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Let’s See If You Can Hear: The Effect of Stimulus Type and 
Intensity to Pupil Diameter Response in Infants and Adults

Amanda Saksida,1,2 Sašo Živanović,3 Saba Battelino,4 and Eva Orzan1

Objectives: Pupil dilation can serve as a measure of auditory attention. 
It has been proposed as an objective measure for adjusting hearing aid 
configurations, and as a measure of hearing threshold in the pediatric 
population. Here we explore (1) whether the pupillary dilation response 
(PDR) to audible sounds can be reliably measured in normally hear-
ing infants within their average attention span, and in normally hearing 
adults, (2) how accurate within-participant models are in classifying PDR 
based on the stimulus type at various intensity levels, (3) whether the 
amount of analyzed data affects the model reliability, and (4) whether we 
can observe systematic differences in the PDR between speech and non-
speech sounds, and between the discrimination and detection paradigms.

Design: In experiment 1, we measured the PDR to target warble tones 
at 500 to 4000 Hz compared with a standard tone (250 Hz) using an 
oddball discrimination test. A group of normally hearing infants was 
tested in experiment 1a (n = 36, mean [ME] = 21 months), and a group 
of young adults in experiment 1b (n = 12, ME = 29 years). The test was 
divided into five intensity blocks (30 to 70 dB SPL). In experiment 2a (n 
= 11, ME = 24 years), the task from experiment 1 was transformed into a 
detection task by removing the standard warble tone, and in experiment 
2b (n = 12, ME = 29 years), participants listened to linguistic (Ling-6) 
sounds instead of tones.

Results: In all experiments, the increased PDR was significantly associ-
ated with target sound stimuli on a group level. Although we found no 
overall effect of intensity on the response amplitude, the results were 
most clearly visible at the highest tested intensity level (70 dB SPL). 
The nonlinear classification models, run for each participant separately, 
yielded above-chance classification accuracy (sensitivity, specificity, and 
positive predictive value above 0.5) in 76% of infants and in 75% of 
adults. Accuracy further improved when only the first six trials at each 
intensity level were analyzed. However, accuracy was similar when pupil 
data were randomly attributed to the target or standard categories, indi-
cating over-sensitivity of the proposed algorithms to the regularities 
in the PDR at the individual level. No differences in the classification 
accuracy were found between infants and adults at the group level, nor 
between the discrimination and detection paradigms (experiment 2a ver-
sus 1b), whereas the results in experiment 2b (speech stimuli) outper-
formed those in experiment 1b (tone stimuli).

Conclusions: The study confirms that PDR is elicited in both infants and 
adults across different stimulus types and task paradigms and may thus 

serve as an indicator of auditory attention. However, for the estimation 
of the hearing (or comfortable listening) threshold at the individual level, 
the most efficient and time-effective protocol with the most appropriate 
type and number of stimuli and a reliable signal to noise ratio is yet to be 
defined. Future research should explore the application of pupillometry 
in diverse populations to validate its effectiveness as a supplementary 
or confirmatory measure within the standard audiological evaluation 
procedures.
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INTRODUCTION

Hearing, or auditory perception, is an attentional response to 
sounds. In clinical practice, hearing threshold assessment usu-
ally consists of presenting acoustic stimuli (i.e., pure or warble 
tones) and measuring the subject’s behavioral response. The 
procedure is called pure-tone audiometry (PTA) and is consid-
ered the standard form of audiometry. However, this procedure 
can generally be performed on patients older than 5 years. In 
infants and children, subjective responses are difficult to obtain; 
therefore, the description of the auditory status of an infant is 
obtained through a combined analysis of various physiological 
methods such as otoacoustic emissions, auditory brain stem 
response, auditory steady-state response, and electrocochleog-
raphy. Each of the objective measures has limitations regarding 
either difficulty in administration or poorer correlation levels 
with behavioral methods (Gordon et al. 2004; Ahn et al. 2007; 
Visram et al. 2015). Therefore, a behavioral measure of hearing 
is considered to be the gold standard against which these meth-
ods are compared. For infants, visual reinforcement audiometry, 
a version of PTA, has been developed, and can be used for the 
assessment of behavioral responses to sounds in infants older 
than 6 months (Widen et  al. 2000). Nonetheless, the depen-
dence on overt behavioral responses, the habituation of the 
procedure, and the requirement for highly skilled professionals 
to interpret the results represent limitations of the method. An 
additional time- and cost-efficient approach that could directly 
capture attention to audible stimuli would therefore represent a 
necessary bridge between the existing objective and behavioral 
measures.

Among the methods that have been recently proposed to 
objectively capture the attentional response to auditory stimu-
lation is pupillometry (Joshi et al. 2016; Strauch et al. 2022). 
Research has recently shown that the pupillary dilation response 
(PDR) is a valid index of auditory orienting response elicited by 
a rare and unexpected occurrence of a sound deviating from 
the auditory background (Marois et al. 2018; Bala et al. 2019), 
regardless of whether the tracking of unexpected stimuli was 
conscious or unconscious (Liao et  al. 2016b; Quirins et  al. 
2018). The PDR can be used to assess attentional capture by 
a deviant sound in contexts where the pupil diameter can be 
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modulated by the visual environment (Marois & Vachon 2018). 
Moreover, the PDR is strongly correlated with the subjective 
feeling of the salience/loudness of sounds (Liao et al. 2016a).

The PDR as an index of auditory attention in the pediatric 
population has been explored in a limited amount of recent 
studies. Research reports infants’ and toddlers’ (age range 6 to 
30 months) pupil responses to auditory stimuli in the contexts 
of the sensitivity to phonological detail (Tamási et  al. 2016, 
2017), categorical sound perception (Hochmann & Papeo 2014; 
Calignano et  al. 2021), and unexpected sounds (Wetzel et  al. 
2016). In these studies, infants exhibited attention to sounds 
during a passive listening test. Two of these studies examined 
infants’ involuntary attention to unexpected (target or deviant) 
sounds in a discrimination task called oddball procedure, while, 
to our knowledge, no study has examined infants’ PDR when 
detecting sounds in silence. Indirectly, results of these studies 
nonetheless indicate that PDR could be taken as an index of 
auditory orienting response to unexpected audible stimuli also 
in the pediatric population.

