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Abstract 
An early detection of hearing loss in children is important for the child's speech and language 
development. For children between 3-6 months, a reliable method to measure hearing and 
determine hearing thresholds is missing. A hearing test based on the pupillary response to 
auditory signal detection as measured by eye tracking is based on an automatic physiological 
response. This hearing test could be used instead of the objective hearing tests used today. 
The presence of pupillary response has been shown in response to speech, but it is unstudied 
in response to sinus tones. The objective of this thesis was to study whether there is a 
consistent pupillary response to different sinus tone frequencies commonly used in hearing 
tests and if yes, to determine reliably the time window of this response.  
 
Four different tests were done. The adult pupillary response in regard to sinus tone stimuli 
with four frequency levels (500 Hz, 1000 Hz, 2000 Hz and 4000 Hz), and four loudness 
levels (silence, 30 dB, 50 dB and 70 dB) was tested (N=20, 15 females, 5 males). Different 
brightness levels and distractions on the eye tracking screen were investigated in three 
substudies (N=5, 4 females, 1 male). Differences between silence and loudness levels within 
frequency levels were tested for statistical significance.  
 
A pupillary response in regard to sinus tones occurred consistently between 300 ms and 2000 
ms with individual variation, i.e. earlier than for speech sounds. Differences between silence 
and loudness levels were only statistically significant for 4000 Hz. No statistical difference 
was shown between different brightness levels or if there were distractions present on the eye 
tracker screen.  
 
The conclusion is that pupillary response to pure sinus tones in adults is a possible measure of 
hearing threshold for at least 4000 Hz. Larger studies are needed to confirm this, and also to 
more thoroughly investigate the other frequencies.  
 
Key words: hearing loss, pupillary response, sinus tones, eye tracker, time window 
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Sammanfattning 
En tidig upptäckt av hörselnedsättning hos barn är viktig för barnets tal- och språkutveckling. 
För barn mellan 3-6 månader saknas det en tillförlitlig metod för att mäta hörsel och 
bestämma hörtrösklar. Ett hörseltest baserad på pupillreaktion på ljud som mäts med en eye 
tracker bygger på en automatisk fysiologisk reaktion och skulle kunna användas istället för de 
objektiva test som används idag. Hitintills har pupillreaktion på tal påvisats, men det saknas 
studier som studerat eventuella reaktioner på sinustoner. Syftet med denna uppsats var att 
undersöka om det finns en enhetlig pupillreaktion på de olika frekvenserna av sinustoner som 
vanligen används i hörseltest. Vidare var studiens syfte att fastställa ett tillförlitligt tidsfönster 
för pupillreaktion.  
 
Fyra olika typer av tester utfördes. Pupillreaktionen mot sinustoner med fyra olika 
frekvensnivåer (500 Hz, 1000 Hz, 2000 Hz och 4000 Hz), och fyra olika ljudnivåer (tystnad, 
30 dB, 50 dB och 70 dB) undersöktes i ett test på vuxna deltagare (N=20, 15 kvinnor, 5 män).  
Olika ljusnivåer och distraktioner på eye tracker-skärmen undersöktes i tre test (N=5, 4 
kvinnor, 1 man). Skillnaderna mellan ljudnivåer och frekvensnivåer testades med statistiska 
tester.  
 
Resultaten visade att pupillreaktion på sinustoner inträffade konsekvent mellan 300 ms och 
2000 ms med individuella variationer. Denna reaktionstid inträffar tidigare än för taljud. En 
statistisk signifikant skillnad mellan tystnad och olika ljudnivåer kunde endast ses för 
frekvensnivån 4000 Hz. Ingen statistisk skillnad uppmättes mellan olika ljudnivåer eller om 
det fanns distraktioner på eye tracker-skärmen.   
 
De i studien framkomna resultaten tyder på att pupillreaktioner mot rena sinustoner hos 
vuxna är en möjlig metod för att identifiera hörseltrösklar för åtminstone 4000 Hz. Större 
studier behöver göras för att fastställa detta och en noggrannare undersökning behöver 
genomföras för de andra frekvenserna. 
 
Nyckelord: hörselnedsättning, pupillreaktion, sinustoner, eye tracker, tidsfönster 
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1. Introduction 
 
Of the approximately 133 million infants born each year worldwide, about 665 000 are born 
with a hearing impairment [1]. In Sweden, around 115 000 infants are born each year [2]. Of 
these, more than 1 in a thousand are born with a permanent hearing impairment [3]. Hearing 
is important in speech and language development. The earlier a child’s hearing impairment is 
discovered, the less affected language and speech development will be [4]. If a hearing 
impairment is identified early, before an age of six months [5], it is possible to use hearing 
aids or cochlear implants in an early stage and also provide additional auditory and language 
training for these children. Thereby, the child receives help to catch up and close in on typical 
language development [6].   
 
Today, all newborn infants’ hearing capabilities should be tested before 3 months of age with 
Otoacoustic Emissions and Auditory Brainstem Response, which are objective test methods 
[7], [8] (see Appendix A.3.1 & A.3.2). The latter can determine the hearing threshold over 2-
4 kHz [9]. If this screening reveals a hearing impairment, a subjective behavioral observation 
audiometry (Visual Reinforcement Audiometry) is performed when the child reacts more 
overtly towards sound at around 6-9 months [10] (see Appendix A.3.3). The problem is that 
during this gap from about 3-9 months, the child’s hearing loss cannot be reliably examined. 
A new objective hearing test suitable for this age group is necessary.  
 
A more objective hearing test could be based on the relationship between sound detection and 
pupil dilation. Using pupil size as an indication of hearing implicates that the hearing 
threshold can be assessed using an automatic physiological response, making the method 
more reliable compared to today’s tests [11]. So far, no study has demonstrated pupil 
response to sinus tones, however, several studies (e.g. [12], [13], [14]) have verified that the 
pupil dilates in response to speech. Also, the pupil dilates more for greater loudness [13]. The 
response time window for sound detection occurs around 1000-2000 ms for spoken words 
(e.g. [15], [14]). 
 
Besides sound, several factors naturally affect pupil size, light conditions above all, which is 
important to keep in mind when studying the pupillary response to sound [16]. Even in 
constant light conditions the pupil performs spontaneous rhythmic oscillatory movements 
about twice per second causing relative changes of approximately 0.5 mm in total [16]. This 
can be compared to the pupil dilation of around 0.2 mm for speech at 90 dB for adults [13], 
and an adults’ pupil size of around 2-8 mm [17]. Emotional and cognitive events, for example 
cognitive load, memory access and alertness are other factors that can affect the pupil size. 
Such events can cause a relative change up to nearly 0.5 mm [18]. 
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1.1 Purpose and goals 

 
The objective of this thesis was to study whether there is a consistent adult pupillary response 
to different sinus tones frequencies commonly used in hearing tests. It should also be 
established if pupillary responses could be used in an objective hearing threshold test for 
infants involving a movie. If a pupillary response is present, the time window should be 
reliably determined. The time window for the pupillary response can be determined based on 
the fact that pupil size differs between silence and auditory signal conditions. Silence and 
auditory signal conditions during the time window should differ at the 95 % significance 
level. The difference should be tested with and compared between two methods. The 
hypothesis was that the response time for pupillary change in regard to sinus tone detection is 
shorter than response time to speech in the literature.  
 
In light of some factors mentioned in the introduction that affects the pupil size, three 
substudies where performed where the following questions should be answered: 

1. Does a brighter eye tracker screen generate more variability in pupillary change? 
2. Do distractors such as text generate increased variability in pupillary change? 
3. Comparison of variation averages fixating on a focus point in silence vs. watching 

movie: Is there any significant differences? 
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2. Method 
Pupil dilation in response to sinus tones was studied using an eye tracker. First, equipment 
and test design common for both the time window study and the three substudies are 
described. Then, the test design for the substudies is explained. 
 
