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Abstract

Remote eye tracking with automated corneal reflection provides insights into the emergence and development of cognitive,
social, and emotional functions in human infants and non-human primates. However, because most eye-tracking systems were
designed for use in human adults, the accuracy of eye-tracking data collected in other populations is unclear, as are potential
approaches to minimize measurement error. For instance, data quality may differ across species or ages, which are necessary
considerations for comparative and developmental studies. Here we examined how the calibration method and adjustments
to areas of interest (AOIs) of the Tobii TX300 changed the mapping of fixations to AOIs in a cross-species longitudinal
study. We tested humans (N = 119) at 2, 4, 6, 8, and 14 months of age and macaques (Macaca mulatta; N =21) at 2 weeks,
3 weeks, and 6 months of age. In all groups, we found improvement in the proportion of AOI hits detected as the number of
successful calibration points increased, suggesting calibration approaches with more points may be advantageous. Spatially
enlarging and temporally prolonging AOIs increased the number of fixation-AOI mappings, suggesting improvements in
capturing infants’ gaze behaviors; however, these benefits varied across age groups and species, suggesting different param-
eters may be ideal, depending on the population studied. In sum, to maximize usable sessions and minimize measurement
error, eye-tracking data collection and extraction approaches may need adjustments for the age groups and species studied.
Doing so may make it easier to standardize and replicate eye-tracking research findings.

Keywords Visual attention - Infancy - Eye gaze - Measurement - Vision - Orienting - Developmental psychology -
Comparative psychology

Introduction

Eye tracking is a popular method to examine the develop-
ment of cognitive, social, and emotional functions in pre-
verbal and non-verbal populations, including human infants
(see Gredebick et al., 2009; Oakes, 2012 for reviews) and
non-human primates (see Hopper et al., 2021; Machado &
Nelson, 2011 for reviews). Compared to simple observations
and manual coding of gaze behaviors, remote screen-based
eye tracking has numerous advantages. For example, it can
automatically track more complex gaze patterns (speed and
direction of gaze shifts) on more complex stimuli (dynamic,
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multi-part videos) while also enabling a high spatial and
temporal resolution, in addition to being less laborious and
more accurate (Oakes, 2012; Wass et al., 2013). However,
the eye-tracking data quality (i.e., accuracy, precision, and
usability of the gaze signal; Holmqvist et al., 2011) collected
from human infants and non-human primates (referred to
as “primates” hereafter) remains unclear. In the current
study, we targeted the usability aspect of eye-tracking data
quality by examining two approaches to improve the cap-
ture of meaningful and valid measures of gaze behaviors.
One approach focuses on calibration methods. The other
approach focuses on data extraction methods.

Infant and primate eye tracking:
Opportunities and challenges
Remote eye-tracking methods have been increasingly popu-

lar in infant and animal research in the last couple of dec-
ades, offering opportunities and challenges. Comparative
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eye-tracking studies have reported similarities in social atten-
tion development between human and primate infants (Damon
et al., 2017; Jakobsen et al., 2016; Maylott et al., 2020; Parr,
Murphy, et al., 2016b; Simpson et al., 2017). Eye-tracking
technology is also useful in measuring individual differ-
ences in infancy, as well as atypicalities in social attention in
human infants and primates (Jones & Klin, 2013; Machado
et al., 2015). For example, across species, more eye contact
is associated with greater sociality (Pons et al., 2019; Ryan
et al., 2020), and females were more socially attentive than
males (Gluckman & Johnson, 2013; Simpson, Nicolini, et al.,
2016b). Human infants who were later diagnosed with autism
spectrum disorder showed a decline in looking at eyes from
2 to 6 months, while typically developing infants increased
eye looking across those ages (Jones & Klin, 2013). A similar
pattern of less attention to other macaques’ eyes was found
in maternal immune activated rhesus macaque infants (a
method to induce autistic traits in primates), compared to the
control group (Machado et al., 2015). In sum, across species,
eye tracking may help capture species-typical developmental
changes, as well as identify individual differences in infancy.

Despite the growing popularity, there are substantive obsta-
cles to address to study these populations to ensure research
methods are appropriately capturing infants’ and primates’
abilities. Collecting reliable eye-tracking data from infants and
animals is more difficult than from human adults as infants and
animals are less able to understand and follow instructions, and
more likely to move during testing, which generates unstable
data and reduces data quality (e.g., poorer accuracy and preci-
sion, more error and data loss; for a review: Hessels & Hooge,
2019; Wass et al., 2013 in human infants; Hopper et al., 2021
in primates). Compared to older individuals, infants have less
oculomotor control and shorter attention spans, making cali-
bration—the process of measuring characteristics of each par-
ticipant’s eyes to improve eye-tracking accuracy—more diffi-
cult (Feng, 2011). Thus, we need to be aware of and minimize
confounds in data quality (due to age, species, or other group
differences) before interpreting findings based on eye-tracking
measures (Hessels & Hooge, 2019).

Mapping fixations on areas of interest
depends on eye-tracking spatial
and temporal accuracy

In eye-tracking studies, the most commonly used data in
analyses are fixations. A fixation is a group of raw gaze
points that appears on a location within a particular thresh-
old of eye movement parameters, such as velocity, angle,
and duration (Rayner, 2009). Fixations are not the direct
products of eye tracking but the computational outputs
of a series of algorithms, which group raw gaze data
together to reduce noise and small fluctuations. Fixations
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can reflect various attentional processes, such as sustained
attention (i.e., holding attention on a target) and selective
attention (i.e., allocating attention to specific information),
which are indicative of cognitive functions (Aslin, 2007,
Liversedge & Findlay, 2000). Extracting meaningful and
valid fixations—Ilocated in stimulus regions of interest—is
a necessary step in eye-tracking analysis. This step is typi-
cally accomplished by creating areas of interest (AOIs)
of different sizes and shapes, which can be activated and
deactivated at specific times, and may move dynamically,
to capture fixations aligned with static or moving regions
of interest (Dupierrix et al., 2014; Gluckman & Johnson,
2013; Gredebick et al., 2009; Senju & Csibra, 2008).

