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Abstract

Background: Recent studies suggest that eye movements during tasks reflect cognitive processes and that analysis of eye
movements using eye-tracking devices can identify developmental impairments in young children. Maintaining engagement
during eye-tracking assessmentsin young children is challenging and often results in data |oss due to distractions. This leadsto
incomplete recordings and repeated measurements, which can betaxing for young children. Gamification of eye-tracking procedures
for cognitive diagnosis might increase engagement and help mitigate these problems, but its effects should be studied and
quantified.

Objective: This study compares a standard eye-tracking test battery designed by us with a gamified cartoon version to evaluate
the effectiveness of gamification in reducing data loss. The gamified test incorporated child-friendly visuals to provide context
for the stimuli presented. The study has two objectives: (1) to compare the data quality between the two versions of the test and
(2) toinvestigate whether, by applying adynamic stopping criterion to both tests, the higher data quality of the gamified procedure
allows earlier test termination.

Methods: Datawere collected in a cohort of 25 children born preterm aged 5 years. We measured data quality using a metric
derived from robustness, which we defined as the lost data index (LDI), along with task completion rates and feedback from
participants. Data analyses were performed as follows: (1) direct comparison of the LDI for the two tests and (2) demonstrating
that, although the base gamified test islonger, applying astopping criterion resultsin comparable durations. The stopping criterion
was based on the number of tasks with an LDI value below a predefined threshold.

Results: The gamified version demonstrated a significant reduction in average LDI compared with the standard version in the
first (P<.001, Mann-Whitney U test) and second (P=.01, U test) quarters of the test. In addition, alower rate of missing values,
concentrated at the beginning of the tests, allowed the cartoon test to be stopped after fewer tasks. This, together with the longer
tasks of the cartoon test, resulted in comparable test lengths for all thresholds measured by area under the curve (P=.50, U test)
and at the chosen threshold of 0.2 LDI (P=.21, U test). Increased engagement was further supported by positive feedback, with
79% (11/14) of the participants who provided feedback preferring the gamified version.

Conclusions: Thesefindings highlight the potential of serious gamesin eye-tracking—based cognitive assessmentsfor 5-year-old
children born preterm. Specifically, gamification might reduce missing values and increase participant engagement, leading to
higher retention rates and more effective tests, without significantly lengthening testing procedures.
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Introduction
Overview
Prematurity leads to an increased risk of atered

neurodevelopmental outcomes in childhood and adolescence,
such as cerebral palsy and impaired cognitive outcomes [1],
often resulting from brain lesions [2], with many survivors
facing a lifetime of disability [3]. Early diagnosis of these
adverse outcomes is an important strategy, as it can lead to
prompt treatment and a wider array of therapeutic options [2].
In this context, evidence suggests that oculomotor movements
during specific tasks, such as smooth pursuit [4], reaction to
stimuli [5], or scene exploration [6], serve as biomarkers of
cognitive processes and show differences between children with
cognitive impairments and typically developing children [7]
that could be used to predict future development [8,9].
Therefore, acomputerized neuropsychological test battery based
on eye-tracking represents anoninvasive, qualitative assessment
for the early detection of cognitive delays in children born
preterm. Moreover, young nonverba children are particularly
suited to the eye-tracking approach, making it a desirable tool
for early detection [10]. However, one of the main challenges
when assessing younger participants is maintaining their
engagement [11-13]. In a previous study [14], we suggested
that certain paradigms for eye-tracking testing might be
uninteresting to children born preterm aged 2-6 years.

Serious games offer a solution to this problem by incorporating
dynamic and visually stimulating elements [15]. A gamified
procedure reduces the monotony associated with repeated
exposure to similar tasks, has been shown to lead to more
consistent measurements[16], and can be administered remotely
[17]. These characteristics are particularly important in pediatric
assessments, where maintaining engagement iscritical for data
reliability [13]. However, the application of gamification to an
eye-tracking paradigm introduces specific challenges, such as
the possible addition of distracting elements[18-20]. Therefore,
when introducing a gamified version of an existing cognitive
assessment tool based on eye-tracking, it isnecessary to directly
compare the two versions [16,21].

Related Works

Eye-Tracking

Different eye-tracking paradigms have been used to obtain
measures related to visuocognitive functions in children, such
asmemory [22], social orienting [6], and smooth pursuit ability
[4,23]. Measures include reaction times and |ooking times for
visual processing [5,24,25], reaction timesfor processing speed
and inhibition [26], gain, timedelay, and error in smooth pursuit
[4,23], and looking timesfor memory and social orienting [6,22].
In arecent study, Hokkenet et al [7] showed that the scan paths
of children born preterm with cerebral visual impairment differ
measurably from those of typically developing children.

https://games.jmir.org/2025/1/e77109

The prevalence of missing values when testing young
participants has been identified as one of the main challenges
when using a remote eye-tracking system [12,27], which isan
eye-tracking device fixed to a computer screen. Gredebéck et
al [12] and Corbettaet a [11] suggested using engaging stimuli
in the test to keep the attention of the child focused on the
screen.

In adult and older adult populations, test batteries that combine
different tasks have been used for the early diagnosis of
dementia[28,29]. Such methodol ogies, which combinevarious
kinds of stimuli and measure a variety of cognitive functions,
provided ablueprint for our combined test battery. The potential
carryover effects when combining multiple tasks in younger
populations remain unclear, but the positive results obtained in
adults [28,29] suggest that these types of tests provide a
promising framework.