Participants 
The participants were recruited by both advertisements and personal communication at higher 
education institutions. No participant had any reported hearing deficit. The time window 
study involved 20 participants (15 females, 5 males, Mage = 26.00, SDage = 7.87), and the 
substudies five new participants (4 females, 1 male, M = 28.80, SD = 6.98). The participants 
were reimbursed with a voucher for the Stockholm University cafeteria. 
 
All participants received information about the study (see Appendix B) and signed a consent 
form. The method has been approved by the Stockholm Regional Ethics Committee for use at 
the Phonetics Laboratory, Stockholm University (2015/63-31). 
 
Apparatus 
The study was run at the Phonetics Laboratory, Department of Linguistics, Stockholm 
University. The test equipment consisted of three devices connected to each other; an eye 
tracker placed in the test room and two computers in the control room. The eye tracker was a 
research-grade Tobii T120 (Tobii AB, Danderyd, Stockholm, Sweden) with a 17-inch screen 
(1280x1024 pixels) and a refresh rate of 120 Hz which registers the pupil dilation of the right 
and left eye separately. By using monitors, cameras and algorithms, the eye tracker can 
calculate the pupil size, among other things. To be able to register information about the 
participant´s eyes, the head must be inside a headbox (see Appendix A.4.1 and Figure 1).  
 

 
Figure 1. The monitor in the eye tracker emits near-infrared light to the cornea and some of 
the light is transmitted back to the monitor. The cameras in the eye tracker collect 
information about the eyes, such as movement. The box around the head is a headbox. To be 
able to measure the gaze estimation the user’s head must be placed inside this headbox. 
(Illustrated by the authors.) 
 
Tobii Studio Software version 3.2.0 and Clearview eye tracking software were used to record 
and export the pupil diameter data, respectively. On the Tobii screen, it is shown where the 
participant looks during the test (see Figure 2). The software tool E-Prime 2.0 (Psychology 
Software Tools, Inc., Sharpsburg, PA, US, 2010) on the E-prime computer was used to 
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present stimuli which were distributed via two loudspeakers. Using two sources for 
distribution of sine waves with the same period still results in a sine wave when added, even 
if they are out of phase [19]. Since the loudspeakers are placed at around the same distance to 
the participant, destructive interference does not occur [20]. E-Prime 2.0 was also used to 
present video clips.  
 

 
 
Figure 2. The picture is taken in the control room where a participant is located. On the left 
screen (Tobii), the participant’s gaze position during the test is shown. On the right screen 
(E-prime), the same information as the participant sees is shown. A participant sits in the test 
room in front of an eye tracking screen. 
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The test room 
The test room was sound-attenuated and well lit. The room consisted of one eye tracker, two 
loudspeakers (placed behind the eye tracker screen) and a chair on which the participant was 
seated. The chair was positioned in front of the eye tracker screen at a distance where the 
participant's eyes were approximately 60-65 cm in front of the screen, and also regulated in 
order to place the participant’s eyes on the same level as the center point of the screen, see 
Figure 3.  

                       

Figure 3. The participant is seated in the test room around 60 cm in front of the eye tracker 
screen. Approximately 40 cm behind the screen, two loudspeakers were placed. The 
researchers could observe the participant through a window in the control room where the 
Tobii and E-prime computers were located.  

 
Stimuli 
The auditory stimuli were created in Adobe Audition version 2.0 (mono, 44100 Hz, 16 Bit). 
The stimuli were 500 ms pure sinus tones. They were composed of four different frequencies 
(500 Hz, 1000 Hz, 2000 Hz and 4000 Hz, respectively), each with four different loudness 
levels (silence, 30 dB, 50 dB and 70 dB, respectively). Pure sinus tones, with specific 
frequency and loudness levels, are used in clinical hearing tests since they are required by 
hearing aids in order to be properly adjusted.  
 
Experiment design 
The general structure of the test consisted of blocks (composed of 16 stimuli during around 
1.5 minutes), each followed by cartoon video clips (of 46 seconds), presented on the eye 
tracking screen. During the blocks, the participant focused on a black cross, the focus point, 
located in the center of a light grey screen while auditory stimuli were distributed from the 
two loudspeakers. During the video clips the participant could rest his or hers eyes from 
fixating. 
 
Each stimulus was preceded by a minimum fixation time of either 500 ms, 1000 ms, 1500 ms 
or 2000 ms duration during which the participant focused on the cross. The fixation duration 
was randomly selected within each block to avoid stimulus anticipation. Each stimulus was 
followed by an interstimulus interval (ISI) of 2500 ms to give ample time for the response to 
occur without overlapping with the following trial (see Figure 4). This procedure took on 
average 5.5 seconds and was repeated 16 times during a block. 
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Figure 4. Trial set-up: The upper rectangular block indicates when the participant should 
focus their eyes on the focus point. Fixation is the time before stimulus presentation, the 
speaker represents a stimulus and ISI (interstimulus interval) is the time after a stimulus is 
presented. 
 
 
Time window study 
The time window study was approximately 20 minutes and contained 10 blocks. During the 
blocks, the word “Block:” preceded the number of the current block beneath the cross (see 
Figure 5). The stimuli presented were composed of the frequencies and loudness levels 
mentioned in the section “Stimuli”.  
 
Substudies 
The substudies were just over 2 minutes and consisted of only one block each. For these tests, 
two block layouts were used; the one used in the time window study as well as where only a 
cross was present (see Figure 5). The stimuli presented were silence, i.e. during the blocks no 
sound was heard.  
 

 
Figure 5. Block layout of the eye tracking screen for the time window study and the 
substudies. In the time window to the left, the focus point, the cross, is presented above the 
block info. The substudies also used the layout to the left, but also the right where the focus 
point is presented alone. 
 
 
Calibration of sound and eye tracker 
Prior to the test session, the sound from the two loudspeakers was calibrated. This was 
performed by measuring the loudness of the sinus tone stimuli used eleven times each with a 
decibel meter (TES-1350A Sound Level Meter) at approximately 100 cm distance to the 
speakers at the participant seat in head-height, see Appendix C. To calibrate the eye tracker to 
each participant, individual eye movement following five moving reference points on screen 
was recorded.  
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2.1 Time window study  

Time window is the time after stimulus onset during which a pupillary response occurs. This 
study consisted of ten blocks, each followed by short video clips as pause, resulting in a total 
of 160 trials. During the video clips, the participant could rest his/her eyes from fixating the 
cross by for example closing the eyes. Each block consisted of 16 randomized trials, 12 
frequency-loudness combinations and four silent control trials. Each frequency-loudness 
combination was presented once during each block. The brightness level of the eye tracking 
screen was set to 148 cd/m2, as measured with a luminance meter (ELMA 1337 Luminance 
meter). 
 
The large quantity of data acquired was sorted with respect to frequency and loudness by a 
script written in Matlab (R2014b, The MathWorks Inc., Natick, MA, USA). The data was 
filtered with a Tobii I-VT Fixation Filter, with a velocity threshold of 30 degrees/second. In 
Excel (Microsoft Corporation, Redmond, Washington, USA, 2011), diagrams were created 
representing the pupil size change as a function of time for silence, 30 dB, 50 dB and 70 dB. 
The diagrams represent the averaged pupil size change for the right and left eye during the 
whole test. Averaged graphs were necessary since the graphs for the right and left eye, 
respectively, included deviations. For each participant, four diagrams were created, one for 
each frequency. Additionally, one average diagram per frequency was created. These average 
diagrams were summarized in one that was contrasted by only silence and sound, i.e. all 
frequencies together. The diagrams were baseline corrected and the baseline was provided by 
500 ms silence preceding each stimulus onset.   
 

2.2 Substudies 

The three substudies presented here study how the pupil size varies during different 
conditions. 
 

1. Comparison of brightness conditions. Two brightness levels of the eye tracking screen 
were used, (78 cd/m2) and (148 cd/m2). A cross and block info was present on the 
screen. 

