level (see later). During the interview, the
skin conductance was recorded to ensure that measure-
ments of the EDA were possible and showed sufficient

fluctuations. The second session included the experiment
described later.

The data of five subjects who participated in both ses-
sions were excluded from the analysis. Three normal-
hearing subjects were excluded due to too many body
movements or for briefly falling asleep during the experi-
ment. Two hearing-impaired subjects were excluded due
to hot flushes and for feeling faint. Thus, the data of
10 normal-hearing subjects (5 male and 5 female) and
17 hearing-impaired subjects (9 male and 8 female) were
analyzed. The ages of the normal-hearing subjects were
19 to 28 (average: 23) years and the hearing-impaired sub-
jects were 52 to 85 (average: 73) years old. Normal hearing
was defined as a hearing threshold of 420dB HL at all
audiometer frequencies in the range from 250 Hz to
8 kHz. The normal-hearing subjects had little to no experi-
ence in audiological experiments. The hearing-impaired
subjects were mostly experienced regular subjects from
the Hörzentrum Oldenburg GmbH and exhibited a
mild-to-moderate hearing loss of 23 to 53dB HL (average
of 0.5, 1, 2, and 4 kHz, PTA4). Their audiograms are
shown in Figure 1. All participants received compensa-
tion (12 Euro/h) for their expenses. The experiment
was approved by the ethics committee (‘‘Kommission
für Forschungsfolgenabschätzung und Ethik’’) of the
Carl von Ossietzky University in Oldenburg, Germany
(Drs. 32/2011). The subjects gave informed consent for
participation in the experiment.

Figure 1. Pure-tone audiograms of the hearing-impaired listeners. The box plots contain the median as a horizontal line, the interquartile

range from the first to the third quartile as a box, whiskers to the minimum and the maximum values within 1.5 times the interquartile

range from the first and the third quartile, and outliers as ‘‘�’’ symbols.
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Stimuli and Test Conditions

Acoustic lists of the Oldenburg Sentence Test (OLSA,
Wagener, Brand, & Kollmeier, 1999), with 30 sentences
per list, were used as speech stimuli. Different listening
situations were created either by mixing the speech sti-
muli with speech-simulating stationary noise (‘‘Olnoise’’,
Wagener et al., 1999) or by convolving them with impulse
responses of real rooms to add reverberation. For both
classes of situations, noise and reverberation, an easy and
a hard hearing conditions were generated. Using the same
four stimuli, Rennies et al. (2014) and Schepker et al. (in
press) showed that a similar ‘‘subjective listening effort’’
rating for normal-hearing and hearing-impaired subjects
could be reached both for SNRs of �6 dB (normal-hear-
ing) and �2 dB (hearing-impaired) as hard conditions, as
well as 6 dB (normal-hearing) and 10 dB SNR (hearing-
impaired) as easy conditions. Therefore, these SNRs were
also chosen in the current study. Appropriate room
impulse responses characterized by their reverberation
time T60 were chosen to provide approximately the
same STI (Schepker et al., in press), that is, approxi-
mately 4 s (normal-hearing) and 2 s (hearing-impaired)
for the hard, and 0.5 s (normal-hearing) and 0.3 s
(hearing-impaired) for the easy condition. The level of
the speech signal was adjusted to a sound pressure level
(SPL) of 55 dB for the normal-hearing subjects. This level
corresponds to 19 CU in the ACALOS procedure, that is,
a rating between soft and medium (Rennies, Holube, &
Verhey, 2013). The level of the speech signal for the hear-
ing-impaired subjects was adjusted to the same individual
subjective loudness, that is, 19 CU, in the ACALOS pro-
cedure. For the latter group, this resulted in an average
presentation level of 69 dB SPL (STD 4.7 dB).

Measurement Procedure

To minimize any disturbing muscle activity due to body
movements, the participants were placed in a relaxed
position on a couch in a sound-isolated test booth.
Using headphones (Sennheiser HD650), the signals
were presented diotically. The experiment started with
a relaxation phase of about 10min, followed by a train-
ing session using two lists of the OLSA. Then, the first of
the four randomly presented test conditions started after
a recovery phase of about 5min. Within each test con-
dition, one test list of the OLSA including 30 sentences
was presented. The subjects repeated after each sentence
presentation the words they recognized. A speech recog-
nition score was calculated from the correctly
repeated words for every condition. After each list, the
participants were interviewed and asked to subjectively
rate their impression on several scales. Subsequently, the
next test condition started with another recovery phase
of about 5min followed by the next test list.

The EDA was measured via electrodes using a low,
constant current on the middle phalanx of the index
finger and the middle finger of the nondominant hand.
During the whole sequence of the experiment, including
test and recovery phases, the EDA was recorded as �S
with a sampling rate of 32 samples/s by means of a
Nexus-10 MKII (Mind Media BV). At the same time,
blood volume pulse, electromyography, and respiration
were recorded using the same measurement apparatus.
The latter data are not reported here.

During the interview, the subjects were asked to
rate their ‘‘subjective listening effort’’, ‘‘subjective
speech recognition’’, and ‘‘subjective stress level’’ on pre-
defined scales. In addition, the subjects were asked to
freely describe the conditions in their own words:
‘‘How would you describe the hearing situation in
words?’’ (‘‘Wie würden Sie die Hörsituation in Worten
beschreiben?’’ in German).

