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Abstract
The additional cognitive effort required during listening activity, for example in case of inadequate acoustic 
conditions, may lead to a general worsening of cognitive performances, especially in children, who are 
still developing adult-like language skills which may help them compensating for inaccurate speech 
recognition. For this reason, it is increasingly important to have a more objective method for assessing 
listening effort. Pupillometry could be a good solution for evaluating the effect that background noise has 
on children’ cognitive abilities, particularly in the case of hearing-impaired children. As it has been proved 
that eye pupil dilation can be considered a psychophysiological marker of cognitive effort, pupillometry 
may indeed be a practical and reliable method for this type of evaluation. This review aims to provide 
more information on this technique and how to use it when assessing listening effort in children.
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Introduction
Additional effort may be needed during lis-

tening activity, for example in case of rever-
beration, background noise, disturbances in 
the audio-signal transmission and listening 
impairments such as hearing loss.

The additional effort required in order to un-
derstand the auditory message in inadequate 
conditions may detract from other kinds of 
cognitive activities, and this can result in an 
overall worsening of cognitive performances.

Listening effort relate to “the resources or 
energy actually used by a listener to meet 
cognitive demands”. (Peelle 2018)

In a 2016 study the authors defined mental 
effort as “the deliberate allocation of mental 
resources to overcome obstacles in goal pur-
suit when carrying out a task” and, in particu-
lar, listening effort as “A specific form of men-
tal effort that occurs when a task involves 
listening.” (Pichora-Fuller 2016)

Therefore, it is essential to consider and 
evaluate listening effort, especially in chil-
dren, since they are particularly susceptible 
to be affected from it.

The analysis of the pupil size may be a use-
ful method to investigate this problem.

However, only a few pupillometry studies 
have addressed this issue in children (Hepach 
2016) however most of the studies relate to 
adults (Winn 2018).

One of the main objectives of this review 
is to fill in this gap by providing information 
about how to explore listening effort in chil-
dren using pupillometry.

In order to accomplish this purpose, results 
from researchers concerning listening ef-
fort in children will be presented first to go 
then deeper into the research on the topic by 
means of pupillometry.
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Pupillary reflex
Pupil size can change in response to dif-

ferent types of stimuli: light stimuli (bright-
ness and darkness), emotional and arousing 
stimuli (Hess 1960, MacLachlan 2002) and 
when exposed to cognitive tasks (Hess 1964, 
Kahneman 1966, van der Wel P 2005), includ-
ing those requiring listening effort (Zekveld 
2010, 2014).

The activity of the locus coeruleus (LC), a 
nucleus in the pons of the brainstem, under-
lies the pupil dilation in response to cognitive 
tasks (Samuels 2008, Wang 2015, Schmidtke 
2018): LC is the principal site for the synthesis 
of the neuromodulator norepinephrine (NE – 
also known as noradrenaline) which is impli-
cated in higher cognitive processes such as at-
tention, memory, perception and motivation 
(Aston-Jones 2005, Sara, 2009). LC and body 
areas affected by its production of NE are de-
scribed as locus coeruleus-noradrenergic sys-
tem or LC-NA system.

The LC-NA system includes two states, ton-
ic and phasic, which correspondingly reflects 
arousal states and cognitive processes (As-
ton-Jones 1999, Granholm 2004). Slow chang-
es in pupil diameter in response to a cognitive 
task, may indicate the fatigue experienced by 
the participant (McGarrigle 2014). In order to 
evaluate pupil dilation associated with a cog-
nitive task, the baseline value must be nec-
essarily subtracted from the pupil diameter 
values during the task. This outcome is also 
known as “task-evoked pupil response”. The 
baseline value is defined as the diameter right 
before the participant engages in a task and 
it is usually measured 2 seconds before the 
beginning of the trial/experiment (Schmidtke 
2018, Borghini 2018).

As task-evoked responses are usually the 
object of analysis in studies using pupillom-
etry, it is possible to not consider the effects 
of emotional factors except in extreme cases, 
like severe anxiety or fear symptoms (Eckstein 
2017) because emotional states affect base-
line pupil diameter and not pupil size changes 
caused by cognitive activities.

As previously said, it is known that pupil con-
strict in brightness and dilate in darkness and 
that the magnitude of the opening/closing 
is determined by the action of two opposite 
sets of muscles. Even though the response 

to a certain type of stimuli is the same for 
everyone (pupil always constricts and never 
dilates when exposed to brightness), it does 
not mean that the pupil responses are en-
tirely a reflex: previous studies have shown 
that high-level cognition affects the way you 
process the stimulus modulating the pupil re-
sponse (Mathôt 2018).

Furthermore, researchers have found out 
that the light response is also modulated by 
the stimulus processing and its subjective in-
terpretation: a 2013 study (Nakayama 2013), 
conducted by Nakayama & Naber, discovered 
that looking at pictures with a sun elicited a 
pupil constriction response greater than the 
one elicited by looking at pictures with the 
same luminance but without the sun. Other 
researchers have examined whether the pupil 
reacts only when looking at visual stimuli or 
even when imaging situations/things, that is 
without a real sensory input. Mathot, Grainger 
& Strijkers (Mathôt 2017) found out that lis-
tening to words that reminded to a sense of 
brightness or darkness (e.g. “sun” or “night”) 
resulted into pupil size changes, respectively 
into a constriction and a dilation, which do not 
occur when listening to neutral words (e.g. 
“dog”).