In line with this research, the PDR to unexpected acoustic 
stimuli has been recently proposed as an additional physiologi-
cal measure of hearing, for both infants (US 2020/0253526 A1 
2020) and hearing-impaired adults as a method for adjusting 
hearing aids (EP 3 481 086 B1 2019; US 10,609,493 B2 2020). 
The proposed methods predict the PDR to be an index of hear-
ing at threshold levels for individual subjects. These methods 
imply that the amplitude of the PDR to target stimuli at dif-
ferent intensity levels (response amplitude), or the model suc-
cess in correctly classifying the PDR to audible stimuli can be 
modeled with a psychometric function and that the auditory 
threshold can be defined somewhere between the quietest sound 
that elicits a statistically significant PDR and the amplitude of 
the quiet sound that does not yield such a dilation (Bala et al. 
2019). However, no data are reported on the actual reliability 
of the method at the individual level, neither for adults nor for 
the pediatric population. It is also unclear how much data is 
necessary to obtain a reliable response from an individual, and 
how reliable the measure is at various intensity levels. Namely, 
in pupillometry, a single exposure at a certain intensity level 
may not be enough to reliably estimate the pupil response to 
target sounds. Rather, several exposures (a short block of tri-
als) may be necessary at each intensity level (Burg et al. 2021; 
Mathôt & Vilotijević 2023). Furthermore, to obtain the audi-
tory threshold (i.e., the volume) at which the pupil reliably 
responds to an auditory stimulus, an adaptive testing procedure 
may be needed (Leek 2001). Such a psychoacoustic procedure 
involves repeatedly varying sound intensity to find the level at 
which the participant stops responding, and is a common proce-
dure in both research and clinical practice (Sinnott et al. 1983; 
Sinnott & Aslin 1985; Olsho et al. 1987; Leek 2001). All this 
contributes to the increased duration of a potentially reliable 
pupillometric test of auditory threshold. Especially for infants 
and young children, the short attention span during which pupil 
size can be effectively measured can pose a serious limitation 
to the method (Hochmann 2013; Hepach & Westermann 2016). 
Lastly, whereas the method has been proposed as an index 
of hearing for both speech and nonspeech stimuli, it remains 
unclear whether the PDR to speech and nonspeech sounds is 
comparable (cf., Wetzel et  al. 2016), and whether the detec-
tion task, which is more common in clinical use (PTA), elicits 
similar responses as the discrimination task, which is common 

in infant research literature (Olsho et  al. 1987; Hochmann & 
Papeo 2014; Wetzel et al. 2016). As reported in the recent lit-
erature, the PDR in the detection task may not only elicit simi-
lar responses but may possibly more consistently reflect hearing 
abilities (Bala et al. 2019) and correlate well with the perceived 
loudness of the stimulus (Liao et al. 2016), possibly in a similar 
way as other physiological measures of hearing such as ABR 
(Schilling et al. 2019).

To address these questions, we prepared a series of tests in 
which participants—a group of normally hearing infants and 
three groups of normally hearing young adults—passively lis-
tened to warble tones or speech sounds at various intensity lev-
els while watching a video with unrelated content. Experiment 
1 consisted of a discrimination task with an oddball procedure 
in which one of the warble tones was presented frequently (non-
targets), while others were presented rarely (targets). To address 
the question of the amount of data necessary to obtain a reli-
able response from an individual, both full and reduced datasets 
were analyzed. In experiment 2, the procedure was modified to 
verify whether the detection task, compared with the discrimi-
nation task, elicits more systematic responses that correlate 
more consistently with the intensity of the stimulus (experiment 
2a) and whether speech sounds elicit similar PDR responses as 
tones (experiment 2b). Stimuli were presented in five blocks 
at different (audible) intensity levels. We hypothesized that 
the increased PDR would be observed both at the group and 
at the individual level for all target stimuli, potentially with an 
increased response amplitude at higher intensity levels. We fur-
ther hypothesized that the reduced amount of input data will 
negatively affect the results, and that the PDR to speech stimuli 
would systematically differ from the PDR to tones.

EXPERIMENT 1

In experiment 1a, we tested the reliability of the method 
at the individual level in a group of normally hearing infants 
(experiment 1a) and in a group of young normally hearing adults 
(experiment 1b). In both groups, we analyzed (a) the average 
PDR to target and nontarget sounds at different levels of inten-
sity, (b) the reliability of the measure in individuals at various 
intensity levels, and (c) how reliable the PDR is in individuals 
when only the first six trials are analyzed at each intensity level.

Methods
Participants  •  For experiment 1a, we tested 36 normally hear-
ing infants (19 girls, mean age: 21 months, range: 5-37 months) 
in one regional center in Italy. Their mother tongue was Italian 
or Slovenian, and they had normal or corrected visual acu-
ity, and no relevant neurological or psychiatric disease. Their 
socioeconomic and cultural background was not assessed. Two 
additional infants were excluded from data analysis because no 
data were obtained due to the infants’ fussiness and the cali-
bration failures. Parents were recruited for the study through 
social media. They were informed about the study and signed 
the informed consent before the beginning of the study. While 
sample size calculation was not performed, the sample size was 
based on previously published articles with a comparable num-
ber of participants using pupillometry in auditory or audiovi-
sual tasks (Wetzel et al. 2016; Bala et al. 2019; Zhao et al. 2019; 
Calignano et al. 2023).
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Young adults (n = 12, 4 females, mean age: 29 years, SD: 4.3) 
from various regions of Italy were tested in experiment 1b. In 
all groups, their education level was university degree or higher, 
obtained in fields related to audiology or otorhinolaryngology, 
speech therapy, or audiometry. Written consent to participate in 
the study was obtained before the beginning of the testing. They 
were unaware of the specific scope of the study beforehand and 
were subsequently informed about it. All participants had nor-
mal hearing, normal or corrected visual acuity, and no history of 
psychiatric diseases or neurological problems. The sample size 
was smaller than in experiment 1a because of the limited avail-
ability of adult participants at the pediatric institute.

The study was approved by the regional ethical commit-
tee in 2021. All methods were performed in accordance with 
the relevant guidelines and regulations (e.g., the 1964 WMA 
Declaration of Helsinki and its later amendments). The testing 
took place in 2021 and 2022.

Stimuli  •  Auditory stimuli were warble tones. Warble tones 
were created using the Function generator (https://www.wav-
tones.com/functiongenerator.php) with a ±5% frequency modu-
lation and the center frequencies at 250, 500, 1000, 2000, and 
4000 Hz. The duration of each sound was 400 msec. The deci-
sion to use warble tones was based on the Guidelines on the 
Acoustics of Sound Field Audiometry in Clinical Audiological 
Applications (British Society of Audiology, 2008). The warble 
tone of the lowest frequency (250 Hz) was selected as the stan-
dard nontarget stimulus, whereas other tones were used as target 
stimuli.

The visual stimulus was a video recording of a girl playing 
with puppets, presented in black and white, at a constant bright-
ness level (i.e., the luminosity, measured in lumens, remained 
constant throughout the video presentation when measured from 
the position of the participant). The size of the video matched 
the size of the screen (1600 × 900 pixels), and the maximum 
viewing angle was 21º to the left or to the right of the center of 
the screen.

Apparatus  •  Auditory stimuli were stored offline as uncom-
pressed wav files and converted to analog signals (44,100 
samples/s; 16-bit resolution) using a MacBook Air 2017. They 
were presented in free field from two active wide-range speak-
ers (3-inch, 6.5 Ohm, 70 Hz to 20 kHz) positioned to the left 
and to the right of the screens at ca. 90 cm distance from each 
other and from the participant, forming an equilateral triangle. 
Participants were tested in a sound-isolated audiological test-
ing chamber at the center, with a 60 dB reverberation time 
(RT60) of 200 ms and a brightness level of 7650 to 7700 lumens 
at the participants’ position. The stimuli were calibrated with 
a sound-level meter (NTI Audio XL2 using an NTI M2230 
measurement microphone class 1, positioned at the sweet spot 
(position of participants’ heads) during the test. The ambient 
sound (background noise) level near the subject’s head ranged 
between 28 and 38 dB SPLZ, measured using the same equip-
ment as for stimulus calibration, depending on the period of the 
day when the testing took place. The stimuli were presented at 
various intensity levels (30, 40, 50, 60, and 70 dB HL), trans-
formed from the sound pressure levels using the normal equal-
loudness-level contours for pure tones under free-field listening 
conditions (SS-ISO 226:2003). The lowest intensity level was 
decided based on the average background noise level in the test-
ing chambers.

