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Closing a gap to normal hearing
New BrainHearing evidence on speech understanding
and listening effort

SUMMARY
For people with hearing loss, understanding speech in noise is
known to be exhausting. While processing speech in quiet may be
effortless even for people with hearing loss, understanding speech
in noise becomes increasingly exhausting as the noise increases.
People with normal hearing, however, may likewise experience
difficulties understanding speech in noise, with increased effort as
the noise level rises.
A recent study investigated the listening effort and speech
understanding in normal-hearing listeners using the objective
methodology of pupillometry. The study examined the point of
giving up for the normal-hearing listeners. Giving up can occur
when a person tries to understand speech but it requires so much
effort that the result is not rewarding enough (such as
unsuccessful speech understanding). This can happen when the
acoustical scenario is too difficult, for example.
In addition to providing useful knowledge about listening effort in
a normal-hearing population, this study may be used in the future
as a reference to studies that investigate listening effort in people
with hearing loss.
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Introduction

For many years, speech intelligibility has been used
as benchmark in audiological research for measuring
speech understanding (Keidser, 2006). While speech
intelligibility as a measurement certainly gives a great
deal of information, it may not provide enough aspects
of the cognitive process that goes behind making sense
of speech in everyday communication. When communicating in noisy environments, more cognitive
resources are engaged in order to focus on and recognise speech, ignore the noise, interpret the meaning,
and remember the speech (Rönnberg et al., 2013). In
these situations, people may experience higher listening effort because of the increased need for cognitive
resources.

Effort and motivation

According to Mattys et al. (2012), effort may depend
on the interaction of two factors: those imposed by
the demands of the task, and listener-related factors.
Task-related demands can be the type of noise, such
as steady-state or multi-talker babble, or the acoustic
environment in a given situation, for example whether
it is easy or difficult. An example of an easy acoustic
environment is when the speech is louder than the
noise, and a difficult acoustic environment is when the
noise is louder than the speech. Factors related to the
listener can be an aspect such as the person’s hearing
status, for example whether they have normal hearing
or hearing loss. Keeping these factors in mind, it is
necessary to include the factor of motivation.
Motivational intensity theory (Brehm & Self, 1989)
describes motivation in relation to pursuing a goal.
The theory explains that people conserve their
resources by only investing resources in tasks where
the goal can be pursued successfully. When task conditions become too difficult, people will at some point
just ‘give up’. That is, when a person realises that they
are not getting enough success out of solving a task
compared to how many resources they are investing,
they will discontinue allocating mental resources to
solving the task (Pichora-Fuller et al., 2016). We can
interpret this situation as the ‘tipping point’ or the ‘give
up point’.

Pupillometry

Pupillometry is a useful and objective measurement
for measuring the effort as well as when the point of
giving up occurs (e.g. Beatty, 1982; Zekveld et al., 2010;
2011; Wendt et al., 2017; Ohlenforst et al., 2017). In
this method, the pupil dilation is continuously recorded
(Kramer et al., 2013, as cited in Pichora-Fuller et al,
2016). Pupil dilation has previously been shown to
quantify effort (please see Opn Clinical Evidence white
paper, Le Goff et al., 2016). Pupillometry can measure
effort because the pupil dilation is partly connected
with areas of the brain that govern the ‘fight or flight’
response (McCorry, 2007). Essentially, when a person
needs to put in effort to solve a task, the sympathetic
nervous system, which is known as the system for fight
or flight responses, triggers physiological changes in
the body such as pupil dilation. Thus, when presented
with speech in noise, the person either invests
resources to ‘fight’ the noise, or give up trying to process the speech in noise.
A previous study investigated the effects of the acoustic environment on the pupil dilation in a group with
hearing impairment (Ohlenforst et al., 2017). The study
found that the pupil dilation changes as a function of
signal-to-noise ratio (SNR) in an inverse U shape curve.
In other words, when going from very difficult SNRs
to easy SNRs, the peak pupil dilation increases until a
certain point, and then decreases again. The study
showed that people with hearing loss give up trying
to process speech at sound environments of around
-1 dB SNR (Ohlenforst et al., 2017). This means that
many opportunities for socialising are sacrificed,
because situations like conversing in a restaurant has
an SNR of -5 dB or even poorer. However, the same
study also found that the OpenSound Navigator™ (OSN)
can facilitate moving the point of giving up to situations with lower SNRs, meaning that OSN enables
people wearing hearing aids to actively participate in
more social situations (see white paper Pushing the
Noise Limit, Le Goff & Beck, 2017). Results from
another pupillometry study have shown that the
OpenSound Navigator can reduce the listening effort
for people with hearing loss even in environments
where the level of noise is relatively low (see Opn
Clinical Evidence white paper, Le Goff et al., 2016;
Wendt et al., 2017). Thus, a collection of studies using
pupillometry is available to provide evidence that OSN
in Opn hearing aids reduces the listening effort significantly, making communication less exhausting for
those with hearing loss, and moves the give up point
for understanding speech in noise, enabling them to
participate actively in even more social situations.
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This evidence would be much easier to relate to if there
was a benchmark to compare with. In research that
involves hearing loss, normal hearing is the toughest
benchmark possible, and the ideal to compare hearing
aid benefits with.
A recent study investigated the listening effort and
speech understanding in a normal-hearing population.
With this new study, we can investigate the gap
between normal-hearing listeners and listeners with
hearing loss in terms of how much effort these two
groups use for speech understanding in noisy
environments.