Gamification

The idea of using serious games to increase participant
engagement in clinical tests is not new [15,18,30-32], and
guidelines on introducing gamified elements to existing tests
are available [33]. In their review, Lumsden et a [15]
highlighted that serious games are often used to improve
motivation and enhance appeal for aparticular age group (either
older or younger participants) during cognitive assessments.
Conversely, other studies highlight that gamification might
increase cognitive loads in adult participants [34], possibly
introduce distracting elements that fatigue participants earlier
[19,20], and may not influence data quality [35]. Another
consideration when substituting a set of stimuli with different
ones is the potentia effect on measured outcomes [15]. For
example, Kooiker et al [24] reported different reaction timesto
an animated cartoon stimulus versus a static shape. Held et al
[19] hypothesized that gamification elements can distract
participants from the core task, a view supported by Wiley et
al [20], who suggest that gamification might introduce an
expectation of an interesting activity that is later unmet.
Therefore, when gamifying an existing paradigm, the adapted
test may not be directly comparable with the original test. Even
considering these drawbacks, in some cases presenting gamified
stimuli may be necessary to keep young participants engaged,
as they might otherwise get bored with the test. For example,
the standard test we designed in a previous work [36] might
have been too simplistic for children older than 24 months[14],
leading to reduced engagement and dataquality in apreliminary
trial. Moreover, Wiley et a [16] reported that using game
elements might even increaseinternal consistency and test-retest
reliability.

Measuring Engagement

Improvements in eye-tracking technologies have allowed
quantitative measurements of participant engagement [37,38].

Different methods can be used to assess engagement during
testing from eye-tracking data, such as clustering of gaze
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trajectories[37] and inter-subject correlation [39], in conjunction
with looking time and feedback. Finally, missing values are
also useful for determining data quality [27,40], providing a
baselinefor the amount of usable dataand offering anindication
of participants engagement by measuring looking time at the
screen.

Direct comparisons between two variants (ie, smple vs
gamified) of the same cognitive assessment test to measure
engagement and data quality using eye-tracking have been
conducted previoudly in adult populations, with contrasting
results. Scharingen et a [34], for example, suggested that
gamification might increase cognitive load without strong
evidence of improved attention, corroborating their findings
with both eye-tracking measures and EEGs. In contrast, Friehs
et a [21] reported that gamification can be beneficial for certain
tasks, focusing on reaction times measured by an eye-tracking
device, finding no differencesin reaction times between versions
and an increasein positive feedback with the gamified version.
These conflicting findings underline the difficulties of directly
comparing different procedures and measuring engagement and
interest. A similar study by Gallagher et al [18] investigated the
effects of gamification on children aged 8-12 years with
attention deficit hyperactivity disorder, finding that game
elements can increase intrinsic motivation but also distract
participants from the task. However, the magnitude of the
increasein intrinsic motivation was unclear because the authors
did not directly compare the two versions of the task. To our
knowledge, similar comparison studies have not been conducted
in asample of 5-year-old children born preterm. Therefore, we
plan to address this research gap in this study by focusing on
measures readily available during an eye-tracking experiment.

This Study

Theaim of thisstudy isto compare data quality and engagement
in acohort of 5-year-old children born preterm for two variants
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of an eye-tracking test battery: a standard version [14,36] and
agamified cartoon version. The comparison is independent of
task performance and uses, as a comparison measure, an index
of lost datainspired by robustness[27,40], representing theratio
of nonmissing gaze points to the total number of eye-tracking
samples. We propose that the resulting lost data index (LDI)
not only provides an indication of data quality but also reflects
test engagement by quantifying the time the participant spends
looking at the screen, making it an optimal comparison metric.
A secondary objective of this study is to show that, while
gamification might increase the base duration of atest, using a
dynamic stopping criterion based on data quality results in
comparable test lengths for the two variants.

Methods

Overview

In this observational cohort study, we conducted a controlled
experiment on a sample of 5-year-old children born preterm.
The experimental procedureinvolved presenting each participant
with two variants of the test battery, one after the other, in a
pseudorandomized order.

Both the standard and the cartoon test consist of a total of 12
tasks, including 4 smooth pursuit tasks, 6 memory tasks, 1
attention task, and 1 social orienting task. During each test,
thesetasks are presented in afixed order (Figure 1) and repeated
4 times, for atotal of 48 tasks comprising the complete test.
The task order was chosen to maintain a sense of variety, with
tasks based on scene exploration (memory task and socia
orienting task) aternated with more dynamic tasks (smooth
pursuit task and attention task). The standard test builds upon
the paradigm we introduced in previous works; for further
details, we refer to De Gobbis et a [36] and Maavolta et a
[14].
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Figure 1. Basic structure of the two tests. Both tests are composed of 4 repetitions of the same 12 tasks. Task types follow the same order in both tests.
Along with the task names, the duration of each task isindicated in seconds.