2. Comparison of cross plus block info vs. just cross as focus point. Two block layouts 
were used (see Figure 5). The brightness of the eye tracking screen was 148 cd/m2.  

3. Comparison of variation averages fixating on cross vs. watching movie. Only a cross 
was present on the screen.  

 
The test consisted of one block with silent stimuli and a subsequent video clip with sound. 
The Tobii I-VT Fixation Filter was used and the graphs represented the average of the right 
and left eye. 
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3. Results 
In the following chapter information and results from the Time Window study and the 
Substudies will be presented.  

3.1 Time window study 

When calculating the significant difference between silence and sound levels in the 
determined time window, two different measures were compared. The first one involved the 
time window average for the silent graph vs. the 30 dB, 50 dB and 70 dB graph, respectively. 
For the second one, the maximum value of each sound graph during the time window was 
compared to the maximum value of the silent graph during the estimated time window. The 
graph from which the maximum value was taken was composed of ten stimuli. The 
comparison of the maximum value was therefore in fact a comparison of the values from the 
ten stimuli corresponding to the time for the maximum value in the averaged graph. The 
difference was tested for statistical significance between silence vs. all sound levels at a 95 % 
significance level.  
 
The difference was tested for statistical significance by using one-way Analysis of Variance 
(ANOVA) and follow-up t-test two-sample assuming equal variance. ANOVA gives an 
indication if a statistically significant difference is present between the groups silence, 30 dB, 
50 dB and 70 dB. ANOVA was calculated for both the average of all participants and for 
each individual participant. For p-values below the threshold value of .05, a follow-up t-test 
was performed in order to determine between which groups a statistically significant 
difference existed. For this, a Bonferroni correction was made; the significant level was 
justified based on the number of groups compared, in this case four. The significance level 
for t-test was therefore .0125. Standard Error of the Mean (SEM) was used to determine the 
time window by using a threshold value of .01. ANOVA, t-test and SEM were calculated in 
Excel.  
 
The time window could be determined to begin at around 300 ms after stimulus onset by 
visual inspection of the diagram of all frequencies together. It was concluded that the 
difference between the silence and auditory stimuli condition differed with SEM > .01 around 
this time. Therefore, the end of the time window, 2000 ms after stimulus onset, was 
determined in a corresponding way. For more diagrams, see Appendix C.  
 
A difference between the reference graph and the auditory graphs, respectively, was 
statistically significant only for 4000 Hz (and for the data of all frequencies together). A 
diagram of the average of all participants for this frequency is presented in Figure 6.  At the 
start of the time window, 300 ms, a distinct reaction in pupil dilation of the stimuli can be 
seen. The reaction occurs around the same time for all loudness levels. 
 



 
10 

 
Figure 6. The diagram shows the averaged pupil size change (averaged for both pupils) on 
the frequency level 4000 Hz for all 20 participants. On the x-axis, 0 indicates stimulus onset 
and the time window is marked by the shaded part. At around 300 ms, pupil dilation occurs 
for all loudness levels. Error bars are SEM.    
 
Two examples of possible variations for individual participant at 1000 Hz are shown in 
Figure 7. These diagrams show that the individual time window differed between various 
participants and also show the challenge in determining the time window for some individual 
participants. Notice the artifact as a peak and the downwards graphs to the left, and the 
uneven changes for all graphs to the right.  
 

  
Figure 7. Pupil size change (averaged for both pupils) during the test for two participants at 
the frequency level 1000 Hz. To the left, the pupil size decreases for 50 dB and an artifact for 
30 dB can be seen around 500 ms. To the right, the pupil size constantly changes unevenly 
for all loudness levels, even during silence. On the x-axis, 0 indicates stimulus onset. 
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Difference between silence and auditory stimuli within the time window 
For the average of all participants an ANOVA revealed a statistically significant difference 
for 4000 Hz and for all frequencies together, see Table 1. The mean pupil size, for each 
participant, for the specified time window was used. Further, the difference specifically 
between silence and the sound levels was investigated for the frequencies with a significant 
difference, using follow-up t-test corrected for multiple-comparisons. Again, the mean pupil 
size for the specified time window was used, and again averaged across all participants. The 
t-test revealed statistically significant differences for silence vs. 50 dB (t(38) = -4.29) and 
silence vs. 70 dB (t(38) = -3.86) for 4000 Hz and for silence vs. 50 dB (t(160) = -3.26) and 
silence vs. 70 dB (t(160) = -4.60) for all frequencies together, see Table 1. Furthermore, for 
4000 Hz the difference between each silence vs. sound level was compared for each 
participant using the maximum value within the specified time window, see Appendix C. 
 
Table 1. ANOVA and t-test reveals a statistically significant difference between silence vs. 50 
dB and 70, respectively, for 4000 Hz and for all frequencies together for the average of all 
participants. The p-value .0125 results from the Bonferroni correction. 

ANOVA 
   

T-test 
  

Frequency df F p-value 
Silence vs. 
30 dB 

Silence vs. 
50 dB 

Silence vs. 
70 dB 

500 Hz 3,79 1,48 p > .05 
   1000 Hz 3,79 2,01 p > .05 
   2000 Hz 3, 79 1,27 p > .05 
   4000 Hz 3,79 5,268 p < .05 p > .0125 p < .0125 p < .0125 

All frequencies 
together 3, 323 7,55 p < .05 p > .0125 p < .0125 p < .0125 

 
 
Difference between maximum value of silence and auditory stimuli within the time window 
The difference between each frequency level was compared using the average of the 
maximum value within the specified time window for each participant, see Table 2. The 
ANOVA reveals a statistically significant difference for 4000 Hz and for all frequencies 
together, see Table 3. For these frequencies, the difference specifically between silence and 
the sound levels was investigated using follow-up t-test, corrected for multiple-comparisons. 
Again, average of the maximum value within the specified time window for each participant 
was used. The t-test revealed statistically significant difference for silence vs. 70 for 4000 Hz 
(t(38) = -2.84)  and for all frequencies together (t(160) = -3.90). Furthermore, for 4000 Hz the 
difference between each silence vs. sound level was compared for each participant using the 
maximum value within the specified time window, see Appendix C. 
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Table 2. The largest measured pupil size (maximum value) within the time window for each 
frequency and sound level, and the time (latency) after stimulus onset when the maximum 
value occurred. 
 

Frequency   Silence 30 dB 50 dB 70 dB 
500 Hz Maximum value (mm) -0,001 0,041 0,047 0,059 
  Latency (ms) 1616.67 1433.33 1183,33 1250,00 
1000 Hz Maximum value (mm) 0,008 0,011 0,016 0,055 
  Latency (ms) 1233.33 550,00 1683,33 1516.67 
2000 Hz Maximum value (mm) 0,003 0,010 0,019 0,042 
  Latency (ms) 433.33 683,33 600,00 1533.33 
4000 Hz Maximum value (mm) -0,001 0,032 0,049 0,053 
  Latency (ms) 683,33 633.33 900,00 600,00 
All frequencies 
together Maximum value (mm) -0,003 0,018 0,026 0,048 
  Latency (ms) 433.33 683,33 1200,00 1333.33 

 
 
Table 3. ANOVA and t-test reveals a statistically significant difference between silence vs. 70 
dB for 4000 Hz and for all frequencies together for the average of all participants. The p-
value .0125 results from the Bonferroni correction. 
 