The tests were performed with a portable Tobii Pro Nano 
corneal reflection eye tracker placed under a (1600 × 900) TFT 
60 Hz 23-inch screen. Participants were seated at ca. 60 cm 
from the screen. Infants were seated in their parents’ laps, while 
their parents had their eyes closed and were instructed to remain 
still throughout the test; however, their ears were not shielded 
from the sounds. As such, the procedure was comparable to the 
visual reinforcement audiometry procedure at our institute. The 
gaze calibration procedure was performed before the test. The 
test consisted of an oddball procedure that captures the attention 
system’s responses to unexpected sounds by frequently (80%) 
presenting stimuli of one type (standard stimulus: 250 Hz tone), 
and rarely (20%) stimuli of interest (target stimuli: 500 to 4000 
Hz) (Wetzel et al. 2016). Stimuli were presented in five blocks 
of trials, each block representing an intensity level. The order 
of the intensity blocks was pseudo-randomized across partici-
pants, but no experiment started with a 30- or 70-dB block. In 
total, participants listened to 10 target and 40 standard stimuli 
at each intensity level, of which the responses to 10 target and 
10 preselected standard stimuli were analyzed. Each target and 
each relevant standard sound were followed by a filler standard 
sound, and 10 more filler standard sounds were inserted pseudo-
randomly to reach the 40 standard sounds. The order of the stim-
uli was pseudo-randomized such that the block never started 
with a target sound and that no more than two target sounds, 
accompanied by the filler standard sound, were heard in suc-
cession. For each block, the response to target sounds was mea-
sured in comparison to the standard sound. The stimulus onset 
interval was jittered around 1000 msec (700 to 1300 msec). The 
segmented epoch for each trial was 1500 msec to account for 
the stimulus onset interval between two relevant stimuli (≥1900 
msec), thus spanning across a relevant (target or preselected 
standard) and a subsequent filler standard stimulus. The length 
of the epoch was selected based on the existing literature that 
shows pupil response to sounds at around 1 to 1.5 sec after stim-
ulus onset (Wetzel et al. 2016). The total testing duration was 
around 10 min and was divided into two consecutive testing ses-
sions such that each intensity level was repeated twice for par-
ticipants who managed to successfully conclude both sessions. 
The experimental procedure is presented in Figure 1.

Preprocessing and Statistical Analysis  •  Only the time 
samples in which both eyes were successfully captured by the 
eye-tracker were considered for the analysis. The time sam-
ples in which only one eye-was recorded (because the blink 
has already started in the second eye, or for some other rea-
son) were excluded. The mean of left and right pupil size was 
taken as the pupil measurement. The correction of the pupil size 
based on the viewing angle was already done by the internal 
algorithm of the eye-tracker. The 1500 msec after the stimulus 
onset were analyzed for each trial. We retained trials in which 
at least 80% of the data were recorded. Outliers exceeding the 
10th to 90th percentile, and values higher than 8 and lower than 
2 mm were removed. The response in this time window was 
checked for eye-blinks through a custom script that identified 
rapid decrease or increase of pupil size that surpassed ±0.3 mm 
in 40 msec. Such dilation speed outliers preceding and follow-
ing blinks were replaced by missing values (Kret & Sjak-Shie 
2019). Taken together, these steps were considered sufficient to 
avoid possible artifacts in calculating the mean of the two eyes, 
especially given that the pupil diameters of both eyes are highly 
correlated (Jackson & Sirois 2009), especially locally, and 
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given the low sampling rate of our eye-tracker (60 Hz). Missing 
samples were linearly interpolated and then extrapolated with 
the median pupil value. The data were smoothed using a cubic-
spline function model and baseline-corrected with a 300 msec 
baseline period. For each intensity level, only participants with 
at least 60% valid responses to target and 60% valid responses 
to standard stimuli were retained (data from 25 participants in 
the infant group and all 12 participants from the adult group 
were further analyzed).

Statistical analysis was performed in R. The analysis script 
and the anonymized raw dataset are available on the OSF 
(https://osf.io/cywq7/?view_only=c33ead0d6c364e55b9f392
316e43b4f2). To assess the time window in which the pres-
ence of a target sound elicited PDR across different intensity 
levels, we performed permutation tests based on the restricted 
likelihood ratio test statistic (Lee et al. 2012). Time windows 
were estimated by computing the cluster-based statistic using 
the permuted likelihood ratio tests (Maris & Oostenveld 2007; 
Voeten 2018). The averaged values of the selected time win-
dow in each trial were standardized (transformed into z scores 
based on the mean value for each participant at each intensity 
level) and served as an input for the analysis of variance using 
Wilcoxon test and for the initial group-based logistic regres-
sion analysis.

The non-averaged pupil values in the selected time-window 
were an input for the within-participant logistic regression 
(GLM), the linear discriminant analysis (LDA), and the logistic 
general additive mixed models (GAMM). GLM and LDA are 
robust classification models with interpretable results and can 
account for the relatively small datasets. GAMM is an extension 
of typical regression methods—however, instead of forcing the 
relation between the dependent variable and the predictor to be 
linear, as is the case in typical linear regression, this relation 
is modeled as a smooth function—and has recently been used 
in pupillometry studies (Porretta & Tucker 2019; van Rij et al. 
2019; Fink et al. 2023). The models were run for each individual 
in each intensity block.

The quality of the model predictions was measured through 
the non-parametrical receiver operator characteristic (ROC) 
curve analysis for the overall representation of true (sensitivity) 

and false positive (specificity) rates at a different cutoff values. 
On the basis of the area under the ROC curve (AUC), the opti-
mum cutoff value of a model for the highest sensitivity (recall) 
and specificity is selected using the Youden’s J statistic. In addi-
tion, positive predictive value (PPV or precision; percentage of 
correctly predicted observations) and F1 score (the harmonic 
mean of sensitivity and PPV) were computed for each model’s 
predictions.

Results
The PDR to Target Stimuli at Different Levels of Intensity  •  
The permutation tests based on the restricted likelihood ratio 
test statistic revealed the 500 to 1500 msec time window in 
which target sounds elicited increased PDR compared with 
standard sounds in experiment 1a at 70 dB, and the 500 to 1500 
msec time window in experiment 1b. The average trial time 
course of the responses is presented in Figure 2A. The averaged 
values of selected time windows for each trial were aggregated 
by intensity block and participant.

To evaluate whether less frequent target stimuli elicit an 
increased PDR both in infants (experiment 1a) and adults 
(experiment 1b) and whether the amplitude of the response dif-
fers at different intensity levels, we first ran the mixed-effect 
regression models over the averaged data by Trial type (target 
versus standard stimuli) and intensity level. The R pseudocode 
was: glm (trial type ~ PDR (standardized z scores) × Intensity 
(30, 40, 50, 60, 70 dB), family = “binomial,” data = averaged 
values). In experiment 1a, there was no significant change in 
PDR between target and standard trials (analysis of variance: 
deviance [1, 391] = 1.49, resid = 544.69, p = 0.22), but the inter-
action between intensity and the PDR was significant (deviance 
[1, 390] = 7.26, resid = 537.42, p = 0.007), whereas in experi-
ment 1b, the trial type elicited a significant change in PDR 
(deviance [1, 237] = 8.16, resid = 324.56, p = 0.004), but there 
was no interaction with the intensity.