Regarding the emotional response, several 
studies investigated how arousal stimuli can 
affect the pupil size. It has long been known 
that anything that increases the processing 
load of the mind can cause pupil dilation (Be-
atty 1982, Einhäuser 2017, Laeng 2012). For 
this reason, this kind of response is usually 
called arousal-related dilation or effort-relat-
ed dilation.

Eye Tracking for Pupillometry
Pupillometry is the study of changes in pu-

pil diameter in response to specific types of 
stimuli. By definition, the pupil is “the opening 
in the centre of the iris through which light en-
ters the eye” (Miller-Keane 2003).

The size of the pupil is controlled by the 
iris muscles that let the pupils constrict or 
dilate. The sphincter muscle is linked to the 
parasympathetic nervous system, causing 
the pupil constricts when there is too much 
light; the dilator muscle, instead, is related to 
the sympathetic system, leading the pupil to 
dilate in the darkness. Therefore, pupil diam-
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eter always reflects the combined activity of 
the sympathetic and the parasympathetic sys-
tems (McDougal 2015).

Certain conditions and some medications 
can alter the function of these muscles pro-
voking an abnormally pupil dilation or con-
striction. In the absence of these factors, the 
normal pupil size varies between 1.5 mm and 
8mm (Hall 2015) and both pupils are usually 
of equal size, except for people affected by 
anisocoria, a condition characterized by un-
equal pupil sizes.

The eye tracker is the device for measuring 
pupil diameter and eye positions. Advantages 
of this non-invasive technique include provid-
ing accurate measurement and temporal res-
olution, and managing to detect even small 
pupil changes. The camera can track reflec-
tions in the cornea caused by near-infrared 
light directed toward the pupil, this process is 
called PCCR (pupil centre corneal reflection).

There are two main types of eye tracker: 
screen-based and glasses. Using the screen-
based eye tracker, the subjects do not have 
to wear anything, but they are required to 
constantly stare at a screen. Glasses, instead, 
are directly worn by the subject, who is free to 
move without the fear of losing the eye image 
(as the cameras are closer than the screen-
based ones and move along with the head).

Apart from pupillometry studies, eye track-
ers are also used for medical research, obser-
vations and testing in different fields (gaming, 
product development, vehicles simulations) 
and for educational and learning purposes.

In a 1964 study (Hess 1964), a correlation 
between pupil dilation and cognitive load was 
found for the first time. Research participants 
were asked to solve some mathematical prob-
lems and to say the answer out loud. By using 
a photographic technique, which implied pho-
tographing the pupil in 0.5 to 1.0 second in-
tervals, it was possible to determine pupil size 
changes along time. In general, pupil diameter 
showed a gradual increase before the answer 
was given, and this increase was found to be 
proportional to the difficulty of the mathe-
matical task. Once the answer was given, pupil 
size decreased immediately to its baseline val-
ue. From these results, it seems evident that 
changes in pupil size reflect a direct activity of 
the nervous system, as already discussed in 
previous studies (Shakhnovich 1958).

Hess and Polt study has been the first of 
a 50 years long series of studies on a broad 
range of cognitive processes (Beatty 1966, 
Heitz 2008, Hess 1964, Kahneman 1969, Por-
ter 2007), such as attention (Geva 2013, Ebitz 
2014, Mathôt 2013, Laeng 2012), language 
processing (Ahern 1981, Kahneman 1971, 
Chapman 2015), listening effort and speech 
perception.

Listening Effort in School-Age 
Children

Children are still developing adult-like lan-
guage skills which may help them compensat-
ing for inaccurate speech recognition (Elliott 
1989, Sussman 1989).

For this reason, the consequences of listen-
ing in acoustically inadequate environments, 
and the consequent listening effort, are ex-
tremely important issues.

In particular, children spend most of the 
daytime in school classrooms, so it is especial-
ly important to ensure adequate classroom 
acoustic conditions and a proper quality of lis-
tening. (Gheller 2020)

Background noise and reverberation, which 
are commonly present in environment fre-
quented by children, may affect the speech 
signal, and consequently further cognitive re-
sources are required to compensate for the 
signal distortion (Hurtig 2015).

In fact, continued exposure to high levels of 
noise is known to be related to lower scholas-
tic performance (Klatte 2013).

In a 2019 study, (Prodi 2019) 117 primary 
school aged children were tested in both qui-
et and stationary-noise conditions. They were 
asked to carry out speech reception tasks: 
the response time and the number of cor-
rectly recognized words were evaluated. Chil-
dren had generally greater difficulty in noise 
condition, and especially recorded response 
time values increased with background noise, 
while faster response times were found in 
quiet condition.

In a previous study (Klatte 2010), the effect 
of background noise on speech perception 
and listening performance was tested across 
age ranges. In this case, both 257 children and 
94 adults were asked to distinguish between 
words with a similar sound and to recognise 
them, they also had to complete a listening 
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comprehension task, by performing a num-
ber of complex oral instructions. All tests 
were carried out in both quiet and noisy en-
vironments. Two types of noise were used: a 
background speech and a background noise 
without speech. Children were found to be 
more affected by noise compared to adults, 
confirming that listening effort due to back-
ground noise is a serious issue, and this is 
especially true in the case of children. In par-
ticular, in this study, speech perception task 
was affected mainly by noise without speech, 
while listening comprehension task by back-
ground speech.