ANOVA 
   

T-test 
  

Frequency df F p-value 
Silence vs. 
30 dB 

Silence vs. 
50 dB 

Silence vs. 
70 dB 

500 Hz 3, 79 1.90 p > .05 
   1000 Hz 3, 79 1.82 p > .05 
   2000 Hz 3, 79 0.88 p > .05 
   4000 Hz 3, 79 3.36 p < .05 p > .0125 p > .0125 p < .0125 

All frequencies 
together 3, 323 6.12 p < .05 p > .0125 p > .0125 p < .0125 

 
3.2 Substudies 

From the data acquired, graphs representing pupil size as a function of time were created. 
Some values in the data were vertically downwards in the graphs. These misregistered data 
were manually removed since they were obvious outliers and would possibly affect the result 
wrongly. From the data, the total pupil size change, i.e. the distance between the minimum 
and maximum value of one block, was calculated in Excel. The difference for the mean pupil 
size was tested for statistical significance using SEM. The difference between the total pupil 
size change for the two conditions was compared using t-test. SEM and t-test were calculated 
in Excel. 
 
The following table, Table 4, covers the results from substudy 1, Comparison of brightness 
conditions, during total silence. As can be seen, the amplitude for the total pupil size change 
varies more for higher brightness. Figure 8 presents the mean pupil size for the two 
brightness conditions; a higher brightness results in a lower mean. The difference between the 



 
13 

two conditions was compared using the average of the total pupil size change for each 
participant. The used t-test revealed no statistically significant difference; t(8) = 0.03, p > .05. 
 
Table 4. The average of the total pupil size variation in millimeter of all participants for two 
brightness levels of the eye tracking screen. On the screen, a cross and block info was 
present.  
 
 
 
 
 

 
Figure 8. The bars show the mean pupil size in millimeter during one silent block for the 
average of all participants. The difference in mean pupil size for two brightness levels are 
shown. Error bars are SEM.    

 
The results from substudy 2 are presented in Table 5. The amplitude for the total pupil size 
variation is greater when only a cross is shown on the eye tracking screen. However, the 
mean pupil size is less for this condition, see Figure 9. The difference between the two 
conditions was compared using the average of the total pupil size change for each participant. 
The used t-test revealed no statistically significant difference; t (8) = -1.69, p > .05. 
 
Table 5. The average of the total pupil size variation in millimeter of all participants for two 
block layouts of the screen. The brightness level of the eye tracking screen was 148 cd/m2.  

Experimental condition Brightness level 
  148 cd/m2 

Cross + Block info text 0,957 mm 

Cross 1,58 mm 
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Figure 9. The bars show the mean pupil size in millimeter during one silent block for the 
average of all participants. The difference in mean pupil size for two block layouts are 
shown. Error bars are SEM. 
 
The results from substudy 3, Comparison of variation averages fixating on cross vs. watching 
movie are presented in Table 6 and Figure 10. The greatest pupil size change, the distance 
between the pupils’ maximum and minimum value, occur when the participant was watching 
a movie with sound compared to if he/she was starring on the focus point in silence. Also, the 
mean pupil size was greater when the participant watched the movie, see Figure 10. A less 
bright screen resulted in a greater mean of the pupil size. However, when comparing the 
difference between the conditions using the average of the total pupil size change for each 
participant, no statistically significant difference was revealed; t(8) = 0.31, p > .05 (78 cd/m2) 
and t(8) = 1.08, p > .05 (148 cd/m2). 
 
Table 6. The average of the total pupil size variation of all participants in millimeter during 
various conditions; two brightness levels of the eye tracking screen in combination with one 
video clip with sound and one silent block with a cross present on the screen.   

Experimental condition Brightness level 

 
78 cd/m2 148 cd/m2 

Movie with sound 1,08 mm 1,102 mm 

Silence 1,019 mm 0,969 mm 
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Figure 10. The bars show the mean pupil size in millimeter for the average of all participants 
when watching a movie with sound and also fixating on a focus point in silence. This 
procedure was performed in two brightness conditions, 78 cd/m2 and 148 cd/m2. Error bars 
are SEM.     
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4. Discussion  
Time window study 
 
The time window study is the first to investigate pupillary response to sinus tones. Earlier 
studies ([14], [15]) have explored pupillary response to speech and identified a time window 
of around 1000-2000 ms after stimulus onset, whereas the time window for sinus tones is 
around 300-2000 ms, corresponding to the hypothesis. This can be explained by that sinus 
tones demand less higher order of cognitive processing.  
 
The difference between the silence and auditory stimuli conditions was tested in two ways; 
comparing the average of the time window and comparing the maximum value within the 
time window. Maximum value could be used since artefacts were always towards zero 
dilation in case of disrupted pupil response recordings and were in this way removed from the 
results. An ANOVA and t-test for these two statistical methods gave similar results for the 
average of all frequencies; a difference for 4000 Hz and for all frequencies together. A 
possible reason for that there only was a difference for 4000 Hz is that a vast majority of the 
participants were women. Women have a more sensitive hearing for higher frequency levels 
(> 2000 Hz) [21]. In a further test, the gender needs to be taking into account to verify this 
result. It could be worth investigating if longer stimuli would result in a difference for the 
other frequencies. It is also worth mentioning that the long duration of the test resulted in 
tiredness of the participants which could have a negative impact on the pupillary response. 
Another possible reason for the low rate of difference is the long duration of the time window 
resulting in a high variance between the relevant values. A shorter time window could 
perhaps result in more silence vs. sound stimuli comparisons being different. This applies 
mainly to the test method with the averaged time window. The most distinct peak early in the 
time window for the 4000 Hz frequency condition has a duration of around 700 ms which 
would give a time window of around 300-1000 ms after stimulus onset (Figure 6). This peak 
also corresponds to reported greater pupil dilation for higher intensities (however only with a 
difference present for silence vs. 50 dB and 70 dB, respectively) [22]. A shortened time 
window may also be possible by applying individual time windows.  
 
The similar results from the two statistical methods make it hard to determine whether one 
method is better than the other. However, since the method with maximum values does not 
include artefacts, the assumption was made that maximum value method is slightly better. A 
more thorough investigation is however required.   
 
The long duration of the test could have some effect on the result due to tiredness of the 
participants. When tired, the reaction weakens [23], i.e. the pupillary response is not as 
distinct. It is therefore possible that the final results could include stronger pupillary response 
if the participants where alert throughout the test. However, the assumption was made that the 
effect was minor. Furthermore, by randomly selecting various frequency-loudness 
combination of sinus tones during the tests, anticipation of which sinus tone would be heard 
next was excluded. This added robustness to the results.  
 
The silence graph was not as stable as expected (Figure 7). Some of the variation in the 
silence condition could result from the spontaneous rhythmic oscillatory movements [16]. 
Another, more unlikely, reason for this could be that despite randomly alternating ISIs some 
participants anticipated the stimuli and therefore showed a pupillary response even to the 
silent stimulus. The varying fixation time should have taken care of anticipatory responses, 
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but maybe four different ISI durations were not sufficient. The unstable graphs are especially 
true for the individual participants. This is the reason that factors affecting the pupil size in 
silence were investigated.  
 
 
Substudies 
 
A lower brightness of the eye tracking screen generated a larger mean pupil size [22].  The 
lower brightness also results in smaller amplitude changes in pupil size. Greater pupil size 
changes in higher brightness can be explained by the difference in brightness for the focus 
point and the surrounding, both from the screen and outside the screen. Even small luminance 
differences have impact on the pupil size. Since it is impossible for a person to focus solely 
on the cross throughout the test as saccades always occur, pupil size was affected by 
surrounding light differences. This also explains why a text in addition to the focus point 
affected the pupil size. The text is darker than the surrounding, and therefore the luminance 
difference affects the pupil size. Having a text near the focus point also results in greater 
distraction, however, the pupil size variation did not increase. One reason could be that the 
gaze stayed between the cross and text resulting in less variations than if the gaze would 
move beyond this distance.  
 
When comparing movie and focus point fixation in silence, movie presentation generated 
greater pupil size variation and overall greater mean pupil size. An obvious explanation for 
this is that the movie consists of both varying luminance and sound. However, the differences 
were so small so it can be concluded that these pupil size fluctuations should not be a 
problem in the future hearing test which would involve a movie. Important to keep in mind is 
that these substudies involved five participants, further investigation is therefore necessary 
for verification of these results. 
 