Smooth pursuit
horizontal - slow

Smooth pursuit
horizontal - fast

Attention

Smooth pursuit
vertical - slow

Smooth pursuit
vertical - fast

Standard Test Repetition 1

x4
o >
10 BHI0Y 12 G ¢
Social
orienting
Memory - Face Memory - Face
(B variant) (A variant)
Memory - Shape Memory - Shape
(B variant) (A variant)
Memory - Color Memory - Color
(B variant) (A variant)

without adirect feedback |oop, such aspoints. During the design
The Standard and Cartoon Tests of this gamified cartoon version, we focused on the following
The standard test is an evolution of an eye-tracking-based priorities: context and storytelling, visual interest, audio, and
paradigm we developed in a previous study [14,36] and is fidelity-engagement compromise.

composed of 4 types of tasks. Each task starts with the
appearance of a yellow smiley face at the center of the screen
for 1.5 seconds, accompanied by a sound, to focus the
participant’s attention, and all stimuli are presented on a black
background. The cartoon version was created to address a
problem in the standard test identified in previous work [14]: e o X X
participants aged 2-8 years tended to interrupt the test by swirling vortex t.rans!t|on and nature, without altering the
standing up or becoming distracted. This lack of engagement essence of the stimuli. L
suggested that the standard test was insufficiently interesting °  Visud interest: Vibrant colors, dynamic animations, and
for this age group. To address this, we redesigned the test using visually appedling transitions were introduced to maintain
the Unity game engine, incorporating dynamic cartoon elements children’s attention throughout the tasks.

to create amore engaging experience while preserving thecore  *  Audio: Sound effects and music were added to create a

+  Context and storytelling: A narrative setting wasintroduced
to provide context for the tasks, making them more
engaging for participants. For example, in the social
orienting task, the original stimuli, such asfacesand houses,
were preserved but enhanced with animations, including a

elements of the task. more engaging experience. The sounds were s_elected to
complement the visuals—for example, a chirping sound
To create the cartoon version of the test, we followed the when a bird appeared on screen.
RECIPE guidelines described by Nicholson [33] Specifically, . Fidelity_engmement Compromise; When addi ng game
we aimed to create a context for the stimuli appearing on the elements to a cognitive test there is always a trade-off
screen by trandating them into a cartoon setting. To make the between game elements and the coretask [41]. In this study,
comparison as fair as possible between the two versions, we we made an effort to maintain a balance between making
did not introduce any interactive elementsin the cartoon version the tasks engaging and preserving the original test'sfidelity.
and, similarly, no feedback was given on task performance. As While sometasks, such asthe social orienting task, retained
such, we focused on what Nicholson defines as exposition and their original structure with some adjustments, others, such
information, and what other authors refer to as intrinsic asthe attention task, underwent larger changesto introduce
motivation [41], which, in short, consists of communicating to astorytelling element while preserving the main objectives.

the participant the context of the action they are performing
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This process resulted in several differences from the standard
version. The black background of the standard test was replaced
with a computer-generated image of a grass field under a
twilight sky, with a dark blue sky and stars. This background
was consistent across all tasks (Figure 2). Whilethe smiley face
in the standard test serves astheinitial fixation for all tasks, in

De Gobbis et al

the cartoon version, each task has a different target depending
on how it is framed. All stimuli in this test are copyright-free
Unity models, and al timings from the standard test were
maintained; however, due to animations and transitions, the
tasks are uniformly longer.

Figure 2. Examples of visual elementsin the cartoon version. The wizard casts a spell in the attention task (left), atreasure chest with visual effectsis
shown in the memory task (center), and afairy stimulus is presented for the smooth pursuit task (right). A common background is shown behind the

objects across all tasks.

Attention task

Thetasks used in the cartoon version were the same asthosein
the standard version. These 4 task types are described below,
aong with the differences introduced in the cartoon version.
The differences are also summarized in Table 1, and a

Memory task

Smooth pursuit task

side-by-side comparison of the attention task isshown in Figure
3. . A video example of the tests is available in Multimedia
Appendices 1 and 2.

Figure 3. Comparison of the two versions of the attention task: the standard version (left) and the cartoon version (right). (A) Initia fixation (smiley
face or wizard), (B) cues (crosses or sparkles), and (C) target (animal icon or fireworks).

Standard test

(A)

(B)

(©)
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Table 1. Summary of the differences between the two versions of the test.

De Gobbis et al

Element

Standard test Cartoon test

Smooth pursuit task
Target

Attention task
Fixation
Cues

Target

Memory task
Fixation
Pictures (color modality)
Pictures (shape modality)

Pictures (face modality)
Social orienting task
Fixation

Pictures

Yellow smiley face A bird, adragon, and awitch (hori-
zontal) and afairy and aslime (ver-

tical)
Yellow smiley face A magician
White crosses Small white sparkle

Colored animal graphic (dog, cat,
€tc)

Firework explosion

Yellow smiley face Shaking treasure chest

Colored circles Colored spheres

2D shapes (circle, square, and dia-
mond)

3D shapes (sphere, cube, and dia-
mond)

Photographs Photographsin a 3D frame
Yellow smiley face Purple vortex

Photographs Photographsin a 3D frame

Smooth pursuit task: In the standard version, a yellow smiley
face moves smoothly across the screen in asinusoidal pattern.
There are 4 variants of the task, defined by two speeds along
each of the two axes (horizontal and vertical). The periods used
are 1600 ms (0.625 Hz) and 2400 ms (=0.4 Hz). All variants
last 7.5 seconds, plus 1.5 seconds for initia fixation with the
smiley face. The design of this task was inspired by previous
studies using smooth pursuit [4,23]. In the cartoon version, in
place of the smiley face, different stimuli move on the screen.
The movement isagain an oscillation with the same orientation,
speed, and amplitude. Before moving, the stimulus remains at
the center of the screen for 1.5 seconds to induce fixation. The
models used are abird, awitch, and adragon for the horizontal
variant, and a fairy and a bouncing slime for the vertical one.
All of them can be considered characters (no inanimate subjects)
to increase engagement and motivate their movements. Asthey
move, asound is played depending on the moddl (eg, chirping
for the bird and abell jingle for the fairy). Thetask is 1 second
longer due to a small break before the appearance of the next
stimulus (10 seconds).