A 2015 study (Prodi 2015), which analysed 
the effect of noise on listening performance, 
tested 530 eight-to-ten years old children. 
Their intelligibility scores and response times 
during the speech tests were evaluated. Three 
types of noises were used to interfere with the 
speech signal: a babble noise, a typical traffic 
noise, and a noise signal which had been re-
corded in a quiet space while a noise was be-
ing generated on the upper level. The speech 
material consisted of target words preceded 
by a carrier phrase. Two signal to noise ratios 
(SNRs) were used during the tests (0.6 and 12 
dBA). The tests were administered with an 
automated system, and children were able to 
answer by using a touchscreen mobile phone. 
The results demonstrated that the back-
ground noise level was related to the increase 
in the response time, which can be seen as an 
indicator of listening effort. In the better lis-
tening conditions (SNR of 12 dBA) participants’ 
performance was worse, in particular, in the 
babble and the traffic noise conditions, this 
did not happen for the third type of noise. In 
the worst listening condition (SNR of 0.6 dBA), 
a sort of adaptation to the noise was observed 
only for the traffic noise. Moreover, younger 
children appeared to have more trouble in 
managing the noise intrusion compared to 
older students, whose performance deteri-
orated only due to a prolonged exposition. 
Consequently, their average performance 
was better for each kind of noise (Prodi 2015).

The effects that detrimental auditory condi-
tions and consequently listening effort have 
on academic skills have been reported by sev-
eral studies.

Lewis et al. (Lewis 2016) analysed children’s 
abilities in consonants identification and words 

and sentences recognition in background 
noise. In the first experiment of the study, 45 
normal hearing kids from five to twelve years 
of age were tested. Speech stimuli were digi-
tally mixed with speech-shaped noise, and the 
whole signal was presented by mixing signals 
of different intensities, in order to create three 
signal to noise ratios: –5, 0, and 5 dB. Although 
the interaction between speech recognition 
results and audio-stimulus type (consonants, 
real words and sentences) was more complex, 
speech recognition in general was found to be 
seriously affected by background noise, since 
lower values of SNR corresponded to poorer 
performances. Onset time and total duration 
were also measured during the tasks, in order 
to have a measure of listening effort. In gen-
eral, it was found a decrease in both measure-
ments as SNR increased, especially in the case 
of correct responses. Furthermore, mean on-
set times were longer for younger children. 
This may be because listening effort increases 
as the age decreases, and therefore it is great-
er in the younger children, compared to the 
older ones.

In a 2018 research (Rudner) the authors an-
alysed the combined impact of voice quality, 
noise and visual cues on listening comprehen-
sion and listening effort. 245 eight years old 
children were tested. All subjects were asked 
to watch a video in which a virtual talker told 
a short story and, consequently, they were 
asked to answer a few questions about the 
story. In one of the study experiments, chil-
dren had to perform the task in four different 
conditions, achieved by combining two differ-
ent modality of stimulus presentation: with 
or without visual support and with or with-
out multi-talker babble background noise. No 
significant interaction effect between task’s 
result and visual support was found, while 
even a low level of babble noise was associat-
ed with a reduction of the comprehension of 
spoken passages and with an increase in the 
difficulties found during the task.

Puglisi et al. (Puglisi 2018) evaluated the 
reading abilities of 94 Italian primary school 
students (mean age 7.9 years). The tests 
were performed in five different classrooms, 
each one with different acoustic parameters. 
Reverberation time, a measure of the time 
required for the sound to decay in a closed 
area from the moment that the sound source 
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has stopped (Hurtig 2015), and speech clari-
ty, a measure of the intelligibility of speech 
in terms of quality of speech transfer to the 
listeners, were measured in each classroom. 
Children’s reading abilities were assessed in 
terms of reading speed and reading accura-
cy: the latter was evaluated considering the 
number of errors during each reading task. 
No significant correlation between reading 
abilities and reverberation time was found, 
while reading speed scores showed a signifi-
cant correlation with the speech clarity in the 
classrooms (Puglisi 2018).

There are very few studies in which listening 
effort in children is assessed using pupillome-
try. However, this type of evaluation could be 
extremely helpful.

Pupillometry in Children
Pupillometry might constitute a useful tool 

when analysing cognitive load. When explor-
ing listening effort, researchers usually rely 
on several measures, such as self-reports or 
Response Times (RTs) (e.g., in a speech recog-
nition task, slower response times are relat-
ed to an increased listening effort (Gustafson 
2014)). However, these measurements are 
not physiological in nature and in the case of 
self-reports they only represent the final out-
come of the cognitive processes undertaken 
during the task. Consequently, much of the in-
formation related to the processing itself gets 
lost or depends highly on participant’s perfor-
mance on the task. For this reason, pupillom-
etry can be a good way to investigate which 
cognitive processes underlie the cognitive be-
haviour in a moment-to-moment way.