The substudies suggest that a more apparent time window can be seen if adjustments are 
made, for example a lower brightness of the eye tracking screen and no distractors. To make 
sure that the participants are accustomed to the light in the room, he/she should wait 5-10 min 
prior the test. The sound can also be improved. The calibration of sound enlightened the 
problem of distributing sound at an exact intensity when using loudspeakers. In the test room 
used, interfering noise disturbed and prevented stimuli with an intensity of 30 dB. It would be 
better to use headphones in order to easier control the distribution and intensity of sound, or 
alternatively loudspeakers placed in ear height on each side of the child. The calibration also 
showed a high variance among the measures (see Appendix C) which could have an impact 
on the final result. This factor could also be eliminated by using headphones or loudspeakers 
placed on each side of the participant.   
 
One obvious drawback of including eyesight in a hearing test is that the test cannot be used 
by blind infants, or children with severely impaired vision. An advantage is that the response 
to sound will be automatic and registered by a reliable machine and not by an audiologist, 
and therefore the hearing test will be more objective compared to the current test. The 
machine is reliable since it measures an autonomic physiologic response which the child can 
not affect. This can be compared to the behavioral hearing test today where the audiologist’s 
knowledge and experience can affect the result, as well the possibly wrong executed response 
of the child. In today's test, the infant needs to learn a behavioral response which may 
influence their results. When using pupillary response this will be avoided. Hopefully, this 
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will lead to more reliable determination of the hearing threshold and thus reduce the number 
of hearing tests. 
 
In this study 20 participants were used. The resulting averaged graphs indicate that this was 
enough since a clear pupillary response could be seen, at least for 4000 Hz. In a future study, 
it may be preferred to use a larger test group to ensure that the result is correct. Using adult 
participants in this study was motivated by the fact that adults are easier to cooperate with 
compared to infants. An initial time window could be determined from this study, however, 
this may differ from infants’ time window. It is therefore essential to investigate infants’ time 
window, preferably for different age groups.  
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5. Conclusion 
This master thesis lays the foundation for the development of an infant hearing test using the 
eye-tracking measure pupil dilation. Such a test presents the opportunity to reliably detect 
hearing thresholds earlier than today. It can be concluded that pupillary response to pure 
sinus tones in adults is a possible measure of hearing threshold for at least 4000 Hz. Larger 
studies are needed to confirm this, and also to more thoroughly investigate the other 
frequencies.  
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Appendix A 
 

State of the art 
 
This chapter contains information relevant for the study outlined in this master’s thesis. The 
focus is a literature review related to hearing tests today along with their drawbacks and how a 
child can be negatively affected if he/she does not receive a hearing aid early enough. 
Furthermore, the method of eye tracking is explained and also the relation between pupil dilation 
and sound stimuli. 

A.1 The development of senses and language in infants 
The following chapter includes the development of hearing, eyesight and language in infants. 
Hearing is described as the purpose of this project was to develop a hearing test. The eyesight is 
described for the reason that visual communication is an important tool when evaluating hearing 
in infants. Language is described to give knowledge to the reader that the important steps of 
language development most likely will be delayed if an infant with hearing impairment does not 
get proper and timely intervention. 

A.1.1 Hearing  
Hearing is the sense humans first use to explore the surroundings. In the 24th week of pregnancy 
the hearing is well developed [1] and further in the pregnancy an important development of the 
hearing sense continues. When the infant is born, the infant already has a sense of hearing. This 
hearing sense will be further developed with a hearing memory and a capability to communicate 
[2]. The ability to perceive sound is already developed during the fetal stage [3] and a study by 
Moon. et.al [4] shows that the fetus can in the last ten weeks before birth both listen but also 
learn and remember sounds. When the infant is between two and four months old it is normal 
that the infant can smile and turn the head towards sounds they have heard before [5]. 

A.1.2 Eyesight 
During infants’ first months, significant steps in eyesight development occur [6]. At birth, 
infants’ pupils are constricted to reduce the possibility for light to enter their eyes, since infants 
are sensitive to bright light. At an age of two weeks, the pupils begin to gradually enlarge and 
infants also start to see different shades of light and dark [7]. At the age of one month, infants 
can during short times focus on objects at a distance of around 90 cm and at nearly two months 
they can follow moving objects with their eyes [7]. The distance at which infants can focus on 
objects has decreased to around 20-25 cm by the age of three months [6]. In the following table, 
Table 1, some additional significant moments in a child’s development of the eyesight is 
presented. 
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Table 1. Development of the eyesight during a child’s first few months [8].  
 

Age Visual behavior 

Newborn Compared to an adult, the child’s visual acuity is very small and 
the child cannot focus at all. 

1 month The gaze is fitful and cannot continuously follow a moving 
object. 

2 months The gaze smoothens and becomes more steady. 

2 ½ - 3 months The child is interested in looking at new things (in contrast to one 
month before). 

3 - 4 months The gaze is smooth. Almost on adult level. 
  

A.1.3 Language  
Hearing is a significant sense for the child's sound and speech development. By listening, the 
child can take in information from the environment and use the information to form their own 
sound production and thereafter real words and sentences [9]. At approximately six months of 
age the infant can perform laugh and babble, sounds that are important steps towards speech 
production. The first spoken words come when the infant is approximately one year old. 
Between 18 and 24 months of age a child can form simple and usually not complete sentences by 
combining a few words. The major part of the language development takes part up to four years 
of age. After three to four years of age, the child's language tends to be at such a high level that it 
is possible to understand what they want to express [10].  
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A.2 Hearing  
In the following chapter hearing loss will be introduced, why it is important to identify hearing 
loss as early as possible and some basic knowledge about audiogram will be mentioned.  

A.2.1 Hearing loss 
According to The Swedish Association of Hard of Hearing People (HRF) approximately 1.4 
million of the Swedish population, in 2014, have some degree of hearing impairment. Of these, 
about 10 000 are children [11]. In addition, every year there are approximately over 665 000 
infants worldwide who are born with a hearing impairment. Hearing loss, also known as hearing 
impairment, is a term that is used to explain the limitation a human has to deal with due to 
damage or disease that is related to hearing and that causes a limitation or difficulty to do 
activities in a way that is considered normal [12]. Hearing loss can be congenital or acquired, 
where the congenital usually is due to genetic factors or intrauterine infections [10]. A 
combination of several factors such as genetic, age, disease and environment is usually the 
reason behind hearing loss [11]. Hearing loss is usually divided into two groups, conductive and 
sensorineural [10]. A conductive hearing loss implies that the ear’s normal function to lead 
sound from the outer ear to the inner ear is limited or non-existent [2]. Sensorineural hearing loss 
implies that the sense organ, whose function is to send signals further to the brain, is damaged or 
that it is a damage on the nerve pathways [10]. 

A.2.2 The importance of early identification of hearing loss 
It is important to identify, investigate and treat hearing loss as early as possible since every day 
of exposure counts. The sound stimulation of the auditory nervous system is significant to 
maintain a normal development of the hearing sense [13]. A severe hearing loss should be treated 
before the infant is six months old to be able to avoid abnormalities in the auditory development 
[2]. Hearing is important in speech and language development. If a child’s hearing impairment is 
discovered too late there will be a delayed or distorted language development [14]. Therefore, it 
is important to detect a hearing impairment before this period in order to enable the child an 
optimal speech and language development [10]. Studies show that if a hearing impairment can be 
detected early, for example in newborn screening, it will generate benefits in language learning 
for children in primary school [15]. 
  
If a hearing loss is identified early it is possible to restore hearing aids or cochlear implants at an 
early stage and also provide additional auditory and language training for these children. 
Thereby, the child receives help to catch up any language delay and achieve the right level of 
language development [16].  
 