Memory task: The task starts by showing two pictures for 3
seconds (habituation phase), followed by ablank screenfor 0.5
seconds, and then two pictures are displayed for 4 seconds, with
one of them replaced by a new image (novelty phase). There
are 2 variants of this task: in variant A, based on the work of
Ross-Sheehy et al [22], the two initial pictures are different,
whereasin theclassical visual pair comparison (variant B) [42],
thetwo initial pictures are the same. Furthermore, each variant
is presented in 3 distinct modalities, depending on the pictures
shown. Theseincludecirclesof different colors (color modality),
different simple shapes (shape modality), and pictures of human
faces (face modality). The colors used are red, yellow, and
green, while the available shapes are a square, a diamond (a

https://games.jmir.org/2025/1/e77109

sguare rotated by 90 degrees), and a circle. The face pictures
used in the test are from the London Faces Dataset [43]. In the
cartoon version, theinitial fixation target isatreasure chest that
fallsfrom thetop of the screen and stopsin the center. The chest
then shakes, accompanied by a suitable sound effect, then
explodes, and two objects appear in place of the two pictures.
Then, after the habituation phase, thetwo objects|eavethefield
of view by moving off the screen from the bottom. After ashort
delay, the objects move upward and return to their previous
positions, with one of them changed. Asin the standard version,
the task has 3 modalities: colored spheres (color), different 3D
shapes (shape), and framed pictures of faces (face). Due to the
animations (eg, treasure chest appearing, objects moving) the
task is 3 seconds longer than its standard counterpart, with a
total duration of 12 seconds.

Attention task: The task is inspired by the “Infant Orienting
With Attention” paradigm [26] and is composed of 4 modalities.
In each modality, after thefirst fixation at the center (theyellow
smiley face), little white crosses, called cues, appear to oneside
or both sides of the screen. The cues stay on the screen for 0.1
seconds with 0.15 seconds blank screens before and after. A
sound accompanies the cues. Subsequently, atarget (abrightly
colored animal graphic, such as adog or a cat) appears on one
side of the screen for aduration of 1 second, and the participant
is expected to fixate on this target. The 4 modalities differ on
the position of the cues: the valid modality has the cue on the
same side where the target will appear, the invalid one has the
cue on the opposite position, the double modality has cues on
both sides, and finally there isabaseline modality without cues.
The 4 modalities are presented in a different order in each
repetition. The duration of each modality is 2.9 seconds,
resulting in atotal duration of the task of 11.6 seconds. In the
cartoon version, we framed the entire task to give it asimple
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story: awizard tries to cast a magic spell with varying results.
The spell is supposed to create a small sparkle (the cue) and
then a firework explosion (the target) in the same position,
which would correspond to the valid modality in the standard
task. As such, depending on the modality, the casting is framed
assuccessful (valid modality), unsuccessful (invalid), or partialy
successful (baseline, double). All 4 modalities follow the same
structure. The wizard first appears at the center of the screeniin
apuff of smoke, before casting the spell with ashort animation;
this first phase corresponds to the initial fixation. The wizard
then disappearsin another puff of smoke and awhite sparkle(s)
(not animated) appears as the cue(s), followed by an animated
firework explosion as the target. Then the wizard reappears,
and adifferent animation is played depending on how successful
his spell was: ahappy clapping (successful), shamefully hanging
his head (unsuccessful), or an unsure humming (partially
successful). The addition of these storytelling elementsresulted
inasignificantly increased time: the total task lasts 37 seconds,
compared to the 11.6 seconds of the standard version.

Social orienting task: Thetask followsaparadigm from Telford
et al [6]. After the smiley face at the beginning, the participant
is shown two pictures, each filling half the screen, one of a
house and the other of a human face taken from the London
Faces Dataset [43]. The pictures of faces all look forward with
aneutral expression and were chosen to maintain an approximate
balance of gender and ethnicity across the 4 repetitions. The
two pictures stay on screen for 5 seconds; thus, thetotal duration
of the task is 6.5 seconds. In the cartoon version, at the
beginning of the task, a bright purple vortex is shown at the
center of the screen to attract the participant’s attention, and the
two framed pictures appear as if gected from the vortex,
showing the same pictures used in the standard version. Dueto
the animation of the vortex appearing, disappearing, and the
pictures exiting the vortex, the task is slightly longer than the
standard version, lasting 8 seconds.

Recruitment

Participantsin this study were recruited between February 2024
and February 2025 from children undergoing periodic checks
at the Centre for Developmental Disabilities, University
Hospitals Leuven, Belgium. Inclusion criteria were age 4-6
yearsand born preterm (gestational age <32 weeks, birth weight
<1500 g, or both). Children with severe visual impairments (eg,
acuity <0.2 on a decimal scale), behavioral problems, or any
other impairment that might influence the results of the
measurements were excluded from the study.

A total of 26 children (mean age 60.2, SD 2.62 months) were
recruited for the study, al of whom were born preterm
(gestational age <32 weeks). Among these, one left during the
break and was thus unable to have a recording for the second
test. No test was interrupted due to unrelated conditions
unrelated to the participants, such as malfunctions or a request
from the parents. As such, we analyzed data from 25 children,
of whom 15 (60%) were male and the remaining female. The
median birth weight was 1440 (IQR 1220-1580) g, and the
median gestational age was 31 (IQR 30-32) weeks. Among the
participants, 12 were shown the cartoon version first (5 females,
7 males) and 13 the standard version first (5 females, 8 males).

https://games.jmir.org/2025/1/e77109
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Data Gathering Procedure

To maximize the effectiveness of the recordings while
minimizing distractions, we followed the guidelines outlined
by Duchowski [44] when creating the setup. Participants were
instructed to sit on a comfortable chair positioned 60 cm from
a 21-inch computer screen with a mounted Tobii Pro Nano
eye-tracker (60 Hz). The child was separated from the rest of
theroom using awhite folding screen, and asecond white screen
was positioned behind the computer screen. Behind the two
screens, an operator could visualize in rea time where the
participant was|ooking on the screen and, if necessary, stop the
test. The two test variants were then played sequentially, with
a 10-minute break in between; the order of the variants was
alternated across participants. During the break, children were
encouraged to play with their parents and relax.