Pupillometry is especially useful when it 
comes to assessing children. This is because it 
allows to obtain data from a population where 
lack of collaboration usually hinders the im-
plementation of cognitive or linguistic mea-
surements. Some studies have proved that it 
is a consistent measure of cognitive process-
ing in cases where other measurements were 
not feasible or were not reliable enough (e.g., 
measures that require a voluntary response). 
For example, in children before the age of 14 
months or at a pre-verbal stage (Hochmann 
2014). However, most of the studies that re-
late to listening effort by means of pupillom-
etry have been conducted with adult popula-

tion (Zekveld 2010, 2014). This fact might be 
explained by the issues that may occur when 
assessing kids.

The application of pupillometry is more dif-
ficult when it comes to children (Winn 2018). 
There are some factors that should be taken 
into account when designing an experiment 
related to listening effort and specifically with 
children.

Children tend to struggle more than adults 
when it comes to remain stable, which is gen-
erally required during pupillometry measure-
ment.

Eye-trackers rely on pupil-detection to pro-
vide information about pupil diameter. For 
this reason, if a big movement is made, a new 
calibration could be required in order to en-
sure accurate measurements and a re-calcu-
lation of the algorithm needs to be carried 
out, deriving during this time in data loss. It 
is therefore important to prevent as much as 
possible these head movements, otherwise 
data would become too noisy or valuable in-
formation would be lost. In children, avoiding 
these movements can become a very difficult 
job, so the decisions regarding how to set the 
design and what device should be used must 
be done taking this fact into consideration. 
The first thing to think about is the type of 
eye-tracker that would be selected.

A practical way to avoid head movement is to 
use a chin-rest when using remote eye-track-
ers (in this type of eye-tracker, no parts of the 
equipment are attached to the participant’s 
head and stimuli is presented on a monitor). 
As in this case remaining still is imperative to 
capture accurate data, it restricts participant’s 
movements. This situation may be uncomfort-
able for the child, for this reason, it is suggest-
ed to use head-mounted eye-trackers when 
assessing children, because they allow more 
freedom of movement. Unfortunately, this 
kind of device needs a more controlled envi-
ronment in order to avoid that other effects 
interfere on the results. For example, an un-
even illumination of the room could result in 
changes on pupil diameter not related to the 
task (Lemercier 2014). A good practice could 
be to use artificial lights such as “neon lighting” 
for illuminating the assessment room (Armato 
2013, Lanata 2013); in case this is not possible 
and the assessment is conducted outside of a 
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lab, a light-meter for monitoring light intensity 
levels between participants is necessary.

There are two additional aspects that need 
to be considered when designing and inter-
preting experiments that include children and 
adults. The first one, mainly related to the 
design of the study, is that children struggle 
more than adults to maintain attention along 
the experiment (Hepach 2016, Winn 2018). 
A good practice that Hepach & Westermann 
(Hepach 2016) propose, is to present a stim-
ulus prompting for attention prior to the trial 
presentation.

The difficulty of the task is also important in 
this case: when the task is too challenging for 
the participant (due to the difficulty of the test 
or the intelligibility of the signal), pupil diame-
ter decrease instead of increasing. This occurs 
because the participant gave up trying and 
have disengaged from the task (Zekveld 2018). 
Moreover, it is fundamental to investigate the 
role of working memory in participants when 
facing listening effort related tasks. We refer 
to working memory as “the temporary stor-
age of information in connection with the per-
formance of other cognitive tasks” (Baddeley 
1983). When assessing listening effort, work-
ing memory is an essential component to take 
into consideration. In a typical listening-effort 
experiment participants are asked to retain 
auditory information in memory to recall 
them after, as a consequence, results can vary 
as a function of their short-term storage ca-
pacity. When comparing pupil diameter be-
tween groups of different ages, it is important 
to keep in mind that memory load in children 
exceeds sooner than in adults, and when the 
demand far surpasses participant capacity a 
decrease in pupil diameter rather than an in-
creasing may show up as observed in some 
studies using a digit recall task (Johnson 2014, 
Karatekin 2004). For example, in Johnson et 
al., study (Johnson 2014), children’s pupils 
reached a ceiling level around the digit 6 and 
started to constrict after it, whereas adults 
showed this effect later on. Other studies did 
not replicate this result, for example Cabe-
strero et al., showed that the pupil diameter 
plateaued when resources were exceeded 
(Cabestrero 2009).

Pupil diameter changes with age. Absolute 
pupil diameter changes over life-time, and 
children show larger absolute pupil sizes than 

older adults (Eckstein 2017). Therefore, in or-
der to make comparisons between pupil siz-
es, researchers need to register pupil baseline 
values and compare them to the outcomes 
instead of comparing absolute diameter val-
ues. Pupil baseline values can be obtained by 
recording the pupil-size for a short period, 
such as 300 ms before the beginning of the 
experiment (Hepach 2016). In the case of chil-
dren, as they have more difficulty than adults 
to remain still, we might require longer time 
to make sure we record it.

Pupillometry can be a promising tool to 
explore the listening effort experienced by 
children, as it could objectively help to report 
the necessity of taking care of noise levels in 
educational environments (schools) and es-
pecially in the case of population with hearing 
pathologies (McGarrigle 2017).

