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Pupillometry is often used as a measure of listening ef- &-imp

fort associated with a task, where an enlarged pupil size is
associated with increased mental effort. However, pupil-
lometry has so far been mostly applied using group-level
analysis with normal-hearing cohorts. This study inves-
tigated the individual reliability of the evoked pupil re-

1. INTRODUCTION

sponse among listeners with hearing impairment during Pupillometry has been commonly used as a measure of
a speech-in-noise task. The aim was to study which in- listening effort during speech-in-noise tests. Listening ef-
ternal and external factors could impact the reliability of fort has been defined as “the extent to which the demands
the pupil response in this group (i.e., hearing and cogni- imposed by the task at a given moment consume the re-
tive abilities, normalization procedure, signal-to-noise ra- sources available to maintain successful execution™ [1].
tio, SNR, and visit number, respectively). For this, two Pupil dilation reflects, therefore, the amount of processing
pupil features were measured (peak and mean pupil dila- demands associated with a task, with pupil size enlarg-
tion) across three different visits. The results obtained in ing with an increase of mental effort, cognitive load, and
the current study showed that with increasing number of task complexity, as long as the listener is engaged in the
visits, the reliability of the pupil features increases, con- task [2,3]. Although there is not always a direct relation
sistent with earlier studies with normal-hearing listeners. between the correct performance in a listening task and
Moreover, the changes in the pupil response were repro- the exerted listening effort, pupillometry may offer insight
ducible after correcting for the individual’s baseline pupil into the cognitive demands and difficulties patients are ex-
response and the individual dynamic range. There was periencing even when they are able to complete tasks with
evidence of a “give-up effect” among listeners with larger high performance levels [4].
hearing loss in the more demanding tasks. These findings So far, pupillometry has mostly been applied on a
make an important contribution to the use of pupillometry group level, and most studies focus on normal-hearing
in assessment of listening effort on an individual level. population. In order to explore the potential for being a
*Corresponding author: diagnostic tool for measuring individualized listening ef-

fort, there is a need for a more in-depth investigation into
this method and its reliability in hearing-impaired listen-
ers. Neagu et al. [5] found that the main factor that affects
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2. METHODS
2.1 Participants

Eighteen hearing-impaired participants were recruited
from the Technical University of Denmark’s database
(DTU) for this study and took part in three different exper-
imental visits. The participants were Danish native speak-
ers with ages ranging from 55 to 81 (mean age = 70.83
years, SD = 6.91). The audiometric criterion for the re-
cruitment and inclusion of participants was symmetrical,
mild-to-moderately-severe sensorineural hearing loss.

2.2 Stimuli and procedure

For this experiment, sentences from the Danish Hearing in
Noise Test (HINT) corpus [6] were played through head-
phones to subjects while they were sitting inside a sound-
proof booth. A four-talker babble noise, consisting of
two male and two female talkers, was presented at 70 dB
SPL. During the audio playback, the pupil response was
recorded. The subjects were then asked to repeat the sen-
tence aloud. The intelligibility scores were recorded based
on how many correct words were repeated back from 0 to
5. The speech was presented at four signal-to-noise ratios
(SNRs) between -3 dB and +6 dB, distributed in steps of
3 dB.

2.3 Pupillometry and data processing

To analyse the reliability of the pupil features, an aver-
age baseline for each trial was calculated during the noise-
only segment by calculating the mean pupil dilation value,
measured 1 s prior to the sentence onset (as suggested
by [2]). Two normalization procedures were applied on
the pupil data: (i) Baseline-correction, where the baseline
is subtracted from the data, and (ii) Baseline-range nor-
malization, where the baseline-corrected data is divided
by the overall dynamic range of each individual. Subse-
quently, two pupil features were extracted for each par-
ticipant as indicators of listening effort. Peak and mean
pupil dilation (PPD and MPD) were computed by taking
the maximum and average values, respectively, from the
sentence onset.

3. RESULTS
3.1 Normalization procedure

First, an analysis on the pupil dilation over time was done
on a group level. The pupil traces from the baseline region
(4-5 s), to the noise offset (approximately 9 s) averaged

across all participant for each of the four test conditions,
and for each of the three visits, are depicted in Fig. 1. A
comparison between the two different normalization pro-
cedures is also shown.
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Figure 1. Comparison of pupil traces for baseline-
correction and range-normalization. The 4 different
SNRs are shown in different colors, and the differ-
ent test visits are shown with different line-styles.The
black triangles denote the PPD point for each curve.