The operator was instructed to let the test play to its conclusion
and interrupt it only if: (1) the child communicated verbally
that they wanted to stop, (2) the child was crying, fussy, or
unable to continue, (3) the child got up from the chair and
walked out of the test area, and (4) the child interfered with the
setup of thetest (eg, pushed either of thefolding screens causing
themtofall). All these conditionswere interpreted as adefinitive
loss of engagement from the participant. In addition, the test
could also be interrupted due to software or hardware
malfunction or after arequest from the child’s parents.

After both tests were concluded, the operator asked the
participant which version they preferred with the question,
“Which video did you likethe most?” If the participant preferred
the standard version, the operator would ask them the reason.

Statistical Analysis

Measures

For each participant, the recorded gaze trajectories were divided
into the 48 tasks composing each test variant. Next, we
computed the LDI, a quantity based on robustness, on a
task-by-task basis. Robustness is a measure of data quality for
eye-tracking data [27,40], which encodes the tendency of the
device to incorrectly record a sample and is calculated by
dividing the number of nonmissing values by the total humber
of samples. Robustness offers an upper bound to the amount of
data that can be parsed and analyzed in any subsequent study.
In this study, we took inspiration from this measure to define
the LDI as the ratio between gaze points that were either (1)
missing or (2) not positioned inside the screen boundaries, and
the total number of samples. Moreover, small gaps in valid
samples (ie, <150 ms) were ignored when computing this
quantity, asthey were probably dueto blinking, which represents
an unavoidable dataloss and can beimputed. An LDI of 0 means
no data loss, while a value of 1 signifies that the entire task is
unusable; small values are therefore preferable and, depending
on thestimuli, taskswith an LDI value above acertain threshold
might be discarded [4]. From the LDI value, it is possible to
obtain the total time of disruption by multiplying it with task
duration; in this study, however, we only used standard LDI to
maintain normalization across tasks. The main differences
between robustness and L DI are that (1) most disruption dueto
the device (usually <150 ms) and blinks areignored by the LDI
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because they are unavoidable, and (2) gaze positions that are
detected but not usable (outside the screen) are counted. These
differencesresult in adlightly different feature that isless about
the eye-tracking device and more about the measure of the
avoidable disruption caused by the participant. For example, a
participant that continuously looks away from the screen because
they are distracted will have a higher LDI than a participant
who correctly fixates on the stimuli. As such, the LDI is both
an upper bound on unusable data and an indication of
engagement in the test. The latter interpretation must be
considered with caution, since a participant with a perfect LDI
of 0 might not be following the tasks and may be completely
uninterested, while still looking at the screen. That is, the LDI
contains no indication of task performance. Our main motivation
for choosing LDI in place of robustness or another feature
describing engagement is that LDI is a general measurement
that can be computed for all kinds of eye-tracking tasks, in
contrast with other outcomes that are specific to certain kinds
of tasks (eg, the number of fixations or saccade length depends
heavily onthe stimulus chosen). Thus, it can be compared across
different tasks and potentially generalized to other kinds of tests.
Moreover, it provides an indication of both engagement and
data quality, as abound to recording time that can be analyzed.
If acertain task is missing from the test, for example, because
the operator interrupted the test, the LDI is set to 1, signifying
no data available.

Once we defined LDI as a measure of data quality and
engagement, we applied two approachesto compare the standard
and cartoon variants of the test.

Experiment 1. Direct Comparison of LDI and Evolution
in Time

Wedirectly compared L DI values between the two teststo show
that the cartoon test had significantly lower LDI. The
comparison was done by dividing the complete test into 4
repetitions of 12 tasks each. Then, for each repetition, the
average LDI over all 12 taskswas computed by weighting each
task by its respective duration. The comparison consisted of
four 1-tailed Mann-Whitney U tests to find evidence that the
cartoon test had alower LDI. We chose the U test because LDI
is bounded between O and 1 and therefore nonnormally
distributed.

In addition, we examined the evolution of the LDI during the
test and visually investigated its general trend in both versions.

For experiment 1, we set the significance level to a=.05 and
applied aBonferroni correction (N,=4) to account for repeated

statistical tests (equivalent significance 0y, =0/Neq=.0125).

Experiment 2: Admissible Tasks and Test Length

As a second experiment, we investigated the expected length
of the two tests if we were to introduce a stopping criterion
based on LDI in asimulated clinical setting. In generdl, there
are two broad categories of testing procedures: a static test,
whichiskept the samefor al participantsand hasafixed length,
and a dynamic test, which is adapted to the participant and can
have a variable length. In this study, a dynamic test is defined
as a testing procedure in which we can choose, based on
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real-time measures, which task to present to the participant.
Small LDI valuesin a static test will lead to fewer repetitions
being discarded in the cartoon version, which allows features
to be aggregated to obtain more stable outcome measurements.
In the case of adynamic test with a stopping criterion based on
lower LDI, the cartoon test will lead to shorter tests on average.