‘‘Subjective listening effort’’ was evaluated by asking
‘‘How much effort does it require for you to understand
the speech?’’ (‘‘Wie anstrengend ist es für Sie, die
Sprache zu verstehen?’’ in German) using a categorical
rating scale with seven labeled categories and six inter-
mediate steps (Luts et al., 2010). This scale was selected
to allow for comparisons with Rennies et al. (2014) and
Schepker et al. (in press), who used the same stimuli.
Effort scale categorical units (ESCUs) were assigned to
the categories as numerical entities. The category no
effort (‘‘mühelos’’ in German) corresponded to 1
ESCU, very little effort (‘‘sehr wenig anstrengend’’) to 3
ESCUs, little effort (‘‘wenig anstrengend’’) to 5 ESCUs,
moderate effort (‘‘mittelgradig anstrengend’’) to 7
ESCUs, considerable effort (‘‘deutlich anstrengend’’) to
9 ESCUs, very much effort (‘‘sehr anstrengend’’) to 11
ESCUs, and extreme effort (‘‘extrem anstrengend’’) to
13 ESCUs. The numbers in ESCU were not visible to
the subjects.

‘‘Subjective speech recognition’’ was evaluated by
asking ‘‘How much of the speech do you understand in
this situation?’’ (‘‘Wieviel Sprache verstehen Sie in dieser
Situation?’’ in German) using a categorical rating scale
with seven steps without intermediates. This scale was
selected because it was used in the assessment of every-
day situations by Haverkamp, von Gablenz, Kissner,
Bitzer, & Holube (2015) in the same lab and
might possibly allow for comparisons between results
in and outside the lab. Arbitrary units (a.u.) from 1 to
7 were assigned to the categories as numerical entities.
The categories for ‘‘subjective speech recognition’’ were
‘‘not at all’’ (‘‘gar nicht’’ in German), ‘‘very little’’ (‘‘sehr
wenig’’), ‘‘little’’ (‘‘wenig’’), ‘‘half’’ (‘‘die Hälfte’’),
‘‘much’’ (‘‘viel’’), ‘‘almost everything’’ (‘‘fast alles’’),
and ‘‘everything’’ (‘‘alles’’).

The sensations for ‘‘subjective stress level’’ were deter-
mined by asking ‘‘How stressed had you just been?’’
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(‘‘Wie gestresst sind Sie gerade gewesen?’’ in German).
They were rated on a 5-point scale with levels ‘‘not at
all’’ (‘‘gar nicht’’ in German) at the first level and very
(‘‘sehr’’) at the fifth level.

Analysis

An example of a complete time course of an EDAduring a
whole experiment for one subject is given in Figure 2. The
EDA typically decreased during the recovery phases
between different conditions. At the beginning of each
test list, the EDA typically showed an onset followed by
a subsequent decay but also exhibited several maxima and
minima during the recognition work with the test lists.
Directly after each test list, during the interviews and the
completion of the rating-scales, the EDA showed high
amplitudes and substantial variations that are mainly
due to motor activities of the body during this phase.

To estimate the measurability of the EDA, the
measurement dynamics, that is, the difference between
the highest and the lowest EDA value in �S during
the whole experiment was analyzed for each subject.
Figure 3 shows a broad scatter but a significant differ-
ence (U-test, p¼ .003) between the measurement dynam-
ics for the young normal-hearing subjects and the older
hearing-impaired subjects. No significant difference
between male and female subjects was observed. The dif-
ference between the two subject groups, normal-hearing
and hearing-impaired, underlines the necessity to stand-
ardize the EDA results.

The EDA amplitudes during the recognition activity
with the test lists were compared across the four test con-
ditions in terms of their averaged z-values (Mackersie &
Cones, 2011;Mackersie et al., 2015) and their relative peak
rate (Bruns & Praun, 2002; Ortmann et al., 2015;
Schandry, 1989). For the z-values, the average EDA

amplitude during the last second before the start of each
test list was defined as the baseline for each subject and each
condition(EDAbaseline).This timeperiodwasselectedbecause
it showed the lowest EDA values of the recovery phase in
almost all participants and therefore seemed to be a represen-
tative measure for the status reached at the end of this phase.
This baseline was subtracted from the average EDA ampli-
tude of the following test list EDAcondition such that a relative
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mean amplitude characterized the EDA of a test list of one
subject:

EDArel ¼ EDAcondition � EDAbaseline

These characteristic EDA indicators for each subject
and each test condition were converted to z-values by sub-
tracting the average of all test conditions Mean(EDArel) for
each subject from the indicators and by dividing the result-
ing difference by the respective standard deviation
STD(EDArel) for each subject:

z ¼
EDArel �Mean EDArelð Þ

STD EDArelð Þ

The second measure, the relative peak rate, indicating
the level of sympathetic excitation (Bruns & Praun,
2002), was calculated by counting the peaks of the
EDA within the last 3 minutes of every recovery phase
and within each test phase and dividing it by the dur-
ation of the respective recording periods. The peaks were
counted using a Matlab script for peak detection. Small
variations were disregarded by applying a threshold
which had to be exceeded. The resulting relative peak
rate (�peak rate) of each test condition was given by
the individual difference between the fluctuations/min
during the test phase and the fluctuations/min during
the previous recovery phase.