Obtaining reliable and valid fixation data relies on
detecting real gazes on the stimuli (true-positive gazes)
and excluding noise (false-positive gazes), all of which are
affected by the spatial accuracy of raw data—the locations of
the collected gaze data relative to true gaze locations (Mor-
gante et al., 2012). An accuracy test for a Tobii TX300 eye
tracker reported spatial deviations in accuracy: 18-month-old
infants (N = 28) had an average of 1.31° (range, 0.18-3.85°)
and 30-month-old infants (N = 31) had an average of 1.29°
(range, 0.67-2.33°) (Dalrymple et al., 2018). A large recent
study reported median spatial accuracy of the Tobii TX300
for 4- to 7-month-olds (N = 490) as 2.7°, for 8- to 12-month-
olds (N = 486) as 1.6°, and for 3-year-olds (N = 131) as
approximately 1°, reflecting increasing spatial accuracy with
age (De Kloe et al., 2022). Notably, these younger infant
spatial accuracies were lower than that reported for human
adults on the same Tobii TX300 eye tracker (Dalrymple
et al., 2018). Together, these findings point out that gazes
on the stimuli may fail to be captured because they were
detected just beyond the border of the stimuli, an issue that
may be more prominent at younger ages, raising the concern
about losing valid gaze data. Additionally, because the eye-
tracking system is only estimating the central gaze point,
this estimate does not consider the actual area of the view-
er’s foveated visual field (Akbas & Eckstein, 2017; Groot
et al., 1994; O'Shea, 1991). Consequently, a viewer could be
focused just outside of the target but still be seeing the target
within the foveal visual field. Therefore, researchers should
consider ways to collect and analyze eye-tracking data to
maximize inclusion of valid fixations while minimizing the
chance of capturing noisy data.

Moreover, in a review of primate eye-tracking studies,
Tobii eye trackers were the most common among 32 non-
invasive eye-tracking studies from 2009 to 2019 (Hopper
et al., 2021). Two studies in juvenile and adult chimpan-
zees, one with a Tobii T60 and another with a Tobii X120,
reported preliminary spatial accuracy of 0.15-0.66° devia-
tions in small samples of chimpanzees (N = 6 for each study;
Hirata et al., 2010; Kano & Tomonaga, 2009), comparable
to accuracy reported for human adults. However, it remains
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unclear whether this level of accuracy is generalizable to
primates of younger ages and other species.

In addition to being affected by the eye tracker’s spatial
accuracy, the validity of fixation-AOI mappings, and the
eye-tracking measures calculated using these fixations, may
also be affected by the eye tracker’s temporal accuracy (i.e.,
the timing of the eye movements relative to stimulus events;
Morgante et al., 2012). Only a few studies have measured
temporal accuracy, and those that have, have only been in
human adults (Morgante et al., 2012; Xue et al., 2017). One
study reported a 54-ms delay in the temporal accuracy of a
T60XL eye tracker (Morgante et al., 2012). The Tobii TX300
eye tracker has an even higher degree of temporal precision:
3.33 ms (De Kloe et al., 2022). However, it is unclear whether
such high temporal accuracy can be achieved in infant and
animal studies. Therefore, it is important for researchers to
carefully account for temporal delays over the time course of
their stimulus presentations when calculating eye-tracking
measures to operationalize the constructs of interest.

Developmental changes in infants’ visual
and attentional systems with age

Developmental changes in infants’ perceptual and atten-
tional systems may also impact the mapping of fixations
onto AOIs. As they develop, human and primate infants’
visual acuity and attention improve (Chandna, 1991; Dobson
& Teller, 1978; Ordy et al., 1964; Richards, 2004; Teller,
1981; Xiang et al., 2021). When viewing complex visual
scenes, human 4- to 14-month-olds’ fixations become more
systematic and predictable, less driven by low-level sali-
ence, and more adult-like (Pomaranski et al., 2021). Human
infants’ ability to hold their attention on a stimulus also
improves from 14 to 26 weeks, suggesting a reduction in
head and body movements during eye tracking, a develop-
mental increase in the stability in their fixations, and more
stable gaze signal and data loss (Richards, 2004). Moreo-
ver, human and primate infants’ attention orienting improves
rapidly over the first 6 months after birth, enabling faster
attention shifting and disengagement, and better visual
tracking and responsiveness (Boothe et al., 1982; Johnson
et al., 1991; McConnell & Bryson, 2005; Ross-Sheehy et al.,
2015), which may improve the temporal mapping between
infants’ fixations and the stimuli. Moreover, across the first
year after birth, macaque infants’ visual acuity and motion
sensitivity develop to adult-like levels and the noise signal
in their visual neural system decreases (Kiorpes, 2015; Ordy
et al., 1964). Therefore, human and macaque infants’ fixa-
tions may be more likely to be captured within the AOI (i.e.,
better fixation-AOI-mappings) as they get older and develop
better visual acuity, faster orienting, more gaze fixations,
and increasingly stable gaze. However, these developmental

changes vary across primate species and may differ from
human developmental changes (Maylott et al., 2020; Teller,
1981). It remains unclear how such differences in visual and
attentional systems across ages and species may differently
influence the mapping of fixations onto AOIs among differ-
ent populations. Therefore, a systematic and longitudinal
evaluation of eye-tracking designs is needed to improve the
ability to obtain reliable and valid eye-tracking measures in
human and primate developmental research.

Decisions in Tobii infant calibration

Calibration procedures also affect eye-tracking data quality
(i.e., accuracy, precision, data loss), which, in turn, affects
fixation-AOI mapping. Yet, calibration procedures remain
largely unexplored in infancy, a developmental period in
which calibration is particularly challenging. When using
an eye-tracking device, a calibration procedure takes place
before beginning data collection to estimate the accuracy
of the mapping between individual eye characteristics and
actual gaze locations captured by the eye tracker (Gredebéck
et al., 2009). An experimenter must make choices during
the calibration procedure, such as the number of calibration
points to attempt and the display durations of the calibration
stimuli, each of which influence the subsequent quality of
data collected (Carter & Luke, 2020). For example, the order
of calibration points can be randomized (e.g., EyeLink; SR
Research, 2007) or must proceed in a predetermined order
(e.g., Tobii Studio; Tobii Technology, 2016).