A.2.3 Audiogram 
An audiogram is a diagram that shows the hearing threshold level in decibels (dB) as a function 
of frequency [16]. Furthermore, an individual's hearing threshold is defined as the lowest level in 
decibels that a tone can be heard 50 % of the times in a test procedure. Depending on the degree 
of hearing loss, it can be described as mild (20–39 dB), moderate (40–64 dB), severe (65-89 dB) 
and profound (≥ 90 dB) [17]. In Figure 1, an audiogram representing a “sloping” hearing 
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impairment can be seen. If, on the other hand, the lower frequencies are heard less well than the 
higher frequencies, the curve would be described as “rising”, and if all frequencies are heard 
equally it is called “flat” [16].  
  

                        
                                       Frequency Hz 
 

Figure 1. An audiogram showing sloping hearing where x symbolizes the left ear and o the right 
ear. (Illustrated by Birgitta Sköld, audiologist at Rosenlund Hospital. Reproduced with 
permission.)    
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A.3 Today's audiometric screening 
The three most common hearing tests used today are; Otoacoustic Emissions (OAE), Auditory 
Brainstem Response (ABR) and Visual Reinforcement Audiometry (VRA), which are described 
in the sections below.  

A.3.1 Otoacoustic Emissions 
Today, hospitals in Sweden test the hearing capabilities of newborn babies by measuring 
Otoacoustic Emissions, OAE [18]. This method was first demonstrated by David Kemp [19] in 
1978. OAE is primarily used to register the function of the cochlea, see Figure 2, and only gives 
an answer if the hearing threshold of the ear is at a maximum of 30 dB [20]. Since it is used on 
newborns shortly after birth [20] it is convenient that the recordings can occur when the child is 
sleeping [21]. The test sends an acoustic stimulus into the ear, and measures the sound that is 
generated by the outer hair cells of the cochlea [22].  
 

                                          
Figure 2. The anatomy of the ear. Permission to use and modified from [23].  

A.3.2 Auditory Brainstem Response 
If the OAE test is not passed after up to three trials, further investigation has to take place. 
Auditory Brainstem Response (ABR) is used along with OAE [24]. During ABR measurement, 
click stimuli are presented in the ear, generating a response from the cochlea and further through 
the cochlear nerve to the brainstem. Electrodes, placed on three or four different places on the 
scalp, measure the electrical potentials from the cochlea up to the brainstem. This method is most 
optimal when the infant is sleeping due to reduced artifacts and it is a good method to diagnose 
hearing impairment [16]. With ABR it is possible to estimate the child’s hearing threshold 
between 2-4 kHz [25]. If there is a response at 30 dB or lower, the assumption is made that the 
child has normal hearing. 
  
Both OAE and ABR are not really hearing tests that determine hearing thresholds as they only 
test the function of the ear and nerve [16]. This is why a child can pass these two tests and still 
have immature or disturbed auditory perception, which prevents the child from correctly respond 
to a sound. Therefore, it is important to also include a behavioral test when examining the 
hearing loss to ensure the child’s hearing threshold, but also to reassure that the child knows how 
to react to a sound [16]. 
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A.3.3 Visual Reinforcement Audiometry 
Visual Reinforcement Audiometry (VRA) is a behavioral hearing test which is mostly used from 
the age of six to nine months [26]. Lidén and Kankkunen [13] were the first to describe this 
method back in 1969. The setup can consist of two computer screens, one placed on each side of 
the child, along with two loudspeakers, each one positioned near to a screen (or, alternatively a 
set of headphones can be used), see Figure 3. The first step in a test is conditioning - the child 
should be able to understand the connection between a sound stimulus and the reinforcement 
presented on the adjacent screen, for example an animated picture. When a sound stimulus is 
played, for example, on the right loudspeaker, the child is supposed to turn his/her head towards 
the sound and see the reinforcement on the right screen. The reinforcement works as motivation 
for the child to turn the head when another sound stimulus is presented. When the conditioning is 
done, the hearing test can begin. Different sounds are played with different hearing levels and 
frequencies, and an audiologist observes the child's response to the sound. Based on the 
observations, an audiogram can be made [16]. 
  

                                             
Figure 3. An example setup for Visual Reinforcement Audiometry. A child sits in a chair with one 
loudspeaker and one computer screen on each side. When the child hears a sound from one 
loudspeaker he/she is expected to look at the computer screen on that side. (The picture was 
taken by the authors of this report in a test room at Rosenlund hospital.) 
 
In most of Sweden, behavioral tests are first performed for all children at the 4-year-check-up at 
the BVCs (Early Childhood Centres) and it is performed to detect mild single-sided and double-
sided hearing loss [27]. The test is a version of VRA and is called a play audiometry test. The 
children move toys, for instance a block to a bucket, when they hear a sound stimulus [16]. 
Therefore, hearing is tested in a similar way as for VRA and represented with an audiogram. 

A.3.3.1 Drawbacks  

The drawback of VRA lies in it being subjective. It can be difficult for the observer to be certain 
if the child really heard a sound, or if it was pure coincidence that the child looked at the screen 
at that moment (false positive answers) [24]. Furthermore, for some infants, the connection 
between sound and reward can be difficult to understand [16]. Also, during a VRA a toy is 
usually used to distract the child so that he/she does not continue to look and focus on a screen 
after the animated picture is seen. This toy could if it is too interesting result in the child 
becoming too distracted to hear and respond to sound stimuli. 
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A child that has an especially serious hearing loss usually compensates with other senses [24]. 
The child could during a hearing test pick up subtle signals from the audiologist or a parent 
present in the same room that a sound is being played, and react as one would expect when 
hearing the sound – i.e. looking towards the computer. These subtle signals could for example be 
that the audiologist or parent moves unconsciously when hearing the sound.  
 
The hearing tests today are therefore not optimal. Children with a hearing impairment can pass 
the tests which, if not noticed at the time, can result in them not receiving the help they need. 
This can cause major complications in the child’s life.  
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A.4 Eye tracker 
Eye tracking is a method with the possibility to register and measure movements and positions of 
the eye [28]. The features of the eye tracker make the technique useful in several different fields, 
for example to measure different awareness conditions such as concentration, sleepiness and 
attention [29]. This is possible since eyesight is the sense of the human (for these conditions) that 
transmits information to the brain where it is processed [30]. Eye tracking has been used in 
several research fields, for example, in psychology and neuroscience, development of websites 
and software and customer research [31]. Furthermore, eye tracking is useful as assistive 
technology or as a substitute for communication for people with speech and motor impairments 
[32].   

A.4.1 The technology behind eye tracking 

There exist several variations of eye trackers. One of them is Tobii Eye tracker T120 which is 
most suitable for infants, and it is the one described below. An eye tracker consists of cameras, 
monitors and algorithms [33]. The monitor emits near-infrared light on the cornea of the human 
eye and some of the light is reflected back to the light source, see Figure 4 [34]. The cameras 
take pictures of the eye, the movements of the eye, the reflections that occur and also of the 
cornea. Image algorithms analyze the information that is collected and interpret the information. 
For instance, algorithms calculate events such as fixations (when the eye is still) and saccades 
(the eye movement between two fixations) [35]. There exist a lot of algorithms that use different 
parameters, such as gaze velocity and gaze accelerations, to detect different sorts of events [36]. 
Lastly, the eye gaze point, exact position of the eye and pupil size can be calculated by using this 
mathematical algorithms [33]. 

                            
Figure 4.  The monitor in the eye tracker emits near-infrared light to the cornea and some of the 
light is transmitted back to the monitor. The cameras in the eye tracker collect information about 
the eyes, such as movement. The box around the head is a headbox. To be able to measure the 
gaze estimation the user’s head must be placed inside this headbox. (Illustrated by the authors.)    
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A.4.2 Technical specifications 

To obtain a good result, different technical specifications have to be taken into account [37]. 
Accuracy and precision are two factors that are significant. Accuracy is the difference between 
the gaze position that is measured by the eye tracker [34] and the true gaze position. Precision is 
the ability of the eye tracker to repeat a measurement [38] which may give an indication of a 
measurement’s reliability [37]. In addition, the person whose eyes are to be analyzed has to be 
placed at a correct height and distance from the eye tracker screen. Usually the eye tracker has a 
tool to determine this and states weather the eye tracker can identify the users eyes or not, see 
Figure 5 [39]. 
 