To show that alower LDI results in a shorter testing time, we
simulated adynamic testing procedure by introducing aplausible
stopping criterion for our test. If we were to use a similar
criterion in a comparable population, testing time between the
two versions would be comparable, and the use of the cartoon
version would lead to an increase in correctly completed tests.
To simulate a dynamic stopping criterion, we used the same
dataset and artificially censored data after the ssimulated stopping
time. The criterion used in this study to decide if atask should
be discarded is based exclusively on lost data. Additional
motivation to discard tasks could be low precision or accuracy
[40Q], but precision and accuracy thresholds usually depend on
the specific quantity measured (eg, smaller areas of interest
necessitate higher precision). Assuch, to keep our considerations
as general as possible and in line with the preceding
considerations, we did not include themin the analysis, focusing
on LDI. Specifically, we considered atask admissibleif itsL DI
was below a certain threshold 1. This criterion for discarding
sections of recordings is not new in eye-tracking applications,
for example, Gredeback et a [4] use 1=0.2 in their smooth
pursuit study.

The stopping criterion chosen in this study was intended to be
as general as possible and rests on the reasonable assumption
that acertain number of tasksis necessary to reach adiagnosis.
Thus, the test was run normally and could be stopped
prematurely once we record M different admissible (not
discarded) tasks, where M ranged between 1 and 12 (in our
analysisM=12; thus, all tasks needed to be admissibleto obtain
a complete test). If the fourth repetition concluded without
reaching the desired number, the test was deemed incomplete.
It is important to note that, in areal dynamic setting, it would
be possible to select the order of the tasks and present only the
missing ones to the participant. This approach has some
drawbacks: for example, it would lead to test recordings with
tasks in different orders, and therefore researchers would need
to consider order effects during the trial and analysis. In
addition, simulating this approach with our dataset would
introduce distortion in the results, since tasks were always
presented in the same order. For these reasons, in our simulation
we assumed the tasks were always presented in the same order,
and every time a certain task was not admissible, it was
necessary to run anew repetition.

Sincetest length and number of admissible tasks depend on the
threshold 1, we obtained a curve for each test version
(T - Tguration), Which described test length when varying the
threshold. A numerical comparison could be done by fixing a
certain T—that is a point comparison (in this study, we chose
the 1=0.2, inspired by previous work [4])—or by computing
the areaunder the curve (AUC) for each participant. It isworth
noting that this AUC referred to the curve shown in Figure 4
and should not be confused with the area under the “receiver
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operator characteristic’ curve or the same term used in
pharmacokinetics. For both point comparisons and AUC, we
used a 1-tailed Mann-Whitney U test (significancelevel a=.10)
to determine whether there was a significant difference in test

De Gobbis et al

length between the standard and cartoon tests when using a
dynamic stopping criterion (with the alternative hypothesisthat
the cartoon test was longer).

Figure4. (A) Number of participants who would have successfully completed the test for each plotted threshold 1. (B) Average total duration of the
simulated dynamic test with the stopping criterion for each threshold t. In panel (B) for t=0 (no missing value tolerated), both tests run their entire

course, and the cartoon test is longer.
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Ethical Considerations

This study was conducted with the approval of the Ethical
Committee KU Leuven/UZ Leuven (EC number S68019) and
on the basis of previous informed consent by the participants
parentsor their legally authorized representatives. Eye-tracking
data are naturally anonymous, as it is impossible to clearly
identify a person from gaze movements aone. Clinical data
were partially anonymized by removing names and surnames.
All personal dataweretreated as confidential by the researchers
and not shared with anyone external to this study.

Results

Experiment 1: Direct Comparison of LDI and
Evolution in Time

After computing the LDI by task, qualitative inspection of its
trend over time (Figure 5) shows an approximately linear effect
of testing time on the average engagement of the participants.
Aggregating the values reveals evidence that the LDI of the
entire test is lower in the cartoon version, but not significantly
(P=.05, Mann-Whitney U test, Table 2). This is because the
effect is not uniformly distributed across the entire test: the
initial repetitions show alarger gap in LDI values between the
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two versions. In the first repetition, the cartoon version retains
asignificantly larger percentage of data (P<.001; median cartoon
LDI 0.11, IQR 0.04-0.12 vs median standard LDI 0.22, IQR
0.12-0.29). Thiseffect decreases over the course of thetest, and
inthelast repetition the LDI isapproximately the same between
the two versions (P=.68). Figure 6 shows the distribution for
each repetition, together with the respective P values.

We propose two explanations of the observed phenomenon:
first, because of the increased test length, the fourth repetition
of the cartoon version starts at 471 seconds, more than two
minutes after the start of the fourth repetition in the standard
version (325 seconds). Thus, it is possible that, dueto the effect
of testing time on LDI (Figure 5), we have reached the limit of
engagement for the participant. Second, this effect might be
caused by aform of survival bias. Indeed, by inspecting when
tests were interrupted (Figure 7), we observe that the cartoon
testisusually stopped later, with only 16% (4/25) of participants
interrupted before 432 seconds in the cartoon version versus
56% (14/25) in the standard version, but both of them are
stopped in the third and fourth repetition in comparable numbers.
Therefore, in the fourth repetition the participants that are still
being tested are probably the more attentive ones, independently
of the variants shown, and so data lossis comparable.
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Figure5. Average lost dataindex over time for the two versions of the test. The vertical axis represents the lost data index by task, and the horizontal
axis represents time. The cartoon test is longer. Repetitions are separated by gapsin the lines.
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Table 2. Summary of results. For each hypothesis test, the P value and average values of the quantity compared are reported. Average values are
reported as mean (standard deviation). Separately, thefirst quartile and third quartile are reported. All testswere performed using the 1-tailed Mann-Whitney