To further verify whether the amplitude of the PDR to target 
stimuli at different intensity levels (response amplitude) can be 
modeled with a psychometric function, we visualized average 
z scores for target trials at each intensity level (Fig. 2B, mid 

Fig. 1. A, The pictogram of the experimental procedure and stimuli in experiment 1. B, The video shot presented on the screen. C, The photo of one of the four 
experimental setups.
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and lower panels) and performed a simple test of the average 
difference between target and standard trials. Eighteen of 25 
participants in experiment 1a showed overall higher PDR to 
target compared with standard stimuli at 70 dB (Welch two-
sample test: t[49.72] = −2.29, p = 0.03, Cohen’s d = 0.63), 
while there was no significant difference at other intensity lev-
els. In experiment 1b, 12 of 12 participants showed higher PDR 
to target compared with standard stimuli for stimuli at 70 dB 
(Welch two-sample test: t[21.99] = −6.69, p < 0.001, Cohen’s 
d = 2.73), and 8 of 12 at 50 and 30 dB SPL (50 dB: Welch two-
sample test: t[21.88] = −2.88, p = 0.008, Cohen’s d = 1.76; 30 
dB: t[21.95] = −2.92, p = 0.001, Cohen’s d = 1.19) (Fig. 2B, 
see also Table 1 in Supplemental Digital Content 1, http://
links.lww.com/EANDH/B617). Given the relatively large age 
span in the infant group, we also verified whether the age of 
participants influenced their PDR to unexpected sounds. The 
standardized pupil responses (z scores) to target trials, plotted 
as a function of age, are presented in Figure 2B, upper panel, 
and we find no significant effect of age on the average pupil 
response to target sounds (linear regression model: coeff = 
0.002, SE = 0.002, t = 1.06, p = 0.29) although the average 
response to target trials was significantly above the mean of the 
two groups (t[30] = 2.97, p = 0.006).

In experiment 1, target stimuli were warble tones with the 
central frequencies of 500, 1000, 2000, and 4000 Hz. To verify 
whether the PDR was equally elicited by all target tones, two 

additional generalized mixed-effect models were created with 
the PDR as the dependent variable and stimulus as the fixed fac-
tor. For experiment 1a, the model showed no significant effect 
of the target stimuli, while in experiment 1b, the 1000 Hz tar-
get sound elicited somewhat higher pupil response, although 
the overall variance explained by the model was not significant 
(estimate = 0.13, SE = 0.05, t = 2.5, p = 0.02; F[4,55] = 1.64, 
p value = 0.18). The average trial time course of the responses 
per stimulus is presented in Figure 2C. Model summaries are 
available in Supplemental Digital Content 2, http://links.lww.
com/EANDH/B618.

Within-Participant Classification at Different Intensity 
Levels  •  Another possible method to assess the reliability of 
the PDR to detect target sounds is to predict whether the PDR 
can be successfully classified based on the stimulus at the indi-
vidual level. The results of a classification model can be com-
pared with the behavioral responses because model predictions 
can be quantified as hits, misses, correct rejections, and false 
alarms, just like the behavioral results. Here, the response 
amplitude might not play a central role in the model's success 
because smaller but consistent responses can be equally suc-
cessfully classified as stronger ones.

To assess whether the PDR can be correctly classified based 
on the stimulus type (standard or target tones) in each indi-
vidual participant, we first applied a simple linear classification 

Fig. 2. A, The average trial timeline of the PDR during the 1500 msec post stimulus onset at each tested intensity level for both experiments. Red lines repre-
sent average responses to standard, and green to target trials. Shades around the lines of respective colors represent 95% CIs. B, Upper and mid panels: the 
average response amplitude (z scores of responses to target subtracted by the responses to standard trials), plotted as a function of participants’ age (black line 
represents the linear regression line [adj R2 < 0.01, p = 0.93]), and as a function of intensity in experiment 1a. Each participant is represented with a different 
color dot; black dots with error bars represent means and t-corrected 95% CI. Lower panel, The average response amplitude for each subject in experiment 1b, 
plotted as a function of intensity. Error bars represent 95% CIs. C, The average (averaged across participants and stimulus intensity levels) trial timeline of the 
PDR during the 1500 msec post stimulus onset to target frequencies. CIs indicate confidence intervals; PDR, pupillary dilation response.
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of the standardized z scores of the averaged values per trial at 
each intensity (values above the mean in target trials and val-
ues below the mean in the standard trials were considered as 
true positives and true negatives, and the remaining values as 
false alarms and misses). The average sensitivity, specificity, 
and PPV of such classification per experiment and per inten-
sity level, as well as the above-chance classification accuracy 
(proportion of participants with sensitivity, specificity, and PPV 
above 0.5), are represented in Figure 3A (green lines), and in 
Table 1 in Supplemental Digital Content 1, http://links.lww.
com/EANDH/B617.

Subsequently, we also applied three classification algo-
rithms on the non-averaged values (GLM, LDA, GAMM). 
The random effect of time, which would indicate that a dif-
ferent regression line is fitted over time for target and stan-
dard trials, was only assessed in the GAMM model (the GLM 
models, when the random effect of time was added, reported a 
singular fit or a non-convergence). The R pseudocode for the 
GAMM models was: trial type ~ PDR + s (time, by = PDR, k 
= 10), family = “binomial.” The GAMM models significantly 
outperformed the other two models (sensitivity measure: 
GAMM – GLM: z = 5.43, p < 0.001, GAMM – LDA: z = 
6.98, p < 0.001, Kruskal–Wallis multiple comparisons of the 
Dunn test, p values adjusted with the Bonferroni method, and 
similarly for specificity and PPV measures), with sensitiv-
ity and specificity above-chance level in 25 of 26 infants and 
in 12 of 12 adults (experiment 1a average values: sensitivity 
= 0.63, specificity = 0.65, PPV = 0.63, AUC = 0.67; experi-
ment 1b average values: sensitivity = 0.63, specificity = 0.61, 
PPV = 0.58, AUC = 0.64). However, with this type of analy-
sis, we observed no significant differences between the tested 
intensity levels. Furthermore, in 37% of infant and 23% of 
adult analyses, the above-chance accuracy measures did not 
correspond to an overall increase in pupil size in target trials 
(Table 1 in Supplemental Digital Content 1, http://links.lww.
com/EANDH/B617). Average sensitivity, specificity, and PPV 
scores at each intensity level are presented in Figure 3A (red 
lines). Sensitivity, specificity, and PPV scores in randomly 
selected single participants are presented in Figure 3B. The 
model fit for the full data models of one of the participants in 
each group (TS 38 in the infant and PA12 in the adult group) 
is presented in Figure 4A.

The Amount of Data Necessary to Obtain a Reliable 
Response on the Individual Level  •  To address the ques-
tion of the amount of data necessary for a reliable estimate 
of the individual pupil response, we compared the results of 
the analyses when using the full and the reduced dataset, that 
is, the first six trials at each intensity block. In first six trials, 
at least two filler trials were present and at least one target 
sound.

Proportion of participants with increased pupil size dur-
ing target sounds (column 6, Table 1 in Supplemental Digital 
Content 1, http://links.lww.com/EANDH/B617) did not sig-
nificantly differ when first six trials were analyzed, nor did the 
classification accuracy when using the z score-based linear 
classification.