Statistical analysis was carried out with the software
package SPSS. Shapiro-Wilk tests revealed nonnormal
distributions for most of the data. Therefore, nonpara-
metric tests (Friedman, Wilcoxon, U-test, Spearman’s
rank correlations) were applied, the level of significance
being set to a¼ .05. When several paired comparisons
were conducted, the level of significance was adjusted
using the Bonferroni correction. �2 tests were used to
analyze the free descriptions.

Results

Subjective Ratings

The results of the ‘‘subjective listening effort’’, ‘‘subjective
stress level’’, and ‘‘subjective speech recognition’’ ratings
obtained from the normal-hearing and the hearing-
impaired subjects are shown in Figure 4 for each of the
four conditions. For both subject groups, normal-hearing
and hearing-impaired, all three rated entities—‘‘subjective
listening effort’’, ‘‘subjective stress level’’, and ‘‘subjective
speech recognition’’—showed significant differences
between the conditions (Friedman test p< .001). For
almost all comparisons (see Table 1(a)–(c)), post-hoc
pairwise Wilcoxon tests revealed significant differences

between easy and hard conditions varying either in the
SNR or in the amount of reverberation. The ratings for
the easy noise and the easy reverberation condition were
similar in both subject groups for all three rated entities,
but the two hard conditions were significantly different in
both groups regarding ‘‘subjective listening effort’’ and
‘‘subjective speech recognition’’ (see Table 1(a) and (c)).
The hard reverberation conditions required a higher lis-
tening effort than the hard noise conditions.

The ratings for ‘‘subjective listening effort’’ and ‘‘sub-
jective stress level’’ were compared with those for ‘‘sub-
jective speech recognition’’ (see Figure 5). These
combinations were selected because ‘‘subjective speech
recognition’’ was regarded as the primary experience of
the subjects when performing their task in repeating the
sentences of the speech test lists. Linear regression lines
were separately fitted to the individual values in noise
and in reverberation. The respective Spearman’s rank
correlation coefficients in Table 2 revealed significant
relationships for all comparisons. With increasing ‘‘sub-
jective speech recognition’’, one observes that the ‘‘sub-
jective listening effort’’ and the ‘‘subjective stress level’’
decrease. The relationship between ‘‘subjective speech
recognition’’ and ‘‘subjective listening effort’’ is stronger
than the relationship between ‘‘subjective speech recog-
nition’’ and ‘‘subjective stress level’’.

Measured Speech Recognition

The results of the (objective) ‘‘measured speech recogni-
tion’’ test are shown in Figure 6 for all four conditions,
separately for both subject groups. Speech recognition
scores were at or near 100% in the easy conditions,
whereas median scores of 30 to 80% resulted from the
hard conditions. For both subject groups, scores for the
four conditions were significantly different (Friedman
test: p< .001). Post-hoc pairwise comparisons (Wilcoxon
test with Bonferroni correction, see Table 1(d)) showed sig-
nificant differences between the respective easy and hard
conditions as well as the two hard conditions. Only the
two easy conditions were not significantly different in
either subject group.

The relationship between ‘‘measured speech recogni-
tion’’ and ‘‘subjective speech recognition’’ is shown in
Figure 7. Linear regression lines and rank correlations
are not given for these data because most of the ‘‘mea-
sured speech recognition’’ results are at 100% in the easy
conditions.

EDA

The z-values of the EDA in Figure 8 (left panel) show the
same trend as for the subjective ratings, but the differ-
ences were not significant for the normal-hearing group
(Friedman test, p¼ .073). For hearing-impaired subjects
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(right panel), the same nonsignificant trend was observed
for reverberation only, but not for the noise conditions
(Friedman test, p¼ .153).

Figure 9 shows the relative EDA peak rates for both
groups. For the normal-hearing subjects (left panel), the
peak rates were significantly different (Friedman test,
p¼ .008) in all four test conditions. However, post-hoc
Wilcoxon paired comparison tests with Bonferroni cor-
rection failed to reveal any two conditions that were sig-
nificantly different. For the hearing-impaired subjects, no
significant differences were found between the test con-
ditions (Friedman test, p¼ .957).

Correlation Between EDA and Subjective Ratings

The EDA z-values for all participants were compared
with the ‘‘subjective speech recognition’’, the subjective
listening effort, and the ‘‘subjective stress level’’ (see
Figure 10). A large scatter, with very different EDA
values for the same subjective ratings, can be observed.
For the normal-hearing subjects in the noise condition
(see Table 2), Spearman’s rank correlation revealed a
significant correlation between all three subjective
rating items and the EDA z-value.
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Rating Context—Free Description of Conditions

To investigate the frame of reference that was used by
the subjects for their absolute judgments, free descrip-
tions of the perceived hearing situation were collected
after the speech recognition task in each condition and
classified into categories. One category (recognition and
effort) was related to the items rated earlier (‘‘subjective
speech recognition’’ and ‘‘subjective listening effort’’).
Two additional ones referred to the surroundings in
which the virtual speaker and listener were placed (cat-
egory environment) and to the evaluation of this listening
context (category evaluation).