While such flexibility may be achieved by using external
toolboxes (Niehorster et al., 2020), the commonly used built-
in calibration procedure for infants in the Tobii TX300 system
is completed by having participants look at the calibration tar-
get as it appears in a certain number of predefined locations,
presented sequentially, one at a time, in a predetermined order.
While calibration procedures for human adult studies are
relatively easy (as they have stable attention and can follow
instructions), calibration is more challenging for studies of
human and primate infants. For instance, calibration accuracy
(i.e., average distance between calibration gaze samples and
calibration location) and precision (i.e., standard deviation of
the distances among repeated gaze samples on the same cali-
bration location) were reported to be greater in human adults
and school-age children than in 18- and 30-month-old toddlers
(Dalrymple et al., 2018). Therefore, it is crucial to uncover
whether specific decisions about calibration approaches can
maximize calibration quality in human and primate infants.

One decision is the number of calibration points to use.
While a larger number of calibration points is assumed to
result in greater spatial accuracy than fewer calibration
points (Gredebick et al., 2009), it is not always feasible to
obtain a large number of points, particularly with primates
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and young infants who have limited attention spans. Indeed,
studies in humans suggest using 5- or 6-point calibrations in
infants at 4 months of age and older, and 2-point calibration
in infants younger than 4 months, given their short attention
spans (Gredebéck et al., 2009). A reduction in the number of
calibration points may decrease the necessary total amount
of time required for calibration, which decreases the likeli-
hood that an infant becomes fussy, fatigued, or disinterested
during the calibration procedure (Aslin & McMurray, 2004;
Schlegelmilch & Wertz, 2019). Similar to studies in human
infants, the majority of primate eye-tracking studies use only
two calibration points because of difficulties maintaining
primates’ attention throughout a longer calibration proce-
dure (see Hopper et al., 2021 for a review). In sum, the use
of fewer calibration points appears common and to be based
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Fig. 1 Calibration screens for 5-point calibration (fop) and 9-point calibra-
tion (bottom), displaying the order in which the calibration stimulus (here,
a rattle) appeared (reflected in the circled numbers), distances between
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on the untested assumption that it may have some advan-
tages over approaches with a greater number of calibration
points, enabling participants to better maintain their atten-
tiveness during and after calibration.

On the other hand, there may also be advantages to using
a larger number of calibration points. When there are more
points, they are closer together spatially, so infants must
shift their attention shorter distances, and at more acute (i.e.,
smaller) angles, which are easier for younger infants, given
their perceptual-attentional constraints (D’Entremont, 2000;
Van Renswoude et al., 2016). For example, compared to
the built-in 9-point calibration in the Tobii TX300 system,
infants must shift their focus of attention across a longer
distance and more obtuse (i.e., wider) angles for the built-in
5-point calibration (see Fig. 1 for details). Given that young

V

calibration points, and visual angles. In addition, for 2-point calibration in
the Tobii TX300 system, infants must shift their focus of attention once
across a distance of 48 cm (45.03° visual angle) and an angle of 28.6°
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infants have a difficult time shifting their visual attention to
stimuli across wider areas, including those further in their
periphery (D’Entremont, 2000; Kulke et al., 2015), and have
a horizontal bias, making it easier for them to shift their gaze
horizontally than vertically (Van Renswoude et al., 2016),
a 9-point calibration may be advantageous compared to a
5-point calibration when using the Tobii built-in calibration
procedures because it requires them to shift their attention
across shorter distances at less obtuse angles.

Shorter distances may also be advantageous for calibrat-
ing primates. For example, some smaller-bodied species of
primate (e.g., squirrel monkeys and marmosets) need to shift
their heads rather than just their eyes to visually scan these
wider distances, compared to larger-bodied species, such
as humans and chimpanzees (Heiney & Blazquez, 2011;
Mitchell & Leopold, 2015). Indeed, some primate studies
have had success using 9-point calibrations (e.g., gorillas,
chimpanzees; Hopper et al., 2021). In sum, there is a need to
systematically test whether one calibration approach is more
advantageous than another in maximizing the amount and
quality of usable data collected, and whether the calibration
approach should vary depending on the study population.

Using AOI size and duration to improve
fixation-AOl mapping

Researchers must also make a number of choices includ-
ing the sizes and durations of AOIs to maximize the map-
ping of fixations onto AOIs. There are trade-offs to consider
when creating AOIs. On the one hand, creating AOIs that
perfectly align spatially and temporally with the borders of
stimuli—often used in human adult studies—may seem ideal
as they minimize the capture of fixations that would be inac-
curately classified as being located on the stimulus (i.e., false
positives; Vehlen et al., 2022) and enable the use of densely
organized stimuli (e.g., arrays of 64 images; Simpson et al.,
2019) without concern about overlapping AOIs (e.g., Hessels
etal., 2016). However, not all fixations detected fall perfectly
within the spatial and temporal borders of the stimuli (Dal-
rymple et al., 2018; McConnell & Bryson, 2005). Therefore,
on the other hand, an AOI that perfectly aligns with the bor-
ders of stimuli may increase the risk of excluding meaningful
fixations. Larger and longer AOIs located further apart from
one another may capture more true fixations (Orquin et al.,
2016). For example, enlarging AOI sizes relative to stimuli
sizes may address the issues of spatial deviations in eye-
tracking data, capturing additional valid fixations and reduc-
ing data loss (Dalrymple et al., 2018; Hirata et al., 2010;
Kano & Tomonaga, 2009; Morgante et al., 2012). A study
in human adults found that enlarging AOIs to 1.5° of visual
angle around the stimulus border helps maximize the inclu-
sion of true and valid fixations to the stimulus (Orquin et al.,

2016). Larger AOIs may also serve as a robust solution when
eye-tracking data are less accurate (Holmgqvist et al., 2011;
Vehlen et al., 2022), such as with infant eye tracking (Hes-
sels et al., 2016). However, an AOI that is too large or too
long may elevate the risk of including more noise and errors.
Moreover, compared to stimulus-sized AOIs (that align with
stimulus borders), larger AOIs that expand beyond stimulus
borders also require a greater distance between stimuli, which
may make their application only appropriate in sparsely
organized stimuli (e.g., relative looking to two side-by-side
images; Orquin et al., 2016). Therefore, it is crucial to con-
sider how to balance the needs of maximizing valid fixation
inclusion and minimizing noise and errors.