Leaving the limitations behind there are few 
studies assessing pupillometry in children. 
yet, most of them focus on topics such as au-
ditory processing and speech perception.

For example, Tamási et al (Tamási 2017) 
investigated children sensitivity to phonolog-
ical mismatch: they showed that 30-months-
old toddlers’ pupil diameters increased when 
mispronounced words were heard. Another 
study, conducted by Hochmann and Papeo 
(Hochmann 2014), analysed infants’ response 
to acoustic stimuli. The authors shown that 
infants’ pupil size increased when exposed 
to a deviant sound condition, as an evidence 
of children sensibility to differences between 
acoustic stimuli.

The studies presented here are an example 
of how researchers use pupillometry to inves-
tigate aspects related to speech and auditory 
perception in children, however, up to date 
studies addressing only listening effort in chil-
dren by means of pupillometry remain scarce 
there are only a few exceptions (McGarrigle 
2017, Steel 2015) yet, further studies that rep-
licate their findings are needed.

Using pupillometry to measure 
listening effort in children

As already explained in the first section, 
most of the studies that investigated the ef-
fect of noise on listening effort in children 
with hearing loss have evaluated and anal-
ysed children’s self-reports, response times 
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(RT) and accuracy performance using a du-
al-task paradigm (tasks that require the par-
ticipant to do two tasks at the same time) 
(Peelle 2018). Although it has been shown 
that verbal tasks reflect better than visual 
tasks the effects of noise in relation to hear-
ing status, pupillometry measures has been 
suggested as a tool that allows to better ex-
plore the topic of listening effort in children 
(McGarrigle 2019). However, up to date just 
a couple of studies have assessed listening 
effort by means of pupillometry on children, 
and just one of them applies to listening ef-
fort in terms of cognitive effort (McGarrigle 
2017).

McGarrigle and colleagues (McGarrigle 
2017) used pupillometry to assess listening 
effort and its consequent fatigue in a group 
of 41 normal-hearing children aged 8 to 11 
years. According to the authors, “listening fa-
tigue” is related to “the tiredness that results 
from sustained effortful listening”.

In this research, participants have to listen 
to short passages (13-18 seconds each) and 
choose among different images the one that 
corresponded to the passage heard: the stim-
uli were presented in two different acoustic 
conditions, one representing the recom-
mended levels of background noise (+15dB 
SNR) and one representing the typical back-
ground noise of a school classroom (-2dB 
SNR). While executing the tasks, the diame-
ter of participants’ pupil was being recorded, 
along with response times and accuracy. At 
the end of each trial in both acoustic condi-
tions, participants have to fill a self-report 
questionnaire about their own perception of 
fatigue (which includes feelings of tiredness, 
headache, concentrations problems). The re-
sults revealed that there were no statistical 
differences between the two listening con-
ditions, neither for response times nor for 
accuracy, while participants showed a larger 
mean pupil response in typical listening con-
dition than in the ideal one, which is coherent 
with the idea that a higher noise level lead to 
higher listening effort.

Another study (Steel 2015) used pupillom-
etry to examine the relationship between lis-
tening effort and “binaural fusion” (the pro-
cess of combining two sounds presented to 
each ear) in a group of 25 deaf children with 
cochlear implants: the researchers aimed to 

explore whether this binaural fusion reduc-
es listening effort or not. They asked partic-
ipants to listen to acoustic click-trains and to 
tell whether they heard one single sound or 
two separate ones. Pupillometric results in-
dicated that pupil diameter was larger when 
the perception of binaural fusion was lower.

Guidelines for Assessing 
Listening Effort in Children with 
Pupillometry

It can be helpful to give some advices on 
assessing listening effort in children, as there 
are not so many studies on the topic:

Setting: usually listening-related experi-
ments require the avoidance of background 
noise (e.g. traffic or voices), so it is preferred 
to run the experiments in soundproof rooms 
or cabins. If the study requires background 
noise, it should be avoided natural environ-
mental noises: instead, it is recommended to 
use a custom-made sound, built with specific 
features like constant pitch or volume.

Luminosity: a good lightning system is fun-
damental for an optimal outcome of the ex-
periment. As light interfere with pupil dila-
tion, it is necessary to keep the light constant: 
in order to do so, it is suggested to measure 
the room illumination with a lux meter.

Eye-trackers: it is recommended to use 
head-mounted eye-trackers with children, 
as they are easier to use and more comfort-
able to wear than screen-based eye-trackers. 
Moreover, unlike the screen-based eye-track-
er, this kind of device does not require stand-
ing still in order to register pupil data, so it is 
more practical not only with children but also 
with other population who struggle with pa-
tience and inhibitory abilities, like people with 
ADHD, ASD or other kind of diseases.

Eye trackers: advantages/disadvantages
The screen-based eye tracker is very com-

mon and strongly recommended for obser-
vations of screen-based stimuli (e.g. pictures, 
videos, text, etc). Although desktop eye track-
ers can be more comfortable for some partic-
ipants, they are not suitable for some popu-
lations. With this type of eye tracker, subjects 
are asked to look at the screen avoiding 
moving their head or themselves as much as 
possible: this demand could be fatiguing and 
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requires patience and inhibitory abilities, a 
requirement that some populations may find 
hard to accomplish (e.g. children, people with 
ADHD, ASD or other kinds of diseases). Also, 
this type of eye-tracker needs a laboratorial 
setting.