U test.
Test P value Vaue standard, mean  Value standard, IQR Value cartoon, mean Value cartoon, IQR
(SD) (SD)
Experiment 1
Complete test .05 0.43(0.19) 0.26-0.54 0.33(0.19) 0.19-0.45
(LDI®
Repetition 1 (LDI) <.001 0.22(0.17) 0.12-0.29 0.11(0.11) 0.04-0.12
Repetition 2 (LDI) .01 0.33(0.17) 0.22-0.45 0.24 (0.22) 0.07-0.37
Repetition 3 (LDI) .02 0.50 (0.27) 0.27-0.69 0.34 (0.25) 0.14-0.41
Repetition 4 (LDI) .68 0.65 (0.32) 0.28-1.00 0.66 (0.37) 0.26-1.00
Experiment 2
Testtime (1=0.2, .21 357 (117) 270-432 360 (201) 157-628
in seconds)
Test time (AUCY) 50 75.6 (17.6) 60.3-91.0 80.7 (27.4) 56.0-99.6
4 DI: logt dataindex.
BAUC: area under the curve.
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Figure 6. Aggregated lost data index values by repetition with P values from the 1-tailed Mann-Whitney univariate U test.
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Figure 7. Number of uninterrupted tests over time for the two versions of the test. The vertical axis indicates the total number of participants who had
not interrupted the test at a given time point.
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These results are also reflected in the stated preferences of the  they preferred. Out of the 14 participants, 11 (79%) showed a
participants: of the 25 children who have completed both tests,  preference for the cartoon version over the standard version,
atotal of 14 answered the follow-up question about which test  while 2 (14%) preferred the standard version, and 1 (7%)
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indicated that they did not like either version. The 2 participants
who preferred the standard version provided distinct reasons:
one participant was scared by the wizard of the cartoon version
(Figure 2), while the other liked the standard version because
it was shorter. Figure 6 shows aggregated LDI values by
repetition, with P values of the 1-tailed univariate U test.

Experiment 2: Admissible Tasksand Test L ength

Given the results of experiment 1 (ie, smaller LDI in theinitial
repetitions of the cartoon version), a practical conseguence is
that fewer tasks would be discarded dueto dataloss. Thiswould
result in either more robust measurements when using a static
test or a shorter procedure when using a dynamic test. Figure
8illustratesthis effect: for 3 threshold value (1=0.1, 1=0.2, and
1=0.25) the total number of admissible tasks is consistently
higher in the cartoon test. Thisis expected given the lower LDI

De Gobbis et al

demonstrated in the previous section and should not be
interpreted as additional evidence. Instead, it serves as an
example of expected behavior inaclinical setting. Additionally,
Figure 4 shows how the number of incomplete tests and the
average testing time vary as the parameter T is changed. Then
we conducted a point comparison using a value of 1=0.2 and
another comparison by computing the AUC for each participant.
The point comparison shows that at 1=0.2, 68% (17/25) of
participants had incomplete standard tests, compared with 32%
(8/25) for the cartoon test. In addition, there is no strong
evidence that testing time is higher for the cartoon version
(P=.21 U test). When comparing AUCs, the situation is
analogous, and a Mann-Whitney test shows that there is no
strong evidence that the cartoon test has a higher AUC compared
with the standard test (P=.50). Table 2 provides afull exposition
of theresults.

Figure 8. Percentage of total admissible tasks for 1=0.1, 1=0.2, and 1=0.25, divided by task type. A task is considered admissible if the lost data index
was <t. INH ATT: attention task; M COL (A/B): memory task-color (variant A/B); M FAC (A/B): memory task-face (variant A/B); M SHA (A/B):
memory task-shape (variant A/B); SOC NSOC: socid orienting task; SP H 1600: smooth pursuit task horizontal-fast; SP H 2400: smooth pursuit task

horizontal-slow; SPV 1600: smooth pursuit task vertical-fast; SP V 2400:

smooth pursuit task vertical-slow.
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Discussion

Principal Results

In this study, we investigate the effect of gamification on
participants’ engagement during an eye-tracking test battery in
a cohort of 5-year-old children born preterm. This age group
was selected based on observations from previous studies
[14,36], in which we identified challenges in capturing the
attention of older children compared with infants.

The core result of this study is that, compared with a standard
testing procedure, the cartoon version better maintained
participant’s attention on the screen in the considered popul ation.
The first 3 repetitions of the tasks displayed alower LDI in the
cartoon version, indicating that participants focused on the
screen more often and were less frequently distracted. This
result issupported by the subjective feedback of the participants:
among those who expressed a preference, the majority (11/14,
79%) preferred the cartoon test. Among the 2 (2/14, 14%) that
preferred the standard test, one was scared by an element, and
the other felt that the test wastoo long. Thisfinding underscores
the importance of selecting appropriate gamified stimuli and
suggests that a dynamic stopping criterion might enhance the
experience.

Another observation of this study is the decline in engagement
at thefourth repetition across both the cartoon test and standard
assessment. This consistent trend suggests that the repetitiveness
of the stimuli plays a significant role in reduced motivation,
and that gamification cannot fully compensate for this decline.
The phenomenon can be attributed to various factors, including
boredom or habituation to stimuli, al of which are prevalent in
pediatric populationswith shorter attention spans[15]. Assuch,
itisessential to ensure high-quality recordings during theinitial
repetitions of the stimuli. The cartoon test, despite its engaging
nature, is not immune to these effects. However, its ability to
mitigate the impact of test duration relative to the standard test
isnoteworthy, with ahigher retention rate (21/25, 84% vs 15/25,
60%, an increase of 40%).