The quality of eye-tracking data may also vary with age
during early infancy. For example, one study reported both
spatial deviations and data loss decreased from 5 to 10
months of age in human infants using a Tobii TX300 eye
tracker (Hessels & Hooge, 2019). Fixations remaining at a
location after a stimulus disappears may be meaningful for
measuring infants’ attention and information processing,
which researchers should carefully consider when designing
developmental eye-tracking studies (McConnell & Bryson,
2005). The ideal methods for fixation-AOI mapping may vary
with age, which highlights the need to examine the effects
of various AOI parameters at different ages during infancy.

In sum, given the poorer eye-tracking data quality in
infants compared to adults (Hessels & Hooge, 2019), their
rapidly developing visual and attentional systems in the first
year after birth (Brémond-Gignac et al., 2011; Kiorpes, 2015;
Richards, 2004, 2010), and the unique challenges to eye-
tracking studies in human and primate infants, there is a need
to systematically examine participant age and species when
deciding which spatial and temporal parameters to use for
AOIs to balance the proportion of true and false positive fixa-
tions. Filling such gaps in our knowledge may make it easier
to standardize and replicate eye-tracking research findings.

Current study

The current study aimed to provide a tentative initial set of
guidelines for calibration procedures and for determining the
sizes and durations of AOIs, to optimize fixation-AOI map-
ping in human and primate infant eye-tracking research stud-
ies across the first year after birth. We chose rhesus macaque
monkeys because of the large number of eye-tracking stud-
ies in infants of this species (e.g., Mendelson et al., 1982;
Muschinski et al., 2016; Parr, Brooks, et al., 2016a; Parr,
Murphy, et al., 2016b; Paukner et al., 2014, 2018; Wang
et al., 2020), as well as the fact that they share with humans
many qualities related to their perceptual, cognitive, and
social development, making them a popular model spe-
cies for humans (Nelson et al., in press; Ryan et al., 2019).
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In addition, compared to humans, macaque monkeys have
more advanced visual acuity at birth (Ordy et al., 1964) and
develop approximately four times faster (Boothe et al., 1982),
enabling earlier and faster longitudinal eye-tracking studies
than are possible in humans (Parr, Brooks, et al., 2016a).
Here, we tracked human and macaque infants’ fixations
on a rotating disk with stripes that appeared to move around
the screen using a Tobii TX300 eye tracker, a popular sys-
tem among developmental scientists (De Kloe et al., 2022).
We longitudinally followed human infants at the age of 2, 4,
6, 8, and 14 months and rhesus macaque (Macaca mulatta)
infants at the age of 2 weeks, 3 weeks, and 6 months. We
selected these ages to cover a wide span of “early infancy”
in both species. We explored whether the total number of
registered calibration points (i.e., calibration points with
fixations)—theorized to be an index of calibration qual-
ity (Wilkinson & Mitchell, 2014)—was associated with a
greater number of valid fixation-AOI mappings. We exam-
ined how enlarging and prolonging the AOIs around the
disk changed the fixation mappings onto the AOI. We also
examined how the effects of AOI enlargement and prolon-
gation changed developmentally within each species.

Methods
Participants
Human infants

A total of 119 infants participated in the current study
(41.18% female). Among parents, 55% identified as His-
panic or Latino. Infants were racially diverse: 61% White,
18% Black, or African American, 14% multiracial, and 7%
unknown/unreported (for details, see Table S4). Infants
were tested longitudinally at 2 months (N =79, M,,,, = 8.98
weeks, SD =0.93), 4 months (V= 88; Mage =17.97 weeks,
SD = 1.03), 6 months (N = 83, M, = 26.53 weeks, SD =
1.52), 8 months (N = 38; M,,,, = 35.15 weeks, SD = 0.92),
and 14 months of age (N = 24; Mage = 60.39 weeks, SD =
1.59). See Table S4 for detailed demographics. Infants were
recruited from Miami, Florida and tested at the University
of Miami. Infants were healthy, full-term (>37 weeks ges-
tation), and had normal or corrected-to-normal vision. We
obtained caregivers’ informed consent for infants’ participa-
tion. Families were compensated $50 for each visit.

Macaque infants

Subjects were 21 infant rhesus macaques (Macaca mulatta;
13 females and 8 males) and were tested longitudinally at
the age of 2 weeks (11-15 days, M _,, = 12.83, SD = 1.27;

age
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N = 12), 3 weeks (21-25 days, Mage =22.80,SD =1.26; N
= 15), and 6 months (150-199 days, Mage =177.35, SD =
15.18; N = 26). Animals were housed at the Laboratory of
Comparative Ethology, National Institutes of Health Animal
Center, Poolesville, Maryland. All infants were separated
from their mothers on the day they were born (typically
by 8am), and were reared in a nursery facility for ongoing,
unrelated research studies. All infants were given inanimate
cloth-covered surrogates, along with daily enrichment such
as loose fleece squares, plastic toys, forage balls, and climb-
ing chains, and were socialized for a minimum of 2 h per
day. Infants received LabDiet High Protein Monkey Diet
(#5054) and daily food enrichment consisting of fruit, seeds,
and nuts. Water was available ad libitum. See Simpson,
Miller, et al. (2016a) for more details on rearing practices.

Video stimulus

The video stimulus (1280 x 720 pixels) was identical for
human and macaque infants at all ages (see Video 1). The
video stimulus is also available at https://osf.io/p9mwk/?vie

only=a0800300342b44f883c95145d45b411¢c. The video con-
sisted of a series of high-contrast white disks with orthogonal
stripes, including one black stripe and one brightly colored
stripe (blue, green, or yellow), which appeared one at a time
on a black background. Each disk appeared for 2 s, then dis-
appeared, with 1 s between each presentation (black screen
only). The disks appeared at six predetermined locations,
always in the same order (center, top left, bottom left, top
right, bottom right, center), accompanied by rotations and
various sound effects. Disks were 90 pixels in height (3.42°
visual angle) and 98 pixels wide (3.73° visual angle). The
center of each stimulus disk appeared at each of the six loca-
tions (x and y coordinates relative to the top left corner of 0,0
pixels) in the order: middle (641, 320); top left (320, 181);
bottom left (320, 541); top right (959, 181); bottom right
(959, 541); middle (641, 320). AOIs were created around
each disk location (Fig. 2). In total, the video was 18 s long.