However, when applying the logistic GAMM classifica-
tion model, the model accuracy with reduced data in experi-
ment 1a significantly outperformed the full data model (Welch 
two-sample t test: t[182.52] = −7.72, p < 0.001; average values: 

sensitivity = 0.75, specificity = 0.77, PPV = 0.86, AUC = 0.81). 
Similarly, in experiment 1b, the model accuracy with reduced 
data significantly outperformed the full data model (Welch two-
sample t test: t[81, 21] = −7.61, p < 0.001; average values: sen-
sitivity = 0.71, specificity = 0.71, PPV = 0.70, AUC = 0.75). 
Average and individual sensitivity, specificity, and PPV scores 
at each intensity level are presented in Figure 3 with blue lines. 
The model fits for the data models for the same participants as 
earlier are presented in Figure 4B, with model summaries avail-
able in Supplemental Digital Content 3, http://links.lww.com/
EANDH/B619.

Discussion
The analysis of variance showed that target sounds elicited 

an increased PDR at 70 dB in both infants and adults and at 30 
and 50 dB in adults, thus confirming previously reported stud-
ies on pupillometry as an index of auditory orienting response 
elicited by a rare and unexpected occurrence of a sound 
deviating from the auditory background (Wetzel et  al. 2016; 
Marois et al. 2018; Bala et al. 2019). While the PDR amplitude 
increased across intensity levels in the infant group, there was 
no such trend in the adult group. It therefore remains an open 
question whether a reliable group threshold can be estimated 
using pupillometry.

The alternative method, using various classification models 
in individual participants, showed that it is possible to classify 
pupil response according to the type of the stimulus (target ver-
sus standard sound). The accuracy of the simple linear model 
was lower than that of the generalized additive model, which 
was above chance in the vast majority of participants in both 
groups. The proportion further increased when only the first six 
trials were analyzed in each intensity block. Nonetheless, the 
classification success did not correlate with stimulus intensity, 
and it was not possible to use classification results to create a 
psychometric curve and estimate the individual auditory thresh-
olds (Fig. 3B). Note, furthermore, that in some participants, 
the pupil response was systematically different from that in the 
majority of the participants, such that standard sounds elicited 
a higher pupil dilation response than the target ones. In some 
of these participants, too, the classification algorithm correctly 
classified their PDR according to the type of the stimulus, indi-
cating that the algorithm may be overly sensitive to regularities 
in the PDR at the individual level, unrelated to auditory atten-
tion effects.

In experiment 2, we modified the experiment 1b to test 
whether the type of the auditory input (speech versus tones) 
and the type of the task (discrimination versus detection par-
adigm) affect how the pupil reacts to sounds. Two groups of 
young adults were tested and the results were compared with the 
results in experiment 1b.

EXPERIMENT 2

In experiment 2a, we tested whether the detection test 
yields reliable PDR responses to audible target stimuli, and 
whether there are systematic differences between the detection 
and discrimination tests. In experiment 2b, we tested whether 
listening to speech elicits a comparable response as to tones. 
The testing procedure and analysis of the data matched those 
in experiment 1.
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Methods
Participants  •  Young adults (n = 12, 11 women, mean age: 24 
years, SD = 2.2) from various regions of Slovenia were tested 
in experiment 2a. Young adults (n = 12, 7 women, mean age: 
29 years, SD = 3.6) from various regions of Italy were tested 
in experiment 2b. In both groups, their education level was a 
university degree or higher, obtained in the fields related to 
audiology or otorhinolaryngology, speech therapy, or audiom-
etry. Written consent to participate in the study was obtained 
from all participants before the beginning of the testing. They 
were unaware of the specific scope of the study and were sub-
sequently informed about it. All participants had normal hear-
ing, normal or corrected visual acuity, no history of psychiatric 
diseases or neurological problems. All methods were performed 
in accordance with the relevant guidelines and regulations (e.g., 
the 1964 WMA Declaration of Helsinki and its later amend-
ments). The testing took place in 2022.

Stimuli and Apparatus  •  In experiment 2a, target auditory 
stimuli were the same warble tones as in experiment 1, but with 

silent periods instead of the 250 Hz tone, thus creating a detec-
tion task instead of the oddball discrimination task.

In experiment 2b, the auditory stimuli were Ling-6 sounds 
([m], [u], [a], [i], [∫], and [s]), which are commonly used to 
assess access to speech sounds across the speech frequency 
range. The live voice method of administering Ling-6 sounds 
was originally proposed by Daniel Ling (Scollie et al. 2012) and 
is often used to assess whether a child can detect sounds that lie 
within the speech spectrum of hearing. More recently, Ling-6 
sounds have been used within a bracketed threshold measure-
ment procedure in hearing aid research studies. Such studies 
have demonstrated that calibrated Ling-6 sounds can be used to 
reliably bracket speech sound detection thresholds, and are sen-
sitive to change across different hearing aid treatments (Glista 
et  al. 2009; Wolfe et  al. 2011). Continuous repetitions of the 
Ling-6 sounds were recorded by a female Italian speaker, after 
which one instance of each sound was segmented and normal-
ized for intensity. Here, the standard stimulus was the Ling-6 
sound/a/ while other sounds served as the target stimuli in the 
procedure.

Fig. 3. A, Average sensitivity, specificity, and PPV scores at each intensity level in experiment 1. Red-to-orange lines represent the results of the models com-
puted with all data, navy-to-skyblue lines represent the results of the models computed with first six trials at each intensity level, while gray lines represent 
the results of the models computed with randomized data. Error bars represent the 95% CI. B, Sensitivity, specificity, and PPV scores at each intensity level for 
randomly selected participants in both groups, using the same color scheme. CIs indicate confidence intervals; PPV, positive predictive value.
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The apparatus in experiment 2 was comparable to the one in 
experiment 1, except that participants were tested either in the 
audiological chamber or in a quiet testing room. The ambient 
sound (background noise) level near the subject’s head was in 
the same range as that of the audiological chamber (between 
28 and 38 dB SPLZ), with a 60 dB reverberation time (RT60) 
of 200 msec matching the one in the audiological room. The 
brightness level in the testing room was slightly higher and 
reached around 7950 lumens.

Results
The PDR to Unexpected Stimuli at Different Levels of 
Intensity  •  The permutation tests revealed the 500 to 1200 msec 
time window in experiment 2a and the 500 to 1500 msec time 
window in experiment 2b. The average trial time course of the 
responses and the relative difference between the PDR in standard 
and target trials are presented in Figure 5A. The logistic GLM 
models showed a significant change in PDR between target and 
standard trials in both groups (analysis of variance, experiment 
2a: deviandce [1, 237] = 12.13, resid = 320.58, p < 0.001; experi-
ment 2a: deviandce [1, 217] = 22.96, resid = 282.02, p < 0.001), 

and the interaction between Intensity and the PDR in experiment 
2a (deviandce [1, 236] = 4.23, resid = 316.35, p = 0.04).

As for experiment 1, the average response to target sounds 
was plotted as a function of intensity, and the average trial 
timeline of the PDR to individual stimuli are presented in 
Figures 5B, C. The difference between target and standard trials 
was significant at the 30 (Welch two-sample t test: t[21.99] = 
−3.15, p = 0.005, Cohen’s d = 1.29) and 70 dB intensity levels 
(Welch two-sample t test: t[21.99] = −2.38, p = 0.02, Cohen’s 
d = 0.97) in experiment 2a, and at all levels except 50 dB in 
experiment 2b (Welch two-sample t test: t[≥19.98] ≥ −2.47, p 
≤ 0.02; see Table 1 in Supplemental Digital Content 2, http://
links.lww.com/EANDH/B618).