Pupillometry study on normal-hearing
listeners

Method
The study involved 29 participants with normal hearing for their age group in the age range from 50 to 77
years (mean 65.7 years). The participants performed
the Danish Hearing in Noise Test (HINT, Nielsen & Dau,
2011), in which everyday sentences are presented in
noise. The babble noise consisted of four competing
talkers (two males, two females), where each talker
was presented from a loudspeaker (see figure 1). The
participants were told to listen to and repeat each sentence, while an eye-tracking camera continuously
recorded their pupil response. The speech and noise
stimuli were presented in a spatial set up, which is
visualised in figure 1. For both types of noise stimuli,
the sentences were presented at eight different SNRs.
The eight SNRs were randomised, and ranged in
ascending order from -20, -16, -12, -8, -4, 0, 4, to 8 dB

+150°

-150°

SPL. Thus, data on speech understanding and listening
effort was obtained simultaneously from a total of 16
conditions; in the results, only data from the babble
noise will be presented. There were two outcome measures in the experiment: speech understanding, measured by word recognition in percent, and pupil
response, measured by peak pupil dilation. Three practice trials were performed prior to the experiment,
consisting of 3x20 sentences.

Analysis and Results

The analysis of the pupil data is based on a study by
Wendt and colleagues (2017) (see also previous white
papers, e.g. Opn Clinical Evidence, Le Goff et al., 2016,
and Tinnitus and Pupillometry, Juul Jensen, 2017). For
each participant and condition, peak pupil dilation (PPD)
was calculated (see Figure 2, which visualises normalised pupil dilation over time). Data processing was
carried out in the following way: data was measured
for 25 trials in each condition. For each condition, the
first three trials were removed in order to remove training effects from the beginning of the condition. For
the remaining trials, a baseline correction was performed by subtracting a baseline value that was estimated by the mean pupil size within one second previous to the onset of the sentence. By correcting to
baseline, pupil artifacts related to aspects like nervousness and excitement were controlled for.
Furthermore, pupil data consisting of greater than 20%
of blinks, eye movements, or missing data were
excluded from further analyses. A linear interpolation
and a smoothing filter were passed over the remaining
trials, thus removing eye blinks and high frequency
artifacts. The mean and standard deviation of the pupil
dilation was calculated from the noise onset to the
noise offset. The total time of pupil dilation was thus
from 1 to 7 seconds, in which the sentence onset was
at 3 seconds.
0.15