Glasses, instead, are especially used in out-
door testing and task performance, as they 
are mobile and small-sized. As it’s portable 
and not strictly necessary to remain still, this 
kind of eye tracker is not only children-friend-
ly, but also practical for everyone who strug-
gles to reach the laboratory. (Figure1)

Conclusions
Listening effort is strongly related to cog-

nitive resources. In fact, in case of noisy en-
vironment, the cognitive system demands 
additional effort and therefore the cognitive 
abilities needed to perform a specific task be-
comes impoverished.

Listening effort has therefore negative ef-
fects on cognitive abilities, especially in chil-
dren (Klatte 2010).

Inadequate acoustic conditions and listen-
ing impairments may affect scholastic perfor-
mance.

It is therefore important to have a more ob-
jective method for assessing listening effort. 
Pupillometry could be a good solution for 
evaluating the effect that background noise 
has on children’ cognitive abilities, particular-
ly in the case of hearing-impaired children.

While one of the aims of this review were to 
report the results found up to date on stud-
ies that assessed listening effort on children 
with pupillometry, it is surprising the scarcity 
of studies revising this question by means of 
this technique.

This becomes more challenging especially 
with children, since there are not really clear 
guidelines and references to be referred.

The results of this review could have direct 
implications for the scientific community, mak-
ing clear the importance of assessing listening 
effort on children by means of a more objec-
tive technique and providing guidance for im-
plementing future pupillometry studies.

In particular, studies that analyse the effect 
of the listening effort on children with hear-
ing impairment by using pupillometry could 
make an important contribution to promot-
ing and highlighting the problem of class-
room acoustics and the necessity of ensuring 
good listening conditions.

Figure 1. Example of use of eye tracking glasses for pupil size measurement.

Acknowledgments

We would like to thank professor Barbara Arfè for her valuable comments on the paper 



Audiologia&Foniatria - Italian Journal of Audiology and Phoniatrics, Dec. 2020

11

Gheller F. et al.

DOI 10.14658/pupj-ijap-2020-1-4

References
Ahern, S., Beatty, J. (1981). Physiological evidence that demand for processing capacity varies with 

intelligence. Intelligence and learning;121-128.
Armato, A., Lanatà, A., Scilingo, E.P. (2013). Comparative study on photometric normalization 

algorithms for an innovative, robust and real-time eye gaze tracker. Journal of real-time image 
processing;8(1):21-33.

Aston-Jones, G., Cohen J.D. (2005). An integrative theory of locus coeruleus-norepinephrine 
function: adaptive gain and optimal performance. Annual review of neuroscience; 28:403-50.

Aston-Jones, G., Rajkowski, J., Cohen, J. (1999). Role of locus coeruleus in attention and behavioral 
flexibility. Biological Psychiatry; 46(9):1309-1320.

Baddeley, A.D. (1983). Working memory. Philosophical Transactions of the Royal Society of London 
B, Biological Sciences;302(1110):311-324.

Beatty, J., Kahneman, D. (1966). Pupillary changes in two memory tasks. Psychonomic 
Science;5(10):371-2.

Beatty, J. (1982). Task-evoked pupillary responses, processing load, and the structure of processing 
resources. Psychological Bulletin; 91(2):276-92.

Borghini, G., Hazan, V. (2018). Listening effort during sentence processing is increased for non-
native listeners: A pupillometry study. Frontiers in Neuroscience; 12:1-13.

Cabestrero, R., Crespo, A., Quirós, P. (2009). Pupillary dilation as an index of task demands. 
Perceptual and motor skills;109(3):664-678.

Chapman, L.R., Hallowell, B. (2015). A novel pupillometric method for indexing word difficulty in 
individuals with and without aphasia. Journal of Speech, Language and Hearing Research;58(5): 
1508-1520.

Ebitz, R.B., Pearson, J.M., Platt, M.L. (2014). Pupil size and social vigilance in rhesus macaques. 
Frontiers in Neuroscience; 8:1-13.

Eckstein, M.K., Guerra-Carrillo, B., Miller Singley, A.T., Bunge, S.A. (2017). Beyond eye gaze: What 
else can eyetracking reveal about cognition and cognitive development? Developmental 
Cognitive Neuroscience; 25:69-91.

Einhäuser, W. (2017). The pupil as marker of cognitive processes. Computational and cognitive 
neuroscience of vision; 141-169.

Elliott, L.L., Hammer, M.A., Scholl, M.E. (1989). Fine-grained auditory discrimination in normal 
children and children with language-learning problems. Journal of Speech, Language, and 
Hearing Research; 32(1):112-9.

Geva, R., Zivan, M., Warsha, A., Olchik, D. (2013). Alerting, orienting or executive attention networks: 
differential patters of pupil dilations. Frontiers in Behavioral Neuroscience; 7:1-11.

Gheller, F., Lovo. E., Arsie, A., Bovo R. (2020). Classroom acoustics: Listening problems in children. 
Building Acoustics; 27(1), 47–59.

Granholm, E., Steinhauer, S.R. (2004). Pupillometric measures of cognitive and emotional processes. 
International Journal of Psychophysiology; 52(1):1-6.