In the category environment, a distinction was made
between the environments associated with the two types
of stimuli conditions, reverberation and noise conditions.
The associations during the reverberation conditions
referred to the space around the speaker. Typical denom-
inations for the easy reverberation condition were large
or empty rooms, for example, a large floor, church, apart-
ment, lecture room, whereas in the hard reverberant
condition, the space grew larger, for example, very
large room as a church, railway station, cave, tunnel, far

away in a store, or floor. Those associations were impli-
citly related to the differing quality of the transmission
channel (the space between speaker and listener) of the
two reverberant conditions. The associations during
the noise conditions focused on the possible source of
the disturbing noise. Typical examples for the hard
noise condition were construction area, tram, traffic
noise, crowded market, shopping mall, loud train, indus-
trial building and for the ‘‘easy’’ noise condition, for
example, conversation with a neighbor, park with trees,
garden, restaurant, pub, and in a car. Implicitly, different
intensities of disturbing noise were connected to the asso-
ciations for the hard and easy noise conditions. There
was a pronounced difference between the two groups
of subjects concerning explicit associations about the
imagined environment. For all four listening conditions,
on average, 73% of the young normal-hearing subjects
described associations of an imagined environment, com-
pared with only 27% of the elderly hearing-impaired.
These differences between young normal-hearing and
elderly hearing-impaired listeners were statistically sig-
nificant, �2(1)¼ 21.71, p< .001).

The additional category recognition and effort includes
descriptions of the ‘‘subjective speech recognition’’ and
the performance in the listening situation. The descrip-
tions assess the degree of speech recognition as, for exam-
ple, good hearing, not simple, bad understanding, and refer
to the ‘‘subjective listening effort’’. Obviously, the terms

Table 1. Results for the Pairwise Comparison with the Wilcoxon

Test.

Easy

Rev.

Hard

Rev.

Easy

Noise

Hard

Noise

a Subjective listening effort

Easy rev. 0.005* 0.349

Hard rev. 0.000** 0.002**

Easy noise 0.034 0.000**

Hard noise 0.010* 0.005*

b Subjective stress level

Easy rev. 0.004* 0.317

Hard rev. 0.004* 0.070

Easy noise 0.480 0.023

Hard noise 0.480 0.011*

c Subjective speech recognition

Easy rev. 0.000** 0.180

Hard rev. 0.004* 0.001**

Easy noise 0.317 0.000**

Hard noise 0.006* 0.005*

d Measured speech recognition

Easy rev. 0.000** 0.187

Hard rev. 0.005* 0.000**

Easy noise 0.334 0.000**

Hard noise 0.005** 0.005**

Note. rev.¼ reverberation. In each of the four panels, the p values for the

normal-hearing subjects are given in the lower left triangle and for the

hearing-impaired subjects in the upper right triangle. Level of significance

with Bonferroni correction for four paired comparisons: *Significant

(a¼ .0125), **highly significant (a¼ .0025).

Figure 5. Subjective listening effort versus subjective speech rec-

ognition (top) and subjective stress level versus subjective speech

recognition (bottom) for normal-hearing subjects (left) and hear-

ing-impaired subjects (right). The averages and standard deviations

for each condition are highlighted in darker colors and larger sym-

bols. The regression lines were separately fitted to the individual

data for reverberation and noise.
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Table 2. Spearman’s Rank Correlation Coefficients and Levels of Significance for Subjective Rating Scales and

EDA Values.

Normal-hearing subjects Hearing-impaired subjects

Rev. Noise Rev. Noise

Subjective listening effort vs.

subjective speech recognition

r¼�.80*

p< .001

r¼�.87*

p< .001

r¼�.88*

p< .001

r¼�.81*

p< .001

Subjective stress level vs.

subjective speech recognition

r¼�.65*

p¼ .002

r¼�.65*

p¼ .002

r¼�.61*

p< .001

r¼�.38*

p¼ .025

EDA z-values vs.

subjective speech recognition

r¼�.32

p¼ .163

r¼�.73*

p< .001

r¼�.45*

p¼ .008

r¼ .13

p¼ .475

EDA z-values vs.

subjective listening effort

r¼ .30

p¼ .195

r¼ .52*

p¼ .019

r¼ .31

p¼ .077

r¼�.04

p¼ .840

EDA z-values vs.

subjective stress level

r¼ .35

p¼ .133

r¼ .50*

p¼ .025

r¼ .15

p¼ .400

r¼�.07

p¼ .700

Note. EDA¼ electrodermal activity. rev.¼ reverberation.

*Significant (a¼ .05).
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used were triggered by the items that were previously
rated. On average, 25% of the normal-hearing subjects
commented on the perceived recognition and effort com-
pared with more than 71% of the hearing-impaired sub-
jects who associated the easy condition with, for example,
good hearing, intelligible, clearly audible, with success and
the hard condition with expressions such as unintelligible,
mumble, not simple, bad understanding. Obviously the
hearing-impaired subjects focused significantly more on
their speech recognition and performance than did the
normal-hearing subjects, �2(1)¼ 21.05, p< .001.