Procedure
Human infants

Eye movements were recorded via corneal reflection using
a Tobii TX300 eye tracker, a remote 58.4 cm monitor (51
cm in width X 28 cm in height) with integrated eye-track-
ing technology with the resolution set at 1280 x 720 pixels
and a sampling rate of 300 Hz. While most screen-based
studies with infants use a dark testing room to limit distrac-
tions (Holmgvist et al., 2022), this was not possible because
the eye-tracking system requires some illumination in the
room to track gaze fixations (see Tobii Technology, 2017
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Fig.2 Illustration of areas of interest (AOIs) on the video stimulus
with various spatial enlargements (from innermost circle to outermost
circle: 0°, 1°, 2°, 3°, 4°, and 5°) and AOI duration (temporal prolonga-

for further details on how various room illuminations influ-
ence accuracy and precision in adults, which note better
performance with greater lighting). We, therefore, decided
to balance these trade-offs and test infants in a room where
windows/direct sunlight was blocked with an illumination
of 202 lux that was achieved with overhead lights. This
lighting level is common among screen-based eye-tracking
studies with infants and seems not to lower the eye-tracking
data quality in young infants from the ideal eye-tracking
illumination condition for adults (Katus et al., 2019; Tobii
Technology, 2017).

Testing took place when the infants were awake, alert,
and calm. Infants were seated in their parent’s lap approxi-
mately 60 cm in front of the screen (Fig. 3A). Infants were
calibrated using either a 5-point calibration (77 sessions)
or a 9-point calibration (235 sessions) using Tobii Stu-
dio's preset locations, which presented a rattle cartoon that
appeared at one location at a time (see Fig. 1 for calibra-
tion locations). Both eyes were calibrated simultaneously.
The experimenter determined when the infant fixated at
each calibration point (Hessels et al., 2015; Nystrom et al.,
2013). A calibration point (for each screen location and each
eye) was registered when the infant fixated on it; individual
calibration points that were not registered were repeated
until we obtained an acceptable calibration (for calibration
outcomes at each age, see Table 1). Infants varied in the

tion time: 0 ms, 200 ms, 400 ms, 600 ms, 800 ms, 100 ms). The small-
est circle at each location matched the Disk Stimulus perfectly. A still
image example of the Disk Stimulus is shown in the center AOI

;
Eu

Fig.3 Side-view of the experimental testing setup for A human infant
on a caregiver’s lap and B macaque infant held by an experimenter
(from Maylott et al., 2020)
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Table 1 Sample sizes, means, standard deviations, and range of the
total number of registered calibration points in 5-point and 9-point
calibration for human infants

Table2 Sample sizes, means, standard deviations, and range of the
total number of registered calibration points in 5-point calibration for
macaque infants

Age (months)  5-Points per eye (total of 10)
N Mean  SD Range Not calibrated
2 30 6.63 1.64  [3,10] 6
4 26  7.96 1.75  [5,10] 0
21 8.62 1.16  [6,10] 0
9-Points per eye (total of 18)
N Mean  SD Range Not calibrated
2 49 1298 340 [5,18] 5
4 62 1392 292 [7,18] 2
6 62 15.02 249 [10,18] O
8 38 1555 244 [10,18] O
14 24 15.67 3.02 [7,18] 0

N = number of infants in each calibration. SD = standard deviation.
No infants at 8 and 14 months were tested using the 5-point calibra-
tion. We started the current study with a 5-point calibration as sug-
gested by previous studies (Gredebdck et al., 2009) and decided
to transition fully to a 9-point method on the recommendation of a
colleague, given that we, like our colleague, observed young infants
(e.g., 2-month-olds) seemed to have an easier time shifting their fixa-
tions in the shorter distances in the 9-point calibration compared to
the longer distances required of the 5-point calibration, which anec-
dotally appear to result in a faster and higher-quality calibration

duration of time required to obtain a calibration, ranging
from 1 to 10 min. Some infants were calibrated successfully
on the first attempt, while others required repeated attempts.
Typically, the 2-month-olds took longer and more attempts
to calibrate, and as infants grew older, calibration became
easier and faster. Following the calibration, we showed the
18-s video stimulus.

Several infants could not be calibrated within 10 min or
before they showed signs of being bored or fussy in some
testing sessions (13 sessions); for this subset of sessions, a
calibration from an infant of the same age was used instead
(2 months old: six sessions of 5-point and five sessions of
9-point; 4 months old: two sessions of 9-point). Among
these cases, three sessions (2 months old: two sessions; 4
months old: one session) were excluded from the subse-
quent analyses due to no fixations on the screen (see Fig.
S2 for details). We detected no difference in the results with
and without the data from these sessions using others’ age-
matched calibration profile (see Supplemental Materials), so
we report the results with all available data.

Macaque infants
We recorded eye movements via corneal reflection using
a Tobii TX300 eye tracker with the resolution set at 1280

X 720 and a sampling rate of 60 Hz. Infants were tested
in a room where windows were blocked (no sunlight), and
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Age 5-Points per eye (total of 10)

N Mean SD Range
2 weeks 12 5.75 2.05 [3,9]
3 weeks 15 6.60 1.55 [4, 9]
6 months 26 9.65 0.56 [8, 10]

N = number of infants in each calibration. SD = standard devia-
tion. We completed data collection for macaque infants before
(2014-2016) we started collection for human infants (2016-2019).
Therefore, we used 5-point calibration for all macaque infants in line
with previous primate eye-tracking studies (e.g., Kano et al., 2012;
Paukner et al., 2013)

illumination of 250 lux was achieved by one overhead light
(approximately 4 feet behind subject) and one additional
light to the right of subjects. One experimenter stood in
front of the eye tracker at a distance of approximately 60
cm from the screen and held each infant in her hands/arms
wrapped in soft fleece fabric (Fig. 3B). Each infant was
calibrated using a 5-point calibration procedure to Tobii
Studio's preset locations; individual calibration points
that were not registered were repeated until an accept-
able calibration was obtained (Table 2). Both eyes were
calibrated simultaneously. Infants varied in the duration
of time required to obtain a calibration, ranging from 1
to 3 min. Some infants were calibrated successfully on
the first attempt, while others required repeated attempts.
Typically, the 2- and 3-week-old infants were more dis-
tracted and more difficult to calibrate than the 6-month-
olds. However, if they could not be calibrated, we were
able to attempt calibration at another time, later that day or
the following day, until a usable calibration was obtained.
Therefore, all macaque infants were calibrated success-
fully. Following the calibration, the 18-s video stimulus
was shown.