By incorporating visually stimulating elements, the cartoon test
increasestask engagement and reduces the monotony associated
with repeated exposureto similar stimuli. Moreover, the capacity
for longer testing durations and theinclusion of more admissible
tasks, dueto alower LDI, address two limitations of traditional
assessment methods. By sustaining engagement through visually
appealing and dynamic content, the cartoon test enables
researchers to gather a more extensive dataset within a single
session. This can be clearly seen in the results summarized in
Figure4, wherethetwo tests, if dynamic stopping isused, reach
a similar duration, indicating that with the cartoon test fewer
repetitions are sufficient to gather enough data for analysis.
Indeed, with the stopping criterion described and 1=0.2, about
40% (10/25) of the cartoon tests required only 1 repetition to
obtain enough admissible tasks, compared with 9% (2/25) of
the standard tests, thereby minimizing the disruptive effect
caused by alarge number of repetitions. These results show that
gamification of eye-tracking test batteriesfor 5-year-old children
born preterm is a promising research direction to increase data
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quality and engagement, without necessarily adding to the
duration of the procedure.

It is also important to note that the effect of gamification on
task performance is outside the scope of this study. In contrast
with previous studies[16,18,21], wefocused exclusively on the
engagement and data quality aspects of gamification.

Comparison With Previous Work

Our results appear to be in contrast with a previous study by
Scharinger et a [34], in which they used pupil diameter and
fixation duration to measure engagement in agamified version
of the N-block test. By comparing with the standard version of
the exercise, they did not find asignificant effect of gamification
on the measured outcomes. This lack of a difference between
the two versions can be explained by the age of their sample,
which was composed of university students, or by the choice
of measured outcomes. LDI in our case and pupil diameter in
theirs. It is worth noting that, even without a measurable
differencein gaze behavior, the participants found the gamified
version subjectively more interesting. In contrast, our results
agree with asimilar comparison conducted by Friehset a [21],
in which a cohort of university-aged participants displayed
similar performance and increased enjoyment with the gamified
paradigm. The main difference with previous studiesisthat, in
our case, the age of the participants makesit challenging to use
a questionnaire to measure engagement with the test.
Consequently, we have focused on the eye-tracking measures
such as LDI to compare the two versions, in addition to short
qualitative feedback from the participants. Previous research
by Wiley et a [16] also highlights that the increase in
engagement brought by gamification can increase consistency
in performance of the stop-signal task between multiple tests
in an adult population. This would be in accordance with our
own results, since low LDI values and a high number of
admissible tasks are linked to more stable measurements.
However, again, the key dissimilarity is the age difference in
the participants. Gallaghar et a [18] have tried to extend the
results of Wiley et a [16] to younger participants (aged 8-12
years) with attention deficit hyperactivity disorder, receiving
positive feedback, although a direct comparison with the
standard version of the task was not included.

Limitations

Finally, while the cartoon version demonstrates considerable
promise, this study is not without limitations. First, we had a
small sample size, which restrictsthe generalizability of findings
and isthe reason wefocused on asingle quantity of interest and
did not take into account the effects of specific task types.
Second, our approach of considering only the LDI, while
increasing the scope and generalizability of our results, could
be complemented by other measures such as pupil size [34].
Finally, while some of these results might trandate to different
populations, as shown in other studies [16,18,21], the test we
used was designed specifically for young children, and we
cannot assume that similar results would be found in adults.

Future Work

The results of this study suggest that future work in the
development of cartoon versions of existing eye-tracking
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paradigms could be game-changing when testing young children,
who are otherwise difficult to keep engaged. Future work should
focus on further analysis including pupil size [34] and task
performance [16]. Moreover, in this study we did not consider
carry-over effects dueto task order, and thiswould be a crucial
step in creating adynamic version of thetest, where gamification
could be used to shorten the procedure.

De Gobbis et al

with alower level of datalossand distraction by the participant.
This difference is especially present in the first repetitions of
the tasks, and its decline during the test might be due to the
repetitiveness of the stimuli. Nonethel ess, due to the lower data
loss caused by gamification, we can expect not only to improve
data quality in the recordings but, by implementing dynamical
stopping criteria, shorten the testing procedure. Our results

provide practical guidelines to gamifying eye-tracking tests by
offering a direct comparison and, by implementing the
recommendations outlined in the discussion, researchers can
refine the design of serious games and maximize their potential
as areliable and effective tool in pediatric cognitive research.

Conclusions

In this paper we directly compared two versions of the same
eye-tracking test battery, a standard version, and a gamified
cartoon version. We have shown that within agroup of preterm
born five-year-old participants, the cartoon versioniscorrel ated
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Multimedia Appendix 1

Example of some of the tasksin the standard test. Tasks: Smooth pursuit task (horizontal), Memory task (colour modality, variant
B), Memory task (face modality, variant B), Attention task (valid modality only), Social orienting task.
[MPA4 File (MP4 Video), 2348 KB-Multimedia Appendix 1]

Multimedia Appendix 2

Example of some of the tasks in the cartoon test. Tasks: Smooth pursuit task (horizontal, bird), Memory task (colour modality,
variant A), Memory task (face modality, variant A), Attention task (valid modality only), Social orienting task.
[MP4 File (MP4 Video), 12376 KB-Multimedia Appendix 2]
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