We verified whether the PDR was equally elicited by all tar-
get tones and linguistic sounds. For experiment 2a, the model 
showed a significant effect of the target stimuli at 1000 (esti-
mate = 0.15, SE = 0.06, t = 2.33, p = 0.02) and 4000 (estimate 
= 0.14, SE = 0.06, t = 2.10, p = 0.04) Hz, but the model as a 
whole did not explain a significant amount of variance [F(4,51) 
= 1.92, p = 0.12]. In experiment 2b, the model explained a sig-
nificant amount of variance [F(5,66) = 2.96, p = 0.02], with a 
significant effect of the sounds [s] (estimate = 0.30, SE = 0.11,  

Fig. 4. A, The model fit computed for GAMM models based on the full dataset in the last of the randomly selected single participants from experiments 1a and 
1b (Fig. 3B). B, The model fit computed for GAMM models based on the first six trials in the same participants. For each of the two participants and each of the 
two models, data and residual Q-Q plots to show the quantiles of the data and model residuals distribution, the ACF plot of the model residuals as a metric 
of model fit, the AUC as a metric of the model performance, and finally the smoothed plots of the actual and modeled data. ACF indicates autocorrelation 
function; AUC, area under the ROC curve; GAMM, general additive mixed models.
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t = 2.84, p = 0.01) and [∫] (estimate = 0.33, SE = 0.11, t = 3.10, 
p = 0.002) compared with the standard sound/a/. Model details 
are presented in Supplemental Digital Content 2, http://links.
lww.com/EANDH/B618.

Within-Participant Classification at Different Intensity 
Levels and With First Six Trials Analyzed  •  When classifi-
cation algorithms were applied on individual participants’ data 
at each intensity level, GAMM again outperformed the linear 
z score model and the GLM and LDA models (gamm – glm: 
z = 4.37, p < 0.001, gamm – lda: z = 6.74, p < 0.001 [Kruskal−
Wallis multiple comparison using the Dunn test, Bonferroni 
correction]), with sensitivity and specificity above-chance level 
in all but one participant in experiment 2b (experiment 2a aver-
age values: sensitivity = 0.60, specificity = 0.63, PPV = 0.62, 
AUC = 0.64; experiment 2b average values: sensitivity = 0.64, 
specificity = 0.67, PPV = 0.67, AUC = 0.69). As in experiment 
1, we observed no significant differences between the tested 
intensity levels.

We also applied the logistic GAMM classification model to 
only the first six trials at each intensity level. The reduced model 
accuracy significantly outperformed the full data model both 
in experiment 2a (Welch two-sample t test: t[98.89] = −5.10, 
p < 0.001; average values: sensitivity = 0.74, specificity =  
0.72, PPV = 0.69, AUC = 0.76) and in experiment 2b (Welch 

two-sample t test: t[94.93] = −6.29, p < 0.001; average values: 
sensitivity = 0.78, specificity = 0.78, PPV = 0.77, AUC = 0.84). 
Average sensitivity, specificity, and PPV scores at each inten-
sity level are presented in Figure 5D. Sensitivity, specificity, 
and PPV scores in randomly selected single participants, along 
with the model fit in both experiments for the full data model 
in one of the participants in each experiment, are presented in 
Figure 3 in Supplemental Digital Content 3, http://links.lww.
com/EANDH/B619.

The Effect of Task and Stimulus Type  •  Last, the accuracy 
measures of the GAMM—sensitivity, specificity, and PPV—
were compared across the testing groups in experiments 1 and 2 
using the Kruskal–Wallis multiple comparison tests with p val-
ues adjusted with the Bonferroni method. Results in experiment 
2b, where participants listened to linguistic sounds, were signifi-
cantly higher than those in other groups (sensitivity: experiment 
1b to experiment 2b: z = −2.72, p = 0.03, confidence interval 
[CI] = −0.06 to −0.002; experiment 2a to experiment 2b: z = 
−2.65, p = 0.045, CI = [−0.06 to −0.009]; specificity: experi-
ment 1b to experiment 2b: z = −3.06, p = 0.01, CI = [−0.07 to 
−0.012]; F score: experiment 2a to experiment 2b: z = −3.23, 
p = 0.01, CI = [−0.077 to −0.007]). No significant differences 
were measured between the results in the infant group (experi-
ment 1a) and any of the adult groups in the study. Model details 

Fig. 5. A, The average trial timeline of the PDR during the 1500 msec post-stimulus onset at each tested intensity level for both experiments. Shades around the 
lines represent 95% CIs. B, The average response amplitude (responses to target subtracted by the responses to standard trials), plotted as a function of intensity. 
Error bars represent 95% CIs. C, The average (averaged across participants and stimulus intensity levels) trial timeline of the PDR during the 1500 msec post-
stimulus onset to target frequencies. D, Average sensitivity, specificity, and PPV scores at each intensity level in experiment 2. Red-to-orange lines represent 
the results of the models computed with all data, navy-to-skyblue lines represent the results of the model computed with first six trials at each intensity level, 
while gray lines represent the results of the models computed with randomized data. Error bars represent the 95% CI. CIs indicate confidence intervals; PDR, 
pupillary dilation response.
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are presented in Supplemental Digital Content 4, http://links.
lww.com/EANDH/B620.

Explorative Randomized Trial Type Analysis  •  Given the 
surprisingly accurate GAMM model predictions at the within-
participant level, as compared with the simple linear classifi-
cation of the standardized average pupil sizes (z scores), we 
conducted an additional GAMM analysis that included the 
same data and the same model structure as in the original model 
analysis but with trials randomly assigned as target or standard 
trials. This analysis allowed us to observe potential over-fit of 
the nonlinear models at the within-participant level. The sen-
sitivity and specificity of the within-participant models using 
randomized trial types were compared with the measures from 
the models run on the actual data. We found no significant dif-
ferences between the sensitivity, specificity, or the PPV of the 
models run on actual and those run on the randomized data. 
Average sensitivity, specificity, and PPV scores at each inten-
sity level of the random models, compared with the accuracy 
measures of the model based on actual data, are presented in 
Figures 3A, 5D (gray lines). Nonetheless, the number of par-
ticipants in whom both model sensitivity and model specificity 
exceeded the chance level (0.5) decreased significantly when 
models were run on the randomized data, from 71 to 58% when 
all data were analyzed (t[541.55] = 3.25, p value = 0.001), and 
from 91 to 74 when the first six trials were analyzed. The same 
trend was visible when we compared model performances on 
the first six trials of the randomized and actual datasets. Model 
details are available in Supplemental Digital Content 4, http://
links.lww.com/EANDH/B620.

Discussion
In experiment 2b, where adults listened to linguistic sounds in 

an oddball (discrimination) task, participants’ pupils responded 
to target sounds more consistently than in experiments 1b and 
2a, where young adults listened to tones. Although the differ-
ence was not large, it may indicate an overall better attentional 
response to linguistic sounds compared with nonlinguistic and 
acoustically simpler warble tones (Kuhl 1991), which may at 
the same time correspond to distinct (attentional) neural net-
works that are activated for linguistic and nonlinguistic sounds 
(Quillen et al. 2021; Jurov et al. 2023).