                                    
Figure 5. Example of identified pupils by the Tobii Eye Tracker T120. Green color indicates that 
the eye tracker identifies the pupils and red color indicates that the eyes cannot be identified. 
The number to the right (in this case 61 cm) indicates the distance between the user’s pupils and 
the eye tracker screen. (The authors of this report have taken the picture.) 

Furthermore, the head must be placed in a specific area, called the ‘headbox’, see Figure 4, for it 
to be possible to track the gaze. The larger the volume of the head box, the more the user can 
move during the experiment [39]. Eye trackers with a large headbox, such as Tobii Eye Tracker 
T120 [40], are therefore well suited for studies where the user has difficulty to sit still for a long 
time, for instance, infants and children[39].  
 
There are factors that can interrupt the measurement, for example mascara, dark eyes, droopy 
eyelids, down-turned eyes and variety of lighting conditions [41]. In addition, the quality of eye 
tracking is affected by several factors such as the frame rate and resolution of the camera [29].  

A.4.3 Calibration 
Before the eye tracker experiment can begin, each user needs to go through a calibration by the 
eye tracker. The calibration is necessary since the eyeball radius and structure varies between 
different individuals. The eye tracker collects information about the user’s eyes and orientation 
during the calibration [42]. For each calibration point, data is analyzed and compared with a 
corresponding screen vector. Based on this comparison, the expected gaze point position is 
calculated [43]. Therefore, the calibration results are shown with green direction vectors that 
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illustrate how close the user’s gaze is in relation to the reference point, see Figure 6. A green dot 
on the reference point or a short green direction vector indicates that the focus is in the middle or 
near the reference point, which indicates a good calibration. If, for instance, some of the 
reference points are missing a green dot or direction vector, a recalibration is needed [30].   
       

Figure 6. Results from an approved calibration from Tobii Eye Tracker T120. The figure shows 
five reference points for each eye and the green dots or short green lines (director vectors) on 
these points state that the calibration was approved. (The authors of this report have taken the 
picture.) 
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A.5 Pupil dilation to measure hearing impairment  
The idea to use infants’ eyes as a measurement of hearing loss in order to acquire a more 
objective assessment has existed for several years. Two master thesis projects have been 
performed based on this idea [44], [45] and the objective of both theses was to develop the 
hearing test VRA by using eye tracking. Instead of using the conventional measurement of a 
head turn, the measurement consisted of the child’s eye movement. The test was based on 
conditioning of eye movement meaning that the children had to learn a certain ocular response to 
hearing a sound, namely searching for an animation on the screen and then follow the moving 
animation with their eyes. The projects had great potential since eye movement as a 
measurement is more accurate than head movement resulting in a more precise hearing 
threshold. Furthermore, since infants can control their gaze earlier than head turns, the new 
hearing test could be used by infants of a younger age. However, the results of the thesis projects 
were not completely satisfactory and the main reason behind this was that the children failed the 
conditioning before the hearing test; that is, they failed to associate a certain eye movement 
behavior to sound detection. Another idea for a more objective hearing test has instead emerged 
that does not rely on the children’s participation and learning ability. This idea is based on the 
relation of sound detection and pupil dilation using an eye tracker. An advantage of using pupil 
dilation as a measure is that pupil size is involuntary in its reaction [46]. Infants usually sit in a 
parent’s lap when being examined which makes it essential that the type of measure used is not 
affected by the parent. Pupil size is less affected by the parent when sitting in their lap, as 
opposed to heart rate which is another example of an objective physiological response measure 
[47]. If the infant’s pulse rate would be measured as a function of hearing, there is a risk the 
recorded infant pulse rate could have been affected by the parent’s pulse. 

A.5.1 Pupil size variation as a function of luminance 
Luminance is a measure of how bright a small source is radiating or reflecting light in one 
specific direction [48]. Luminance is further measured in candelas per square meter and is an 
objective way of measuring brightness.  
 
When studying the pupil size as a function of hearing it is important to keep in mind that the 
pupil also varies in size due to light differences. This reaction is called the pupillary light reflex 
[49]. In addition, even in constant light conditions the pupil will perform spontaneous rhythmic 
oscillatory movements that either expand or contract the pupil, which is called Hippus or 
pupillary unrest [50]. This occurs simultaneously in both eyes about twice per second causing a 
relative pupil size change of approximately 0.5 mm in total [11]. For adults, the diameter of the pupil 
is around 4-8 mm in darkness and in bright light, the pupils constrict to around 2-4 mm [51]. The 
cones are almost fully adapted to darkness in less than two minutes, but adaption of the rods 
continues for 30-40 minutes. Bright adaption is on the other hand much faster [52]. The pupil 
size is the smallest for infants, and until adulthood the size continues to increase [53]. However, 
there is not a strong correlation between age and pupil size [54]. The constriction and dilation of 
the eye is adjusted by two muscles, namely the iris sphincter and the iris dilator where one 
relaxes and the other one contracts [55]. The pupillary light reflex has its beginning in the retina 
where rods and cones act as light receptors [56]. The next step in the pupillary light reflex is a 
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projection from the retina to the pretectum1, see Figure 7, and on to the Edinger-Westphal (E-W) 
nucleus2. The parasympathetic nerve that has its beginning in the E-W nucleus terminate on the 
ciliary ganglion which in turn innervates the iris sphincter. When light falls on the eye, this 
causes the iris sphincter to activate (and the iris dilator to relax) resulting in a constricted pupil.  
 

                     
Figure 7. The pathway of the pupillary light reflex. Permission to use [57]. 

 
A.5.2 Pupil size as a response to sound 
In a study by Zekveld and Kramer [58], the pupil size was examined during difficult listening 
conditions, i.e. interfering speech, using an eye tracker. The outcome of the study was that the 
pupil size is the largest at intermediate intelligibility levels, smaller at lower intelligibility levels 
and smallest at very difficult levels (The Speech Intelligibility Index is measured between 0.0 
and 1.0 [59]. For example, 50 % speech intelligibility means that 50 % of the speech can be 
heard and used.). The reason behind different pupil sizes at different intelligibility levels is that 
the pupil dilation correlates with the workload of a task and the associated burden. An easy task 
implicates a light burden, and therefore small pupil dilation. Furthermore, pupil dilation 
increases with more difficult tasks and heavier burdens. However, when the task becomes too 
difficult for the participant, the pupil dilation decreases. The study also revealed that if a 
participant gave up listening at low intelligibility levels, the pupil dilation was smaller [58]. 
Zekveld and Kramer concluded that “the pupil response is sensitive to processing load, and 
possibly reflects cognitive overload in difficult conditions”. 
  
Based on the theory that the pupil dilates as a result of cognitive processing load [58], Kim et al 
[60] examined the pupil size of 32 normal hearing test persons during listening tasks and 

                                                
1 Neurons between the thalamus and the midbrain [56]. 
2 Nerve cells adjacent the oculomotor nerve [56]. 
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compared the size with a control group. The result was that the pupil dilated as a response to 
sound. Furthermore, a higher intensity resulted in a larger dilation. In this study, four intensities 
were used: 30 dB, 50 dB, 70 dB and 90 dB and the sound heard was French spoken words. 
  
The fact that pupil dilation is an indication of cognitive workload can also be verified in another 
study by Fritzsche and Höhle [61]. In their study, 30-month-old children and adults listened to 
words whereof some were mispronounced while their pupil size response was registered. When 
analyzing the data of the pupil size changes, the researcher detected that the pupils were more 
dilated when the participants heard mispronounced words rather than correctly pronounced 
words. Since a mispronounced word requires more processing and therefore cognitive workload, 
the pupil dilates as a consequence. 