Measures
Proportion of AOI hits

We drew AOIs over the target disk and in concentric cir-
cles of 1, 2, 3, 4, and 5° of visual angle larger than the disk
(AOI size; see Fig. 2). These AOI sizes were designed to
match the range of spatial deviations of infant eye-tracking
data (Dalrymple et al., 2018; De Kloe et al., 2022; Mor-
gante et al., 2012). The AOIs were activated when the disk
appeared at that location and inactivated at 0, 200, 400, 600,
800, and 1000 ms after the disk disappeared (AOI duration).
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We used the I-VT fixation filter in Tobii Studio software
(Tobii Technology, Danderyd, Sweden), which defined fixa-
tions by a velocity threshold of 30°/s. Moreover, the I-VT
filter discards short fixations with a minimum duration of
100 ms and merges adjacent fixations with a maximum
time gap of 75 ms and a maximum angle of 0.5° (Olsen &
Matos, 2012). We choose to use the I-VT filter because it
is easy to use, one of the most common, and is robust to
noisy data from infants, with the options to handle brief gaps
in gaze signals, loss of one eye, and short fixations (Wass
etal., 2013). We extracted the number of samples that were
classified as fixations and located within the AOIs at each
spatial and temporal manipulation (i.e., AOI hits), as well
as the number of samples that were classified as fixations
and located anywhere else on the screen during each AOI
activation. We calculated the proportion of AOI hits by com-
puting the number of fixation samples mapped onto the AOI
divided by the number of fixation samples on the screen for
each combination of spatial and temporal manipulation of
the AOL Therefore, there were a total of 36 proportions of
AOI hits: 6 AOI sizes (0, 1, 2, 3, 4, 5° of visual angles over
the disk) X 6 AOI durations (0, 200, 400, 600, 800, 1000 ms
after disk disappearance). We used proportions instead of
the raw fixation frequency to measure fixation-AOI mapping
because we wanted to measure infants’ fixations to the AOI
out of their total fixation to the entire screen more generally.
Infants may appear to look outside of AOIs for various rea-
sons (e.g., off-task, measurement error), so these off-target
looks need to be taken into account when considering on-
target hits. This approach also enabled us to compare across
AOIs of various sizes, with larger AOIs being more likely
to capture looks by chance alone.

Registered calibration points

Tobii Studio provided calibration feedback through a pop-up
window (see Fig. S1) that reported the number of calibra-
tion points registered for each eye. We counted the number
of registered calibration points for each test session as an
index of calibration quality (Wilkinson & Mitchell, 2014).
The 5-point and 9-point calibrations provided a maximum of
10 (5 for each eye) or 18 (9 for each eye) registered points,
respectively.

Data exclusion

We excluded 16 test sessions from human infants without
any fixations on the screen (2 months: eight sessions; 4
months: six sessions; 6 months: one session; 8 months: 0
sessions; 14 months: one session) because no reliable data
were provided, due to technical problems (N = 1), inatten-
tiveness (i.e., no looking; N = 8), and fussiness/sleepiness

(i.e., crying and/or eyes closed; N = 7). The final sample
included 116 human infants (285 sessions in total) in the
calibration analysis and 117 human infants (295 sessions in
total) in the AOI analysis. See Fig. S2 for detailed exclusion
procedures.

No data were excluded from macaque infants given
that macaque infants for whom we could not obtain usable
data—due to sleepiness, fussiness, inattentiveness, or other
factors—were retested until usable data were obtained.

Data analysis

All statistical analyses were conducted using R (version
4.0.2) through RStudio (version 1.3.1073). We conducted
multilevel linear mixed effects modeling to account for
the nested structure of our data—multiple AOIs (level 1)
were nested within multiple ages/visits (level 2), which
were nested within individual infants (level 3). For model
construction procedures for all analyses, we started with
a baseline model including only a random intercept at the
infant-level. Then we entered fixed effects and random vari-
ance into the models stepwise and selected the best-fitting
models using likelihood ratio tests for model comparisons.
All linear mixed effects models were conducted with the R
packages “lme4” for model estimation (Batess et al., 2015)
and “ImerTest” for significance tests of fixed-effects of
the best-fitting models (Kuznetsova et al., 2017). Statisti-
cally significant interactions were examined with one-way
repeated measures ANOVAs and pairwise ¢ comparisons
with Bonferroni corrections.

The R markdown for replicating data analyses and the data
files for both species are available in Supplementary Materials
and are also available at https://osf.io/p9mwk/?view_only=
a0800300342b44f883c95145d45b411c.

Results
Human infant data
Effect of calibration

We first examined whether the calibration method (5-point
vs. 9-point) influenced the proportion of AOI hits (outcome
variable) that we detected, averaging across all AOI sizes
and durations. We focused only on the age groups who were
calibrated using both approaches (2-, 4-, and 6-month-olds).
Potential fixed effects of calibration methods and age, as
well as random variance at the age-level, calibration-meth-
ods-level, and infant-level, were added into the model step-
wise. We added the random variance at the age-level and
calibration-method-level to examine possible effects sourced
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Fig.4 Means and standard errors of the proportions of AOI hits aver-
aging across AOI sizes and durations for 5-point (red) and 9-point
(blue) calibration in 2-, 4-, and 6-month-old human infants

from uneven group sizes between calibration groups and
among age groups (Milliren et al., 2018). We treated calibra-
tion methods and age as categorical variables. Moreover, the
age factor was coded with repeated contrasts (2 vs. 4 months,
4 vs. 6 months).