It is interesting that in experiment 2b, sounds [s] and [∫] elic-
ited the most consistent PDR. It is possible that this response is 
due to the acoustic properties of these sounds. Being fricatives, 
they are aperiodic, with most of their acoustic energy residing 
in the higher part of the spectrum (roughly, above 4 kHz for [s] 
and above 2.5 kHz for [∫]), while other Ling-6 sounds are all 
sonorants and thus periodic, with the acoustic energy concen-
trated in the lower part of the spectrum. This high-frequency 
energy can make them more easily distinguishable from other 
phonemes, especially in a clean, quiet environment, and it has 
been shown that pupillary responds are, on average, bigger for 
highly distinguishable sounds (Liao et  al. 2016; Wetzel et  al. 
2016).

In experiment 2a, where young adults listened to warble tones 
in a detection task, the PDR to target trials as compared with 
standard trials showed marginally significant linear increase 
across the intensity levels, as we had hypothesized based on pre-
vious reports (Liao et al. 2016; Bala et al. 2019; Schilling et al. 
2019), but the responses did not differ significantly from (adult) 

results in the discrimination tasks in experiments 1b and 2b. The 
elicited PDR response is, however, more clearly visible in this 
task in the form of a consistent increase of the pupil size around 
one second after the stimulus onset (Liao et  al. 2016; Wetzel 
et al. 2016). The detection task may thus, despite the lack of a 
significant advantage over the discrimination task, nonetheless 
represent a more easily interpretable version of the test.

GENERAL DISCUSSION

Here we explore (1) whether the PDR to audible sounds 
can be reliably measured in normally hearing infants within 
their average attention span, and in normally hearing adults, 
(2) how accurate within-participant models are in classifying 
PDR based on the stimulus type at various intensity levels, (3) 
whether the amount of analyzed data affects the model reliabil-
ity, and (4) whether we can observe systematic differences in the 
PDR between speech and nonspeech sounds, and between the 
discrimination and detection paradigms.

The idea to use pupillometry, that is, the pupil diameter 
response (PDR), to measure individual’s response to unex-
pected sounds was conceived above all for the populations that 
might be, for various reasons, unable to respond behaviorally, 
most notably infants and young children. Participants belonging 
to such populations also impose time limitations as to how long 
they are willing to attend to a task and how many (physiologi-
cal) measures can be obtained from them. Whereas this idea has 
been explored and even patented for infants (US 2020/0253526 
A1 2020) and hearing-impaired adults as a method for adjust-
ing hearing aids (EP 3 481 086 B1 2019; US 10,609,493 B2 
2020), the actual accuracy of any model to predict the individ-
ual response to sounds with little and noisy data could repre-
sent an obstacle for the applicability of pupillometry in real-life 
diagnostic procedures.

The present study explores whether the relative increase of 
pupil diameter in response to rare or unexpected events (PDR) 
can serve as a reliable measure of auditory attention in infants 
and adults. The results show, across groups and across tasks, a 
consistent categorical response—an increase of the pupil size to 
target auditory stimuli for most participants. The PDR to target 
stimuli was the most consistent at the highest tested intensity 
level, 70 dB SPL, and the correlation between the intensity of 
the stimulus and the pupil size response was visible in the infant 
group (experiment 1a) and for the detection task (experiment 
2a) while the trend was missing in the other two groups.

The response to the question regarding how accurate within-
participant models are in classifying PDR based on the stimulus 
type at various intensity levels remains unanswered. In some 
participants, unexpected events do not elicit an increase in pupil 
size, and we can only speculate about the possible individual 
differences in the attentional capture, or uncontrolled factors 
that may have influenced the pupil dilation (cf., Johnson et al. 
2014; Zekveld & Kramer 2014). When the nonlinear classifica-
tion models were applied at the individual level, model accu-
racy measures were relatively high, in some cases even when 
the PDR to target stimuli was not in the expected direction, and 
the correspondence between the models and the test’s ability 
to capture auditory attention remained unclear. The exploratory 
analysis reveals that the models, by being able to discriminate 
any, even randomly attributed categories, are not reliably detect-
ing the effect of the sound to the pupil size. The reliability of 
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the within-participant models in comparison with the exist-
ing behavioral methods is further discussed in Is pupillometry 
applicable as an additional objective measure of hearing thresh-
old?, Amount of data and model accuracies, and PDR to stimu-
lus type address the last two questions of this study, the amount 
of data and the impact of stimulus type to the results.

An additional point that emerged from the data analysis was 
that the age did not play an important role in participants’ pupil 
response. No significant effect of age to the average PDR to 
target sounds indicates that it may be possible to use the method 
also in younger groups of infants. The lack of significant differ-
ences in the general time-course of the pupil response between 
infants and adults is in line with the previous studies that 
directly compared pupil responses in infants and adults (Wetzel 
et al. 2016; Zhang et al. 2019). Pupil response, as an index of 
information processing, may undergo a similar developmental 
trajectory as other indices of information processing, where 
the acceleration is most obvious in the first 8 months of life 
and becomes less visible after the second year of life (Hepach 
& Westermann 2016; Hochmann and Kouider 2022). In our 
infants’ sample, the average age was 21 months and a compa-
rable latency of the response was therefore expected.

Is Pupillometry Applicable as an Additional Objective 
Measure of Hearing Threshold?

The methods that proposed to measure hearing with pupil-
lometry assume that the auditory threshold can be defined 
somewhere between the quietest sound that elicits a statistically 
significant PDR and the amplitude of a quiet sound that does 
not yield such a dilation (Liao et  al. 2016; Bala et  al. 2019). 
As such, pupillometry may be comparable to other indexes of 
auditory information processing (Hepach & Westermann 2016; 
Schilling et al. 2019). In our results, we observed an increase 
of the PDR amplitude across intensity levels in infants (experi-
ment 1a) and in adults who were exposed to the detection task. 
While the individual thresholds, using the within-participant 
classification methods, could not be reliably estimated, the trend 
in these two groups is comparable with the previously reported 
data (Liao et al. 2016).

To estimate the reliability of the method to assess hearing, 
these results might benefit from a comparison with the results 
obtained through behavioral tests of auditory threshold detec-
tion including the visual reinforcement audiology procedure. 
These behavioral tests often use different types of adaptive 
staircase procedures adapted to infants, such as parameter esti-
mation by sequential testing for infants or the observer-based 
psychoacoustic procedure, and their accuracy has been reported 
up to around 80% for loud stimuli at 60 to 80 dB and up to 
around 65% for stimuli at 30 to 40 dB (Sinnott et  al. 1983; 
Sinnott & Aslin 1985; Trehub et al. 1986; Olsho et al. 1987). 
The results of the present study show similar accuracy levels for 
loud stimuli (76% in infants), while for low-intensity stimuli, 
we obtain somewhat lower results (52% in infants; see Figs. 2B, 
5B). The proportion of participants with the accurate nonlinear 
model (GAMM) predictions was higher than in the behavioral 
tests; nonetheless, the value of these predictions can be ques-
tioned given the results based on the randomized Trial type.