The category evaluation includes evaluated items such as
unpleasant, creepy, disgusting, lousy situation, comfortable
and reflects an affective assessment of the condition experi-
enced. Only 23% of the normal-hearing listeners and 59%
of the hearing-impaired subjects expressed their evaluation
of the listening situation, �2(1)¼ 13.41, p< .001.

Discussion

The following important aspects are discussed: The sub-
jective ratings as psychological measures of different
aspects of the listening condition, the EDA as a physio-
logical measure, the experimental listening conditions
together with the choice of stimuli, the free descriptions
in which the contexts of the ratings in the listening con-
dition are addressed, and the correlation between the
psychological and physiological measures.

Subjective Ratings

The ratings of ‘‘subjective speech recognition’’, ‘‘subject-
ive listening effort’’, and ‘‘subjective stress level’’ mirrored
the ‘‘measured speech recognition’’ scores in the listening
conditions. The ratings for the two easy conditions, in
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Figure 9. Results of relative peak rate of the EDA for normal-hearing subjects (left) and hearing-impaired subjects (right) in the easy and
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noise and in reverberation, were not significantly different,
but significant differences were observed between
the ratings of the two hard conditions. The main objective
for applying subjective ratings was to distinguish the
effects in listening effort or stress between the easy
andhard conditionwithin one factor, either noise or rever-
beration. All three subjective ratings distinguished
very well between the easy and the hard test conditions
for both subject groups. Nevertheless, the differences

between the easy and hard test conditions were less pro-
nounced in the noise conditions than in the reverberation
conditions. In addition, the difference in the reverberation
conditions is smaller for the older hearing-impaired sub-
jects compared with the younger normal-hearing
subjects. This might be related to the small differences in
‘‘measured speech recognition’’ for both subject groups.
Another explanatory approach might be the longer lasting
listening experience of the older hearing-impaired subjects
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compared with the young normal-hearing subjects under
adverse conditions, especially in hard noise conditions,
which might result in lower ratings of listening effort and
stress (see, e.g., Larsby et al., 2005; Schepker et al., 2016).

One advantage of the ratings of ‘‘subjective listening
effort’’ and ‘‘subjective speech recognition’’ compared
with the ‘‘measured speech recognition’’ is the variability
of the subjective ratings for the easy condition in contrast to
the ceiling effects observed in the ‘‘measured speech recog-
nition’’. Thus, the subjective ratings can differentiate
between conditions even when speech recognition is at
100%. On the other hand, ‘‘subjective listening effort’’
and ‘‘subjective speech recognition’’ are highly correlated.
Hence, the participants in this study did not distinguish
between the amount of speech they could repeat correctly
and ‘‘the attention and cognitive resources required to
understand speech’’ (Hicks & Tharpe, 2002).
Nevertheless, ‘‘subjective speech recognition’’ was more
often rated at 7 a.u. (everything) than ‘‘subjective listening
effort’’ was rated at 1 ESCU (no effort). Therefore, the scale
for listening effort seems also tobe advantageous compared
with the scale for ‘‘subjective speechrecognition’’ in the easy
conditions with speech recognition scores of about 100%.

The ratings of ‘‘subjective stress level’’ on the other
hand indicate that the subjects did not experience much
stress. Even in the hard listening conditions, stress rat-
ings were hardly in the upper half of the scale. Especially,
the hearing-impaired listeners rated the stress level often
as 1 a.u. (not at all). This observation is in agreement
with anecdotal statements of the participants in the
experiment and might be related to their familiarity
with lab experiments.

EDA

The experimental situation activated neural information
processing,which resulted inmotor reactions of the speech
production system as responses in the test. In addition, the
low acoustic energy was also capable of triggering more
complex physiological reactions, one of which was the
variation of the monitored EDA. In contrast to the ‘‘mea-
sured speech recognition’’ and the subjective ratings, both
methods of analyzing the EDA show a large scatter of the
results as well as small or absent (nonsignificant) differ-
ences between the four test conditions for both subject
groups. Even though the test conditions were selected to
manifest very different ‘‘subjective listening effort’’, differ-
ences in the EDA were difficult to demonstrate. In both
methods, z-value and �peak rate, the first exhibited more
pronounced differences between the easy and hard condi-
tions for the normal-hearing subjects in noise and in rever-
beration as well as for the hearing-impaired subjects in
reverberation, even though they were not significant. The
z-value seems to capture at least a trend for stronger bodily
reactions in the hard compared to the easy conditions.

z-values as a measure for the EDA were also used by
Mackersie and Cones (2011) and Mackersie et al. (2015).
Mackersie and Cones found significantly different
z-values of the EDA for listening situations with differing
difficulty but similar recognition scores. They interpreted
the changes in EDA z-value as stress reactivity due
to focused listening. In contrast, Mackersie et al. did not
observe significantly different z-values of the EDA for
conditions with varying SNR. However, the skin conduct-
ance of hearing-impaired listeners in the noisy conditions
was significantly higher than in the quiet condition.
Although z-values of the skin conductance were used by
Mackersie and Cones and Mackersie et al., as well as in
this study, the experiments differed with respect to the
speech material used, disturbing factors, and durations
for the recovery period as well as the calculation proced-
ure of the z-values, which thus hinder direct comparisons.