Visual inspection shows a lower pupil dilation in the
sentence onset for the conditions with highest and lowest
task demand (—3 and 6 dB, respectively). This is aligned
with previous research [5] where the giving-up effect can
be seen. Additionally, the highest SNR results in the low-
est pupil dilation over all four SNR conditions, which
would suggest that, on average, this condition demands
less cognitive resources.

3.2 Repeatability of pupil features across visits

The repeatability of PPD and MPD for two consecutive
visits was calculated by a Spearman correlation. The
results for the PPD and their respective coefficients are
shown in Fig. 2, wherein the repeatability coefficients for
each SNR and overall are shown for visits one and two
and for visits two and three, as well as for both normaliza-
tion procedures. The results are shown only for the PPD
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since the trends of the PPD and MPD were very similar.
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Figure 2. Consistency of PPD for two consecutive
visits (day 1-2 and 2-3) for two normalization pro-
cedures. The Spearman Correlations are shown for
each SNR (colors) and overall, “O”, (black). Each
dot represents each participant in each condition. *,
and **, significant at p < 0.01 and p < 0.001, respec-
tively.

For the baseline-normalization, the highest repeata-
bility coefficient overall was obtained between the second
and third visits, with a moderate correlation, compared
to between the first and second visits, in which a weak
correlation was observed, for both PPD and MPD. The
-3 dB SNR condition was found to have a very strong
correlation for the PPD. The PPD and MPD showed an
overall weak relationship between the first and second
days. No other significant correlations were found for the
baseline-normalized data. For the range-normalization, a
very strong correlation was found for each SNR condition
and overall, for both pupil features and across all visits.

4. DISCUSSION

Regarding the analysis of the pupil traces on a group level,
the conditions with lower task demand (6 dB) resulted in a
lower pupil dilation. For the most difficult SNR condition
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(—3 dB), a positive correlation between intelligibility and
pupil response was found indicating that a smaller pupil
response is associated with lower performance. In other
words, this might suggest a “giving up” effect in hard
conditions, i.e., participants might disengage when perfor-
mance drops which is in line with other studies [5, 7, 8].
The other conditions (0 and 3 dB) showed the largest
evoked pupil response as was expected since this is around
the 50% intelligibility point.

When having a look at the repeatability of the pupil
features across the different test visits, the normalization
procedure was found to have an impact on the correla-
tions. There was an overall higher consistency of PPD
and MPD between the latter visits compared to between
the first and second, which could be attributed to learn-
ing effects. This means that, with an increased number
of visits, there is an increase in correlation. It was ex-
pected that the conditions with lowest and highest task
demands would give high correlation, but for the interme-
diate SNRs, there is a change in performance which could
also lead to variability and low correlation from one day to
another. Range-normalization gave strong correlations for
all SNR conditions and overall for two consecutive visits,
which would suggest that the normalization according to
each participant’s individual range could reduce this vari-
ability across participant and increase the repeatability of
the pupil features.

Because in this study a less homogeneous group is
analysed, some listener-specific factors were also mea-
sured in order to better understand their potential effect
on the reliability of an individual’s pupil response. Hear-
ing abilities, working memory and chronic fatigue were
some of the factors that were analysed by different ques-
tionnaires and additional tests. A correlation analysis be-
tween the change in pupil features and the chosen listener-
specific factors was performed. Negative correlations
were found between the Pure Tone Audiogram (PTA) and
the pupil features, indicating lower pupil response with
lower hearing abilities. The remaining chosen factors
showed weak to non-existing correlations for both PPD
and MPD and are therefore not shown.

5. CONCLUSION

This study looked at the reliability of the evoked pupil re-
sponse of hearing-impaired population during a speech-
in-noise task. The purpose was to investigate which fac-
tors could impact reliability in this specific group, taking
into account not only their hearing abilities, but also their
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cognitive abilities which have been shown to impact pupil
response. It was shown that both the number of visits
and the normalization procedure have an impact on reli-
ability, the latter being the one with the strongest impact.
The SNR did not have a major effect. There was, how-
ever, a tendency of giving up at the lowest SNR that was
shown to be correlated with the PTA. The remaining cho-
sen listener-specific factors were not found to be predic-
tors of reliability, as they did not impact PPD or MPD.
The results of this study are an important step towards
the potential use of pupillometry as a diagnostic tool with
hearing-impaired populations.
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