Thus, pupillometry appears to have accuracy levels com-
parable to behavioral psychoacoustic procedures beyond the 
already known advantages, such as being suitable for a wider 

array of participants, less time-consuming, and requiring 
fewer human resources than traditional behavioral methods. 
Nonetheless, the present results do not offer a definite answer 
as to which task (detection or discrimination), which stimuli 
(speech or nonspeech), and which classification algorithm (a 
simple linear classification of standardized scores, linear, or a 
nonlinear logistic regression model) would yield the most reli-
able and systematic way of using pupillometry as an index of 
auditory attention and, consequently, hearing.

Simultaneously, the potential of the pupillometric test to 
assess either the threshold of the audibility or the comfortable 
listening level threshold could be further explored (Moore et al. 
2011). For example, the ambient noise levels during testing were 
relatively high and they impacted the decision regarding the low-
est measured intensity level (30 dB SPL). More controlled test-
ing conditions and/or non-free-field presentation of the stimuli 
may allow the test of the PDR at lower intensities, possibly using 
an adaptive procedure, and compare them to the results in the 
previous studies (Liao et al. 2016; Bala et al. 2019).

Amount of Data and Model Accuracies
On the one side, pupillary response may be more reliable and 

robust in initial exposures to stimuli, potentially due to the nov-
elty and heightened attentional capture of the first few sounds 
(Burg et al. 2021; Mathôt & Vilotijević 2023). Analyzing fewer 
trials reduces the overall testing time, making the procedure 
more practical and less burdensome, especially for populations 
with limited attention span such as infants and young children. 
Additionally, shorter testing sessions minimize the risk of data 
degradation due to participant fatigue, boredom, or habituation 
to the stimuli (Hochmann 2013).

On the other side, during the first trials, the effect of the habit-
uation to filler sounds may not occur yet. In addition, through-
out the analysis, pupil response also included the response to 
filler standard sounds which in some trials occurred when the 
event-related pupil dilation has not yet reached its maximum 
(sometimes as early as 700 msec after the target sound). The 
reason for inserting the filler standard sounds was exactly to 
enhance habituation effect in the oddball procedure while at the 
same time avoid additional lengthening of the experimental pro-
cedure (given the limited attention span in infants). Such filler 
sounds may have influenced the habituation process, especially 
at the beginning of each testing block, and alter the time-course 
of pupil dilation in response to target sounds—as indirectly 
observable from the visual inspection of the differences in 
average time courses of pupil dilation in experiments 1b and 
2a where filler sounds have been replaced by silence (Fig. 2C 
versus Fig. 5C).

It was thus promising to see that, when nonlinear models 
were applied on the individual level, classification accuracy of 
the PDR to auditory stimuli improved when fewer trials (the first 
six trials at each intensity level) were analyzed. However, no dif-
ference in the model accuracy measures was found when the 
models were applied to the data with fewer trials in which trials 
were randomly attributed to the trial type (target or standard), 
indicating once more that the algorithm may be overly sensitive 
to the regularities in the PDR at the individual level, unrelated 
to the auditory attention effects. The results are, therefore, not 
conclusive regarding the optimal amount of data needed to reli-
ably estimate pupil response.



12 	 Saksida et al. / EAR & HEARING, VOL. XX, NO. XX, 00–00

The comparison of the accuracies of the simple z scores-
based linear models when full and reduced datasets were 
analyzed confirms this inconclusive result. No significant dif-
ferences were found between the analysis of the first six trials 
and the full dataset. Nonetheless, this might indicate that a reli-
able estimate of individual auditory attention is possible with a 
relatively small amount of PDR data.

The lack of differences might also indicate that the dis-
crimination between low- and high-frequency sounds elicited 
the increased PDR, independently of the habituation (Montes-
Lourido et  al. 2021). Disentangling the effects that these two 
cognitive processes—discrimination between sounds and the 
rapid detection of frequency deviants (unexpected events)—
may have on the pupil dilation process, is unfortunately beyond 
the scope of the present study. However, understanding of the 
event-related events in the pupil response in more detail could 
be of both clinical and research interest in the future.

PDR to Stimulus Type
In experiment 2b, where participants listened to linguistic 

sounds, the PDR was slightly more consistent compared with 
responses to nonspeech warble tones in experiments 1b and 2a. 
This suggests that speech sounds may elicit stronger or more 
reliable attentional responses than simpler nonspeech stimuli. 
The increased consistency in responses to linguistic sounds 
may be attributed to the inherent complexity and salience of 
speech, which is a biologically and socially significant signal 
for humans (Liberman & Mattingly 1985; Holt & Lotto 2010). 
The sounds [s[and [∫] in particular elicited the most consistent 
PDRs, likely due to their distinct acoustic properties such as 
aperiodicity and high spectrum, which make them easier to rec-
ognize (Tamási et al. 2017).

Because speech sounds are more ecologically valid and 
relevant in everyday communication, using them in auditory 
assessments could enhance the diagnostic utility of pupillom-
etry, especially in evaluating speech perception and process-
ing in individuals with hearing impairments (Scollie et  al. 
2012; Wolfe et al. 2015). Moreover, the ability to detect and 
respond to speech sounds is critical for language development 
in infants and young children, making it essential to incorpo-
rate speech stimuli in pediatric auditory assessments (Tamási 
et al. 2016).

Limitations
This study, while providing valuable insights into the poten-

tial of pupillometry as an auditory assessment tool, has at least 
two limitations that warrant consideration. First, the sample 
sizes were relatively small, consisting of 36 infants and 36 
adults divided into three groups, with comparable results across 
groups. The relatively small sample sizes and specific demo-
graphics of the participants may limit the generalizability of the 
findings. However, while studies including individual (within-
participants) models were not found, group-based analyses of 
pupil size as a function of auditory or audiovisual attention have 
been using samples of similar sizes (Wetzel et al. 2016; Bala 
et al. 2019; Zhao et al. 2019; Calignano et al. 2023).

Second, the high ambient noise levels during testing could 
have influenced the pupillary responses. The ambient noise in 
the testing rooms was relatively high compared with the stan-
dards for the audiological testing, and we acknowledge that this 

might have compromised our results to some extent. More spe-
cifically, the background noise may have affected the results at 
the lower intensity levels by hindering the response. The dif-
ference between the PDR amplitude at the lowest and at the 
highest intensity levels was visible, especially in infants, who 
reportedly tolerate lower levels of background noise (McMillan 
& Saffran 2016; Saksida et al. 2022). While testing conditions 
could not be changed retroactively, we acknowledge that for a 
clearer interpretation of the results, the more controlled testing 
environments are necessary in the future research.

Third, given that it differed for participants in experiments 1 
and 2, the brightness level as a possible factor overlapped with 
the group factor in the analysis. By adding luminosity level, 
a redundant factor would be added in the analysis. To assess 
the possible effect of the luminosity level changes, a different 
experimental setup might be needed.

Conclusions
While measuring the PDR to unexpected sounds is a prom-

ising tool, providing accuracy levels comparable to traditional 
behavioral psychoacoustic procedures, further research is 
needed to define the most efficient protocol that would be suit-
able for diverse populations, with stimuli that would reliably 
elicit the PDR, and that would minimize the testing time while 
controlling for the possible sources of noise. Furthermore, the 
potential of the pupillometric test to assess either the audibility 
or the comfortable listening level threshold needs to be further 
explored. Addressing these points will help validate the utility 
of pupillometry in auditory assessments, potentially establish-
ing it as a tool in both clinical and research settings.
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