The smaller differences in the z-value between the easy
and hard noise condition in the hearing-impaired subjects
compared with the normal-hearing subjects in this study
might be related to the smaller differences in ‘‘measured
speech recognition’’ and ‘‘subjective listening effort’’ as
well as the lower stress experienced by the hearing-
impaired subjects. Another reason might be the older
age of the hearing-impaired subjects, which is frequently
accompanied by skin alterations and therefore possible
problems in recording the EDA. A potential general dif-
ference in the EDA recordings for the two subject groups
of different ages is also supported by the significantly dif-
ferent measurement dynamic shown in Figure 3. That
may be caused by differing habituation to hearing impair-
ment and additional covariates, such as age and experi-
ence, with psychoacoustic test situations. Long
habituation to situations and abilities and much experi-
ence with experimental conditions are suitable factors to
reduce stress reactions.

Experimental Listening Conditions

The listening conditions were selected based on Rennies
et al. (2014) and Schepker et al. (2016) to be able to
present an easy noise condition with a low ‘‘subjective
listening effort’’ rating of about 1–4 ESCU and a speech
recognition score of 100%, and a hard noise condition
with a high ‘‘subjective listening effort’’ rating of about
7–12 ESCU and a speech recognition score of about 85%.
Based on the frequency-independent reverberation time
T60, the two reverberant conditions possessed the same
STI as the noise conditions. Although Rennies et al. and
Schepker et al. showed that this STI calculation should be
modified to take the frequency-dependent modulation
transfer function, the hearing loss of the listeners, and
the presentation level into account, the simplified STI
was kept for this experiment to be able to select the
same conditions as in the previous studies.

12 Trends in Hearing



When comparing the scores for ‘‘measured speech rec-
ognition’’ in the hard condition to the previous results
of Rennies et al. (2014) for normal-hearing subjects and
Schepker et al. (2016) for hearing-impaired subjects, simi-
lar results were observed for the hearing-impaired subjects
but not for the normal-hearing subjects. The normal-hear-
ing subjects in Rennies et al. (2014) were less affected by
reverberation than by noise for the same STI, as shown by
higher recognition scores in the reverberant condition. By
contrast, the hearing-impaired subjects of Schepker et al.
(2016) achieved higher speech recognition scores in noise
than in reverberation for the same STI. The normal-hear-
ing subjects in the present experiments also scored lower
in the reverberant condition than in the noise condition.
These observations are limited to the hard conditions,
because speech recognition scores were at the ceiling
(100%) in the easy condition. As the age and the hearing
thresholds of the normal-hearing subjects in this experi-
ment were similar to those of Rennies et al. (2014), the
only explanation for the difference is the different listening
experience of the two subject groups. The normal-hearing
subjects in the present experiments had little or no experi-
ence with this kind of listening test, in particular, the
OLSA. The normal-hearing subjects in Rennies et al.
(2014) had, on average, more and in some cases extensive
experience with the test. Although all listeners in the pre-
sent experiments were trained with two lists of the OLSA,
the different amount of experience, in combination with
the closed test material in the matrix test as discussed in
Rennies et al. (2014), could influence the outcome in
‘‘measured speech recognition’’.

Rating Context—Free Description of Conditions

The ratings of ‘‘subjective speech recognition’’, ‘‘subject-
ive listening effort’’, and ‘‘subjective stress level’’ were
made using category scales and hence, by nature, they
are absolute judgments. Since the introduction of this
class of judgments into psychophysics by Wever and
Zener (1928), it has been acknowledged that these abso-
lute judgments are in fact relative judgments with respect
to a frame of reference or context. To explore the frame
of reference that was built up by the subjects in their
experimental situation, an open question was used
during the interview at the end of the rating procedure
to qualify the specific condition in words. The answers
were distributed over three categories: environment, rec-
ognition and effort, and evaluation.

Among the expressions of the category environment,
there was a distinction between the environments asso-
ciated with the four different conditions. Here, the sub-
jects’ perception of the virtual environment was well in
line with what could be expected in a real environment.
In those environments, the disturbing effects are attrib-
uted to the properties of the speaker’s voice.

For many normal-hearing subjects (73%), it was
rather important to use the acoustic information they
perceived via headphones for orientation purposes.
Their expressions were related to visualized places, cat-
egory environment. A successful orientation process
might lower the stress that a person encounters when
acoustically faced with an initially not identifiable envir-
onmental situation. Only 27% of the hearing-impaired
subjects described imagined situations, which shows that
this orienting action was of less importance for them
during the experimental procedure.

The importance of the category recognition and effort
and evaluation also varied between the groups of subjects
but differed from the category environment. The majority
of the hearing-impaired subjects used expressions for the
perceived recognition and effort (71%) and evaluation
(59%). Obviously, the speech recognition task and the
related performance were of greater importance for the
hearing-impaired subjects than for the normal-hearing
ones. The comments concerning performance during
the speech recognition task were partially accompanied
by evaluations of the situation. Thus, high performance
might suggest a positive evaluation and vice versa, as
subjects for whom the performance is important are
likely to comment on it by appropriate evaluations.