-90°

0°

Figure 1 Spatial setup, with speech presented from the
front (0°), and noise from loudspeakers to the sides and
the back (+/- 90° and +/- 150°). Participants were
seated in the middle, with an eye-tracking camera in
front of them that continuously recorded their pupil
dilation. The distance from the participant to the
loudspeaker(s) was 1.2 m., and from the participant to
the camera was ≈60 cm.
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Figure 2 Normalised pupil dilation (mm.) over time (s.),
indicating the pupil baseline, the peak pupil dilation,
and the time onset for noise and sentence presentation
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When testing the pupil response and speech intelligibility in a variety of SNRs, the typical result would be
something like the graph shown in figure 3 (random
SNRs are chosen for the example). That is, the PPD as
a function of SNR presents itself in an inverted-U
shape, with the maximum PPD around the middle and
the gradual decrease of PPD on each side of the maximum. The maximum PPD indicates the acoustical environment in which listeners spend the most effort. The
bottom part of the figure shows a typical psychometric
function of speech intelligibility in different SNRs,
ranging from 0% to 100%. The inverted-U and -S
shapes shown in figure 3 are characteristic shapes
from these two measurements. In the results section,
specific data points from the present study that are
of particular interest are shown.
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Figure 4 Condition with babble noise. The top figure
shows the average peak pupil dilation for -8 and -4 dB
SNR. The bottom figure shows average scores for word
recognition in percent, indicating speech understanding in -8 and -4 dB SNR.
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Figure 3 Examples of PPD (top) and speech intelligibility
(bottom) as a function of SNR

Selected results from the condition with babble noise
with normal-hearing listeners and hearing impaired
listeners from the previous study are presented in figure 4. Roughly put, the higher the PPD, the higher the
effort, and the higher the point on the word recognition scale, the better speech understanding.

The results from the normal-hearing listeners show
that the word recognition is at 40% at -8 dB SNR, and
increases to approximately 70% at -4 dB SNR. The
pupil dilation data showed a maximum PPD at -4 dB
SNR, indicating the maximum allocation of effort of
all the conditions. Going from -4 to -8 dB SNR (a harder
acoustical condition), the PPD decreases.
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Interpretation

This study investigated the speech understanding and
listening effort in persons with normal hearing. There
were two aims with the study: to examine when these
listeners reach the ‘give up-point’ of allocating effort,
meaning when the listeners start to give up trying to
make sense of the speech, and to compare this with a
similar study that used listeners with hearing loss. It
was found that the normal-hearing listeners expended
the most amount of effort around 70% word recognition score (-4 dB SNR, where the PPD was at the maximum). After this point, data suggested that the listeners started to give up putting in the effort (around -8
dB SNR), because it was seen that the PPD began to
decrease together with a decrease in word recognition
below 50%. Figure 5 visualises what the difference
of OSN can mean for hearing impaired listeners: with
OSN, the amount of effort allocated to a task is similar
to that for normal-hearing listeners. Without OSN, the
hearing impaired listeners will give up much quicker
than the normal-hearing listeners (for more details,
see Le Goff & Beck, 2017).
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Figure 5 Visualization of the difference for hearing
impaired listeners when OpenSound Navigator is
activated in their hearing aids. High PPDs indicate high
processing effort – a positive sign of continuous task
engagement!

Listening effort in normal-hearing
listeners compared to Opn users

Results from this study alone are interesting, but they
become even more exciting when compared to the
results from a similar study with the same experimental
setup of people with hearing loss (see white paper Le
Goff & Beck, 2017). Comparing the two studies, which
used similar methodology but different populations
(normal-hearing listeners and listeners with hearing
loss, respectively, who were age-matched), the collective evidence shows that the point of giving up for
persons with hearing loss with OpenSound Navigator
activated is the same point of giving up as for persons
with normal hearing. This is visualised in figure 6.
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Figure 6 Comparison of the giving up point from studies using listeners with hearing loss using Opn and normalhearing listeners . Environments that correspond to different signal-to-noise ratios are visualised.
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Short discussion of closing a gap

Based on the normal hearing data, we can establish a
give-up point of roughly -8 dB SNR. This is similar to
the give-up point observed in the study with
OpenSound Navigator, as also indicated in figure 6
above.
One of the barriers that people with hearing loss constantly face is that they avoid going to social situations
where listening becomes too difficult – so difficult that
they are no longer willing to invest effort in following
conversations. Eventually, they give up and thus withdraw from these situations, which they could have
otherwise enjoyed. As previously mentioned, normal
hearing is the toughest benchmark available, and these
two studies together show that OpenSound Navigator
breaks the barrier in listening scenarios and empowers
users to participate in the same social situations as
their normal-hearing peers. In other words, OpenSound
Navigator is closing a gap to normal hearing, both in
terms of speech of understand, and in terms of listening effort. This is important because it is possible for
people with hearing loss using Opn hearing aids to have
active communication in difficult listening situations.
Therefore, clinicians can encourage people using Opn
hearing aids to explore listening and social situations
they may have avoided or given up on in the past.
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