The best-fitting model (m2; see Table S5 for model com-
parisons) included only a fixed main effect of age and a ran-
dom intercept at the infant-level. That is, averaging across
both calibration methods, infants had a higher proportion of
AOI hits as they got older, F(2, 159) = 83.28, p < 0.001, np2
= 0.45 (Fig. 4). Specifically, post hoc pairwise comparisons
of the age effect showed that the proportion of AOI hits
increased from 2 to 4 months of age, #(169) = 6.60, p <
0.001, d = 1.02, as well as from 4 to 6 months of age, #(144)
=6.67,p <0.001, d = 1.11. However, the best-fitting model
revealed no difference between 5- and 9-point calibration
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Fig.5 A Scatter plot displaying the correlation between the num-
ber of registered calibration points and the proportion of AOI hits
detected in the areas of interest, averaging across age, AOI sizes, and
AOI durations, for infants using different calibration methods (red:
5-point calibration; blue: 9-point calibration). The lines indicate the
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methods on the proportion of AOI hits averaging across all
ages and we detected no interaction between age and cali-
bration method.

We then expanded our analysis to all age groups (2—14
months old) and examined the relationship between the total
number of registered calibration points and the proportion
of AOI hits, and explored how this relationship changed
with age using two multilevel regressions, one for each cali-
bration method (5-point and 9-point calibrations). For both
calibration methods, potential fixed effects of total number
of registered calibration points (continuous) and age (cat-
egorical coded with repeated contrasts), as well as random
variance at the age-level and infant-level, were added into
the models stepwise.

The best-fitting models for both 5-point and 9-point cali-
bration (m2 for both 5-point and 9-point; see Table S6 for
model comparisons) included a significant fixed effect of
total number of registered calibration points, which posi-
tively predicted the proportion of AOI hits averaging across
ages (5-point: b = 0.05, SE = 0.01, g = 0.64, #(68) = 3.68,
p < 0.001; 9-point: b = 0.02, SE = 0.01, = 0.30, #(216.7)
=3.02, p = 0.003; Fig. 5A). There was also a main effect
of age on the proportion of AOI hits (5-point: F(2, 68) =
20.31, p<0001 r/p = 0.37; 9-point: F(4, 181) = 31.44,
p <0.001, np = 0.37), suggesting that infants had a higher
proportion of AOI hits as they got older (Fig. 5B). However,
the best-fitting models revealed no interaction between the
total number of registered calibration points and age. In sum,
it appears that more registered calibration points are associ-
ated with a higher proportion of AOI hits.

Next, we explored which calibration method was associ-
ated with more registered calibration points. We sequen-
tially added potential fixed effects of calibration methods
(categorical: 5-point vs. 9-point) and age (categorical coded

Age (months)

w

o

Calibration
Method

I 5 Points
I 9 Points

Total Number of Registered Pomts
(20

regression line and the shaded area surrounding indicates standard
error of the regression line. B Means and standard errors of the total
number of registered calibration points for 5-point (red) and 9-point
(blue) calibration in human infants at each age. The 5-point calibra-
tion was used only at 2, 4, and 6 months
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with repeated contrasts), as well as random variance at the
age-level, calibration-method-level, and infant-level, into the
baseline model.

The best-fitting model (m2; see Table S7 for model com-
parisons) included fixed main effects of age and calibration
methods, as well as a random intercept at the infant-level.
We found that, averaging across ages, infants successfully
registered more calibration points when using 9-point
calibration procedure (M = 14.52, SD = 2.96) than when
using 5-point calibration procedure (M = 7.78, SD = 1.74),
F(1, 190) = 268.71, p < 0.001, ’7p2 = 0.50. This calibration
method difference did not appear to change with age as the
best-fitting model did not support an interaction between age
calibration methods and age (Fig. 5B). Moreover, infants
successfully registered more calibration points with age, F(4,
243) = 10.71, p < 0.001, le2 = 0.14. Specifically, post-hoc
pairwise comparisons of the age effect showed that the total
number of registered points increased from 2 to 4 months
of age, #(243) = 2.99, p = 0.003, d = 0.38, as well as from 4
to 6 months of age, #(222) = 2.40, p = 0.016, d = 0.32, but
did not change from 6 to 8 months of age, #(234) = 0.98, p
= 0.324, d = 0.13, nor from 8 to 14 months of age, #(228)
= 0.24, p = 0.809, d = 0.03. In sum, 9-point calibrations
registered more calibration points than 5-point calibrations,
suggesting the former may confer an advantage.

Together, these results suggest that, while we detected
no difference in fixation-AOI mapping between the 5- and
9-point calibrations, the eye tracker better captured valid fixa-
tion samples on the AOIs for infants who successfully regis-
tered more calibration points regardless of age, and since the
9-point calibrations registered more calibration points than
5-point calibrations, a 9-point calibration procedure may be
advantageous in maximizing the number of registered cali-
bration points thereby improving fixation-AOI mapping.

Effect of AOI size enlargement and duration prolongation

We examined whether spatial enlargement and temporal pro-
longation of the AOI improved the proportion of AOI hits
(outcome variable). Potential fixed effects of AOI size (cat-
egorical: 0, 1, 2, 3, 4, 5° enlargement of the original AOI),
AOI duration (categorical: 0, 200, 400, 600, 800, 1000 ms
AOI prolongation after the disk disappeared), and age (cate-
gorical: 2, 4, 6, 8, 14 months of age), as well as random vari-
ance at the age-level and infant-level, were added into the
model stepwise. We also added calibration methods (5-point
vs. 9-point) as a control variable to account for potential
differences due to calibration methods. The factors of AOI
size, AOI duration, and age were coded with repeated con-
trasts (AOI size: 0 vs. 1°, 1 vs. 2°, 2 vs. 3°, 3 vs. 4°,4 vs. 5°
enlargement; AOI duration: 0 vs. 200 ms, 200 vs. 400 ms,
400 vs. 600 ms, 600 vs. 800 ms, 800 vs. 1000 ms; age: 2 vs.
4 months, 4 vs. 6 months, 6 vs. 8 months, 8 vs. 14 months).