Comparing both groups of subjects, apart from the
hearing ability, there are two additional covariates: age
and experience in listening tests. The young normal-hear-
ing subjects in this experiment only had little or no
experience with these kinds of listening tests and espe-
cially with the OLSA. The missing experience of these
subjects may generate higher stress, at least in the hard
test conditions, which they may attempt to lower by ori-
enting to a known hearing surrounding, as was named
by 73% of the young normal-hearing subjects. The
(for normal-hearing listeners) unusually poor speech rec-
ognition may also contribute to enhanced stress reac-
tions. In contrast, however, the older hearing-impaired
subjects were faced with a known experimental situation
together with more expectedly poor speech recognition,
which might reduce the likelihood of strong stress reac-
tions. These findings correlate with the less pronounced
differences in the subjective ratings and the smaller dif-
ferences in the EDA.

Correlation Between Subjective Ratings and EDA

The differences between the easy and the hard conditions
in the subjective ratings are, on the whole, also visible
in the EDA results, albeit in a less pronounced (as less
reliable) manner. In general, the normal-hearing subjects
experienced larger effects than the hearing-impaired
subjects in the EDA results as well as in the subjective
ratings. However, Figure 10 shows a large scatter of
the z-values for the same subjective scaling results and
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hence no clear relationship between the measures, as is
also demonstrated by the small correlation coefficients.
The correlation analysis between the EDA and the sub-
jective ratings only revealed significant correlations for
all three subjective ratings and the EDA z-values for
the normal-hearing subjects in the noise condition.
For the hearing-impaired subjects, only one significant
correlation was found between the EDA z-values and
the ‘‘subjective speech recognition’’ in the reverberant
condition. Weak or absent correlations between physio-
logical and subjective measures are in line with findings
of Koelewijn et al. (2012) and Zekveld et al. (2011) for
pupil response outcome measures, as well as Mackersie
and Cones (2011) and Mackersie et al. (2015) for skin
conductance. The EDA is apparently still influenced by
additional factors that are unknown and thus could not
be held constant throughout the experiment.

It is still uncertain whether the EDA would be better
able to distinguish between listening conditions and show
higher correlations with subjective ratings if it were pos-
sible to generate more stress than in the lab conditions
applied here. It is also unclear whether other physio-
logical measures (e.g., heart rate variability) would be
more sensitive in differentiating between more or less
stressful or effortful easy and hard listening conditions
than the EDA. On the other hand, it can be questioned
whether the subjective ratings, especially the ‘‘subjective
listening effort’’, are the ‘‘gold standard’’ for listening
effort. Subjective ratings, as well as physiological
values, might measure different aspects (Zekveld et al.,
2010) and are regarded as multidimensional constructs
influenced by several other factors (see, e.g., Hancock &
Szalma, 2006; Yeh & Wickens, 1988). Further experi-
ments are needed to analyze whether both approaches,
subjective judgments as well as physiological measures,
are needed to describe the complexity of listening effort
and, therefore, whether physiological measures are able
to complement subjective measures.

Conclusions

. Ratings of ‘‘subjective listening effort’’ were success-
fully used with normal-hearing and hearing-impaired
listeners to compare easy and hard listening condi-
tions and show variations even for speech recognition
scores of 100%.

. Listening situations with lower speech recognition scores
and higher ‘‘subjective listening effort’’ display a (non-
significant) trend toward higher skin conductance.

. z-transformed EDA data are more sensitive to vari-
able requirements in listening situations than are
�peak rates.

. Significant correlations between the physiological
measure EDA and subjective ratings were observed
only for normal-hearing listeners in the noise

situation, and not for hearing-impaired listeners in
either the noise or reverberant conditions.

. The responses to open questions revealed the different
contexts of the ratings during the experimental condi-
tions. In particular, they showed the different import-
ance of orientation processes, speech recognition, and
listening effort between the young normal-hearing lis-
teners who are inexperienced in these types of test and
the elderly hearing-impaired listeners with long
habituation to hearing impairment and more experi-
ence in psychoacoustical tests.
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Gosselin, P. A., & Gagné, J.-P. (2011). Older adults expend

more listening effort than young adults recognizing speech

in noise. Journal of Speech, Language, and Hearing
Research, 54, 944–958.

Hancock, P. A., & Szalma, J. L. (2006). Stress and neuroergo-

nomics. In R. Parasuraman, & M. Rizzo (Eds.),
Neuroergonomics: The brain at work (pp. 195–206).
Oxford, England: Oxford University Press.

Haverkamp, L., von Gablenz, P., Kissner, S., Bitzer, J., &

Holube, I. (2015). Erfassung von Alltagssituationen mithilfe
von Echtzeitaufnahmen und subjektiven Bewertungen.
Annual Meeting of the German Audiological Society

(DGA), Bochum, German.
Hicks, C. B., & Tharpe, A. M. (2002). Listening effort and

fatigue in school-age children with and without hearing

loss. Journal of Speech, Language and Hearing Research,
45, 573–584.

Houtgast, T., & Steeneken, H. J. M. (1985). A review of the
MTF concept in room acoustics and its use for estimating

speech intelligibility in auditoria. The Journal of the
Acoustical Society of America, 77(3), 1069–1077.