A.5.3 The time window 
The time window indicates the time it takes for the pupil to respond to a heard sound stimulus. 
The phenomenon that the size of the pupil change is called the pupillary dilation response [62]. 
The previous mentioned study, Fritzsche and Höhle [61] also acquired information about when 
the words heard affected the pupil size, i.e. the time window, which was approximately between 
1000-2000 ms for the both age groups (30-months-old children and adults), and the mean peak 
was registered at 1547 ms. 
  
Hochmann [49] also determined the time window in his study for three and six-months-old 
infants. The pupil size of all the infants varied as a result of the stimulus although the time 
window for the two age groups differed slightly. For the three-months-old infants, the time 
window was between 1,017 and 2,183 ms, and for the six-months-old the time window was 
between 983 and 2,150 ms.  
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Appendix B – Information to the participants 

 
Information about the study 
The purpose of the study is to measure the pupil dilation as a response to sound stimuli by 
using the eye tracking method and decide if this method is possible to use as a hearing test for 
infants. The expectation is that the hearing test becomes a more reliable and objective 
measuring method compared to the conventional hearing tests of today. 
 
During the test you should focus on the plus sign presented on a screen. Simultaneous, sound 
stimuli with various frequency- and sound levels is distributed from two loudspeakers. The 
sound stimuli will be randomly selected at different time intervals. The test is divided into 10 
blocks and in between these blocks a video clip is played during which you have the 
opportunity to relax a bit. The total time for the test is around 20 minutes depending on which 
time intervals are randomly selected.  
 
The technology in this study is called eye tracking. Our system (Tobii T120) consists of a 
monitor on which a camera and very weak infrared light sources are mounted. The infrared 
light is completely harmless to the human eye. Before the system is used for data collection, a 
calibration is done. This means that you should look at a couple of reference points on a 
computer screen (in this case a red ball bouncing on the screen) during which the system 
registers the relation between the reflections from the infrared light and the pupil's position. 
Using this information, the system can register where on the screen the gaze is directed.  
 
A visit at us is estimated to take around 30 minutes, including both the calibration and the 
test.  
 
You can of course at any time cancel your participation without any justification.  
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Appendix C – Additional results 

Diagrams that could not be included in the report and the results from the sound calibration 
are presented below.  
 
Time Window study  
A diagram of the average of all participants for stimuli at 500 Hz, 2000 Hz and 4000 Hz is 
presented in Figure C-1, Figure C-2 and Figure C-3, respectively.   
 

 
 
Figure C-1. The diagram shows the averaged pupil size change (averaged for both pupils) for 
the frequency level 500 Hz for all 20 participants. On the x-axis, 0 indicates stimulus onset 
and the time window is marked by the shaded part. At around 300 ms, pupil dilation occurs 
for all loudness levels. Error bars are SEM. 
 
 

 
 
Figure C-2. The diagram shows the averaged pupil size change (averaged for both pupils) for 
the frequency level 1000 Hz for all 20 participants. On the x-axis, 0 indicates stimulus onset 
and the time window is marked by the shaded part. At around 300 ms, pupil dilation occurs 
for all loudness levels.   
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Figure C-3. The diagram shows the averaged pupil size change (averaged for both pupils) for 
the frequency level 2000 Hz for all 20 participants. On the x-axis, 0 indicates stimulus onset 
and the time window is marked by the shaded part. At around 300 ms, pupil dilation occurs  
for all loudness levels  

"0,12!

"0,07!

"0,02!

0,03!

0,08!

0! 1! 2! 3!

Pu
pi
l!s
ize

!c
ha
ng
e!
(m

m
)!

Time!(s)!

Silence! 30!dB! 50!dB! 70!dB!



 
vii 

Statistically significant difference, time window 
 
 
Table C-1. ANOVA revealed a statistically significant difference between silence vs. each 
sound level for two participants (participant 2 and 11) when comparing the average of the 
time window for each participant. The follow-up t-test for these two participants showed a 
significant difference between silence vs. 70 dB, indicated by the red values.  

 
ANOVA 

  
T&test * 

   
!Participant df* F df! 

Silence!vs.!
30!dB df! 

Silence!vs.!
50!dB! ! 

Silence!vs.!
70!dB! 

1 3,79 0,25 
     

  
2 3,77 3,70 38 -0,48 36 -1,38 38 -2,74 
3 3,79 2,06 

     
  

4 3,79 1,04 
     

  
5 3,79 0,23 

     
  

6 3,79 1,77 
     

  
7 3,79 2,74 

     
  

8 3,79 1,54 
     

  
9 3,79 1,80 

     
  

10 3,79 1,79 
     

  
11 3,79 3,08 38 -1,44 38 -1,11 36 -3,00 
12 3,79 0,92 

     
  

13 3,79 2,14 
     

  
14 3,79 0,62 

     
  

15 3,79 0,41 
     

  
16 3,79 0,49 

     
  

17 3,79 0,85 
     

  
18 3,79 1,97 

     
  

19 3,79 0,08 
     

  
20 3,79 0,31             

*!df!=!degrees!of!freedom 
**p"value!<!.0125 
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Statistically significant difference, maximum value 
 
Table C-2. ANOVA revealed a statistically significant difference between silence vs. each 
sound level for four participants (participant 2, 10, 11 and 13) when comparing the maximum 
value for each participant. The red text in the table indicates between witch silence and sound 
level a significant different existed, for these four participants.  
  

! ANOVA* ! ! T&test* ** ! ! !

!!
*

!! !!
Silence!
vs.!30!dB* **

Silence!
vs.!50!dB!! !!

Silence!
vs.!70!dB!!

Participant! df*! F! df!
!

df!
!

df!
!1! 3,75! 0,16!

!     
!!

2! 3,67! 3,75! 36! "0,38! 30! "1,31! 32! "2,67!
3! 3,52! 1,01!

!     
!!

4! 3,77! 0,99!
!     

!!
5! 3,78! 0,21!

!     
!!

6! 3,69! 1,33!
!     

!!
7! 3,65! 1,06!

!     
!!

8! 3,62! 0,62!
!     

!!
9! 3,61! 1,55!

!     
!!

10! 3,73! 2,84! 36! 0,65! 36! "0,9! 36! "1,98!
11! 3,71! 3,82! 6! "1,37! 36! "1,1! 34! "3,36!
12! 3,71! 1,2!

!     
!!

13! 3,77! 2,74! 38! "0,62! 36! "2,67! 38! "0,52!
14! 3,73! 0,075!

!     
!!

15! 3,63! 0,31!
!     

!!
16! 3,77! 1,17!

!     
!!

17! 3,67! 0,83!
!     

!!
18! 3,69! 2,18!

!     
!!

19! 3,76! 0,19!
!     

!!
20! 3,67! 0,22! !! !! !! !! !! !!

*!df!=!degrees!of!freedom!
!       **p"value!<!.0125!

!        



 
ix 

Calibration of the sound 
 
Result from the calibration of the sound in the test room where the measured values are in 
Hz.  
 
The measured values for each loudness level were; 
30 dB: 38.5, 33.1, 35.9, 32.9, 34.4, 36.2, 37.2, 32.3, 36.6, 37.4, 33.2 
50 dB: 48.2, 46.0, 40.2, 43.0, 51.7, 50.8, 52.3, 51.7, 53.8, 50.5, 44.3 
70 dB: 69.7, 72.4, 71.4, 72.3, 64.3, 73.3, 73.5, 67.8, 73.3, 74.2, 68.3 
  
The mean values for each loudness level were: 
30 dB, mean: 35.245 dB: 
50 dB, mean: 48.409 dB 
70 dB, mean: 70.955 dB 
  
The values were measured between these intervals:  
30 dB: 32.3-38.5 
50 dB: 40.2-53.8 
70 dB: 64.3-74.2 
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