Gustafson, S., McCreery, R., Hoover, B., Kopun J.G., Stelmachowicz, P. (2014). Listening effort and 
perceived clarity for normal hearing children with the use of digital noise reduction. Ear and 
hearing;35(2), 183.

Hall, J.E. (2015). Guyton and Hall textbook of medical physiology (13th edition). Philadelphia, PA: 
Elsevier.

Heitz, R.P., Schrock, J.C., Payne, T.W., Engle R.W. (2008). Effects of incentive on working memory 
capacity: Behavioral and pupillometric data. Psychophysiology;45(1):119-29.

Hepach, R., Westermann, G. (2016). Pupillometry in infancy research. Journal of Cognition and 
Development;17(3):359-377.

Hess, E.H., Polt, J.M. (1960). Pupil size as related to interest value of visual stimuli. Science;349-350.



12

Audiologia&Foniatria - Italian Journal of Audiology and Phoniatrics, Dec. 2020Gheller F. et al.

DOI 10.14658/pupj-ijap-2020-1-4

Hess, E.H., Polt, J.M. (1964). Pupil size in relation to mental activity during simple problem solving. 
Science; 140:1190-2.

Hochmann, J.R., Papeo, L. (2014). The invariance problem in infancy: A pupillometry study. 
Psychological science;25(11):2038-2046.

Hurtig, A., Keus van de Poll, M., Pekkola, E.P., Hygge, S., Ljung, R., Sörqvist, P. (2015). Children’s 
Recall of Words Spoken in Their First and Second Language: Effects of Signal-to-Noise Ratio 
and Reverberation Time. Frontiers in psychology; 6:2029.

Johnson, E.L., Miller Singley, A.T., Peckham, A.D., Johnson, S.L., Bunge, S.A. (2014). Task-evoked 
pupillometry provides a window into the development of short-term memory capacity. 
Frontiers in Psychology; 5:1-8.

Kahneman, D., Beatty, J. (1966). Pupil Diameter and Load on Memory. Science;6-8.
Kahneman, D., Tursky, B., Shapiro, D., Crider, A. (1969). Pupillary, heart rate, and skin resistance 

changes during a mental task. Journal of Experimental Psychology;79(1):164-7.
Kahneman, D., Wright, P. (1971). Changes of pupil size and rehearsal strategies in a short-term 

memory task. The Quarterly journal of experimental psychology.;23(2):187-196.
Karatekin, C. (2004). Development of attentional allocation in the dual task paradigm. International 

Journal of Psychophysiology;52(1):7-21.
Klatte, M., Bergström, K., Lachmann, T. (2013). Does noise affect learning? A short review on noise 

effects on cognitive performance in children. Frontiers in psychology; 4:578.
Klatte, M., Lachmann, T., Meis, M. (2010). Effects of noise and reverberation on speech perception 

and listening comprehension of children and adults in a classroom-like setting. Noise Health; 
12(49):270-82.

Laeng, B., Sirois, S., Gredebäck, G., (2012). Pupillometry: A window to the preconscious? Perspectives 
on Psychological Science;7(1):18-27.

Lanata, A., Valenza, G., Scilingo, E.P. (2013). Eye gaze patterns in emotional pictures. Journal of 
Ambient Intelligence and Humanized Computing;4(6):705-715.

Lemercier, A., Guillot, G., Courcoux, P. (2014). Pupillometry of taste: Methodological guide–from 
acquisition to data processing-and toolbox for MATLAB.

Lewis, D., Schmid, K., O’Leary, S., Spalding, J., Heinrichs-Graham, E. High R. (2016). Effects of Noise 
on Speech Recognition and Listening Effort in Children with Normal Hearing and Children 
with Mild Bilateral or Unilateral Hearing Loss. Journal of speech, language, and hearing 
research;59(5):1218-1232.

MacLachlan, C., Howland, H.C. (2002). Normal values and standard deviations for pupil diameter 
and interpupillary distance in subjects aged 1 month to 19 years. Ophthalmic and Physiological 
Optics; 22(3):175-182.

Mathôt, S. (2018). Pupillometry: Psychology, Physiology, and Function. Journal of Cognition; 1(1):1-
23.

Mathôt, S., Grainger, J., Strijkers K. (2017). Pupillary responses to words that convey a sense of 
brightness or darkness. Psychological science; 28(8): 1116-1124.

Mathôt, S., Van der Linden, L., Grainger, J. (2013). The pupillary light response reveals the focus of 
covert visual attention. PLoS ONE;8(10).

McDougal, D.H., Gamlin, P.D. (2015). Autonomic control of the eye. Comprehensive Physiology; 
5(1):439–473.

McGarrigle, R., Dawes, P., Stewart, A.J., Kuchinsky, S.E., Munro, K.J. (2017). Measuring listening-
related effort and fatigue in school-aged children using pupillometry. Journal of Experimental 
Child Psychology; 161:95-112.

McGarrigle, R., Gustafson, S.J., Hornsby B.W. (2019). Behavioral measures of listening effort 
in school-age children: Examining the effects of signal-to-noise ratio, hearing loss, and 
amplification. Ear and hearing;40(2):381-392.