Klink, K. B., Schulte, M., & Meis, M. (2012a). Measuring

listening effort in the field of audiology—A literature
review of methods, part 1. Zeitschrift für Audiologie, 51(2),
60–67.

Klink, K. B., Schulte, M., & Meis, M. (2012b). Measuring
listening effort in the field of audiology—A literature
review of methods, part 2. Zeitschrift für Audiologie, 51(3),

96–105.
Koelewijn, T., Zekveld, A. A., Festen, J. M., & Kramer, S. E.

(2012). Pupil dilation uncovers extra listening effort in the
presence of a single-talker masker. Ear and Hearing, 33,

291–300.
Larsby, B., Hällgren, M., Lyxell, B., & Arlinger, S. (2005).

Cognitive performance and perceived effort in speech pro-
cessing tasks: Effects of different noise backgrounds in
normal-hearing and hearing-impaired subjects.

International Journal of Audiology, 44, 131–143.
Luts, H., Eneman, K., Wouters, J., Schulte, M., Vormann, M.,

Buechler, M., . . . Spriet, A. (2010). Multicenter evaluation

of signal enhancement algorithms for hearing aids. The
Journal of the Acoustical Society of America, 127(3),
1491–1505.

Mackersie, C. L., & Cones, H. (2011). Subjective and psycho-
physiological indices of listening effort in competing-talker
task. Journal of the American Academy of Audiology, 22(2),
113–122.

Mackersie, C. L., PacPhee, I. X., & Heldt, E. W. (2015). Effects
of hearing loss on heart rate variability and skin conduct-
ance measured during sentence recognition in noise. Ear and

Hearing, 36(1), 145–154.
McGarrigle, R., Munro, K. J., Dawes, P., Stewart, A. J.,

Moore, D. R., Barry, J. G., & Amitay, S. (2014).

Listening effort and fatigue: What exactly are we measur-
ing? A British Society of Audiology Cognition in Hearing
Special Interest Group ‘white paper’. International Journal

of Audiology, 53(7), 433–440.
Nachtegaal, J., Kuik, D. J., Anema, J. R., Goverts, S. T.,

Festen, J. M., & Kramer, S. E. (2009). Hearing status,

need for recovery after work, and psychosocial work char-
acteristics: Results from an internet-based national survey
on hearing. International Journal of Audiology, 48, 684–691.

Ortmann, M., Wiesing, M., Bomilcar, I., Rählmann, S.,
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an jungen und älteren Probanden. 18. Jahrestagung der
Deutschen Gesellschaft für Audiologie, Bochum, Germany.

Picou, E. M., Gordon, J., & Ricketts, T. A. (2016). The effects

of noise and reverberation on listening effort in adults with
normal hearing. Ear and Hearing, 37, 1–13.

Picou, E.M.,Ricketts, T.A., &Hornsby, B.W.Y. (2011). Visual

cues and listening effort: Individual variability. Journal of
Speech, Language, and Hearing Research, 54, 1416–1430.

Picou, E. M., Ricketts, T. A., & Hornsby, B. W. Y. (2013).

How hearing aids, background noise, and visual cues influ-
ence objective listening effort. Ear and Hearing, 34(5),
e52–e64.

Rennies, J., Holube, I., & Verhey, J. L. (2013). Loudness of

speech and speech-like signals. Acta Acustica united with
Acustica, 99(2), 268–282.

Rennies, J., Schepker, H., Holube, I., & Kollmeier, B. (2014).

Listening effort and speech intelligibility in listening situ-
ations affected by noise and reverberation. The Journal of
the Acoustical Society of America, 136(5), 2642–2653.

Sato, H., Sato, H., & Morimoto, M. (2007). Effects of aging on
word intelligibility and listening difficulty in various rever-
berant fields. Journal of the Acoustical Society of America,

121(5), 2915–2922.
Schandry, R. (1989). Lehrbuch der Psychophysiologie:

Körperliche Indikatoren psychischen Geschehens (2nd ed.).
München-Weinheim, Germany: Psychologie Verlags Union.

Schepker, H., Haeder, K., Rennies, J., & Holube, I. (in press).
Listening effort and speech intelligibility in reverberation

and noise for hearing-impaired listeners. International
Journal of Audiology.

Wagener, K., Brand, T., & Kollmeier, B. (1999). Entwicklung

und Evaluation eines Satztests für die deutsche Sprache I:
Optimierung des Oldenburger Satztests. Zeitschrift für
Audiologie, 38, 4–15.

Wever, E., & Zener, K. E. (1928). The method of absolute
judgements in Psychophysics. Psychological Review, 35(6),
466–493.

Yeh, Y.-Y., & Wickens, C. D. (1988). Dissociation of perform-
ance and subjective measures of workload. Human Factors,
30(1), 111–120.

Zekveld, A. A., Kramer, S. E., & Festen, J. M. (2010). Pupil

response as an indication of effortful listening: The influence
of sentence intelligibility. Ear and Hearing, 31(4), 480–490.

Zekveld, A. A., Kramer, S. E., & Festen, J. M. (2011).

Cognitive load during speech perception in noise: The influ-
ence of age, hearing loss, and cognition on the pupil
response. Ear and Hearing, 32(4), 498–510.

Holube et al. 15


	XPath error Undefined namespace prefix