Audiologia&Foniatria - Italian Journal of Audiology and Phoniatrics, Dec. 2020

13

Gheller F. et al.

DOI 10.14658/pupj-ijap-2020-1-4

McGarrigle, R., Munro, K.J., Dawes, P., Stewart, A.J., Moore, D.R., Barry, J.G., (2014). Amitay S Listening 
effort and fatigue: what exactly are we measuring? A British Society of Audiology Cognition in 
Hearing Special Interest Group ‘white paper’. International journal of audiology;53(7):433-40.

Miller-Keane (2020). “Pupil (eye).” Encyclopedia and Dictionary of Medicine, Nursing, and Allied 
Health, Seventh Edition. 2003. Saunders, an imprint of Elsevier, Inc 17 Feb. https://medical-
dictionary.thefreedictionary.com/Pupil+(eye)

Nakayama, K., Naber, M. (2013). Pupil responses to high-level image content. Journal of Vision; 13:1-
8.

Peelle, J.E. (2018). Listening effort: how the cognitive consequences of acoustic challenge are 
reflected in brain and behaviour. Ear and Hearing; 39(2): 204.

Pichora-Fuller, M.K., Kramer, S.E, Eckert, M.A., Edwards, B., Hornsby, B.W., Humes, L.E., et al (2016). 
Hearing Impairment and Cognitive Energy: The Framework for Understanding Effortful 
Listening (FUEL). Ear and Hearing; 37 Suppl 1:5S-27S.

Porter, G., Troscianko, T., Gilchrist, I.D. (2007). Effort during visual search and counting: Insights 
from pupillometry. Quarterly Journal of Experimental Psychology;60(2):211-29.

Prodi, N., Visentin, C. (2015). Listening efficiency during lessons under various types of noise. The 
Journal of the Acoustical Society of America; 138(4):2438-48.

Prodi, N., Visentin, C., Peretti, A., Griguolo, J., Bartolucci, G.B. (2019). Investigating Listening Effort 
in Classrooms for 5- to 7-Year-Old Children. Language, speech, and hearing services in schools; 
50(2):196-210.

Puglisi, G.E., Prato, A., Sacco, T., Astolfi, A. (2018). Influence of classroom acoustics on the reading 
speed: A case study on Italian second-graders. The Journal of the Acoustical Society of 
America;144(2): EL144.

Rudner, M., Lyberg-Åhlander, V., Brännström, J., Nirme, J., Pichora-Fuller, M.K., Sahlén, B. (2018). 
Listening Comprehension and Listening Effort in the Primary School Classroom. Frontiers in 
psychology; 9:1193.

Samuels, E., Szabadi, E. (2008). Functional Neuroanatomy of the Noradrenergic Locus Coeruleus: 
Its Roles in the Regulation of Arousal and Autonomic Function Part II: Physiological and 
Pharmacological Manipulations and Pathological Alterations of Locus Coeruleus Activity in 
Humans. Current Neuropharmacology;6(3):254-85.

Sara, SJ. (2009). The locus coeruleus and noradrenergic modulation of cognition. Nature Reviews 
Neuroscience; 10(3):211-23.

Schmidtke, J. (2018). Pupillometry in linguistic research: An introduction and review for second 
language researchers. Studies in Second Language Acquisition; 40(3):529-549.

Shakhnovich, V.R. (1958). Experimental techniques cinematographic examination of the reactions 
of the pupils to convergence. Sechenov Physiological Journal of the USSR; 44: 152.

Steel, M.M., Papsin, B.C., Gordon, K.A. (2015). Binaural fusion and listening effort in children who 
use bilateral cochlear implants: A psychoacoustic and pupillometric study. PLoS ONE;10(2):1-
29.

Sussman, J.E., Carney, A.E. (1989). Effects of transition length on the perception of stop consonants 
by children and adults. Journal of Speech, Language, and Hearing Research; 32(1):151-60.

Tamási, K., McKean, C., Gafos, A. (2017). Pupillometry registers toddlers’ sensitivity to degrees of 
mispronunciation. Journal of experimental child psychology; 153:140-148.

Van der Wel, P., Van Steenbergen, H. (2018). Pupil dilation as an index of effort in cognitive control 
tasks: A review. Psychonomic Bulletin and Review;25(6):2005-15.

Wang, C.A., Munoz, D.P. (2015). A circuit for pupil orienting responses: Implications for cognitive 
modulation of pupil size. Current Opinion in Neurobiology; 33:134-140.

Winn, M.B., Wendt, D., Koelewijn, T., Kuchinsky, S.E. (2018). Best practices and advice for using 
pupillometry to measure listening effort: an introduction for those who want to get started. 
Trends in hearing; 22: 2331216518800869.

https://medical-dictionary.thefreedictionary.com/Pupil+(eye)
https://medical-dictionary.thefreedictionary.com/Pupil+(eye)


Zekveld, A.A., Koelewijn, T., Kramer, S.E. (2018). The pupil dilation response to auditory stimuli: 
Current state of knowledge. Trends in hearing; 22:2331216518777174.

Zekveld, A.A., Kramer, S.E. (2014). Cognitive processing load across a wide range of listening 
conditions: Insights from pupillometry. Psychophysiology;51(3):277-284.

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.