The best-fitting model (m7; see Table S8 for model compari-
sons) for human infants revealed a main effect of age, F(4, 61)
=75.90, p < 0.001, np2 = 0.03. Hence, there was a greater pro-
portion of AOI hits as infants aged. We also found main effects
of AOI size, F(5,10241) = 1117.26, p < 0.001, ,> = 0.35, and
AOl duration, F(5, 10241) = 166.59, p < 0.001, #,” = 0.07. Both
spatial enlargement of AOIs and temporal prolongation of AOIs
improved the proportion of AOI hits. However, the best-fitting
model did not include an AOI size X duration interaction, nor
an AOI size X AOI duration X age interaction. We did, however,
detect an AOI size X age interaction, F(20, 10241) =23.51,p <
0.001, np2 = 0.04, as well as an AOI duration X age interaction,
F(20,10241) =7.47, p < 0.001, npz = 0.01. We explore each of
these interactions in the following sections.

AOl size effects at each age To explore the statistically sig-
nificant AOI size X age interaction effect, we conducted a
follow-up one-way ANOVA to test for the main effect of
AOI size at each age. The AOI size main effect was statisti-
cally significant at each of the ages, ps < 0.001 (Table 3),
suggesting that, regardless of age, increasing AOI size
increased the proportion of AOI hits.

We evaluated the AOI size effect with multiple post-hoc
pairwise comparisons between consecutive levels of spatial
enlargement of AOI (repeated contrast coding) separately at
each age (Table 4). As shown in Figs. 6 and 7, at 2 months,
each degree of spatial enlargement increased the proportion
of AOI hits. At 4 months, spatial enlargement of the AOI
up to 4° increased the proportion of AOI hits. At 6 months,
each degree of spatial enlargement increased the propor-
tion of AOI hits. At 8 months, spatial enlargement up to 4°
increased the proportion of AOI hits. At 14 months, spatial
enlargement up to 2° improved the proportion of AOI hits.
Furthermore, as the infants aged, their fixations became
increasingly concentrated around the target disk.

AOI duration effect at each age We explored the statistically
significant AOI duration X age interaction effect with five
follow-up one-way ANOVAs, one at each age, which all
revealed main effects of AOI duration, ps < 0.001 (Table 3).

We evaluated the temporal effect with multiple post hoc
pairwise comparisons between consecutive levels of AOI
duration (temporal prolongation of AOI; repeated contrast
coding) separately at each age (Table 5). As shown in Figs. 7
and 8, at 2 months, averaging across all spatial enlargements,
temporal prolongation of the AOI after the disk disappear-
ance did not appear to increase the proportion of AOI hits.
At 4 months, temporal prolongation up to 800 ms after the
disk disappeared increased the proportion of AOI hits. At 6
months, temporal prolongation up to 400 ms after the disk
disappeared increased the proportion of AOI hits. At 8 and
14 months, temporal prolongation did not appear to increase
the proportion of AOI hits.
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Table 3 Post hoc ANOVAs of AOI size and AOI duration effects on the proportion of AOI hits at each age in human infants

Effect

2

Age dfy dfy F p 1y

2 months AOI size 5 2451.00 173.30 < 0.001* 0.26
AOI duration 5 2451.14 17.74 < 0.001* 0.03

4 months AOI size 5 2823.93 252.86 < 0.001* 0.31
AOI duration 5 2824.09 101.81 < 0.001* 0.15

6 months AOI size 5 2800.78 574.49 < 0.001* 0.51
AOI duration 5 2800.92 74.16 < 0.001* 0.12

8 months AOI size 5 1320.00 179.16 < 0.001* 0.40
AOI duration 5 1320.00 24.82 < 0.001* 0.09

14 months AOI size 5 795.00 196.46 < 0.001* 0.55
AOI duration 5 795.00 14.36 < 0.001* 0.08

Experimental manipulations to areas of interest (AOI) for human infants: AOI size (spatial enlargement degree: 0°, 1°, 2°, 3°, 4°, and 5°) and AOI
duration (temporal prolongation time: 0 ms, 200 ms, 400 ms, 600 ms, 800 ms, 1000 ms). Critical ar level was corrected with Bonferroni correction,
adjusted a = 0.05/5 = 0.01. df; = between-group degrees of freedom. dfy, = within-group degrees of freedom. npz = partial eta squared. * p < @,

(0.01)

Table 4 Descriptive statistics and post hoc pairwise comparisons of AOI size effects on the proportion of AOI hits at each age in human infants
averaging across all AOI durations

Age AOI Size Mean SD Comparison df t P d
2 months 0° 0.09 0.13
1° 0.15 0.19 1°vs. 0° 2456.00 10.20 < 0.001 0.41*
2° 0.18 0.21 2°vs. 1° 2456.00 5.05 < 0.001 0.20*
3° 0.20 0.23 3°vs. 2° 2456.00 3.76 < 0.001 0.15%
4° 0.22 0.24 4°vs. 3° 2456.00 3.34 0.001 0.13*
5° 0.23 0.24 5°vs. 4° 2456.00 2.72 0.007 0.11*
4 months 0° 0.29 0.25
1° 0.36 0.27 1°vs. 0° 2828.92 9.24 < 0.001 0.35*
2° 0.41 0.28 2°vs. 1° 2828.92 5.63 < 0.001 0.21*
3° 0.46 0.29 3°vys. 2° 2828.92 6.44 < 0.001 0.24*
4° 0.49 0.29 4°vs. 3° 2828.92 3.74 < 0.001 0.14*
5° 0.51 0.29 5°vs. 4° 2828.92 2.08 0.037 0.08
6 months 0° 0.44 0.24
1° 0.58 0.23 1°vs. 0° 2805.77 19.06 < 0.001 0.72*
2° 0.65 0.20 2°vs. 1° 2805.77 10.32 < 0.001 0.39*
3° 0.68 0.19 3°vs. 2° 2805.77 5.56 < 0.001 0.21*
4° 0.72 0.18 4° vs. 3° 2805.77 4.89 < 0.001 0.18*
5° 0.74 0.17 5°vs. 4° 2805.77 2.90 0.004 0.11*
8 months 0° 0.52 0.29
1° 0.62 0.25 1°vs. 0° 1325.00 9.80 < 0.001 0.54*
2° 0.67 0.24 2°vs. 1° 1325.00 5.24 < 0.001 0.29%*
3° 0.71 0.23 3°vs. 2° 1325.00 3.95 < 0.001 0.22%
4° 0.76 0.19 4°vs. 3° 1325.00 4.05 < 0.001 0.22%*
5° 0.76 0.18 5°vs. 4° 1325.00 0.83 0.405 0.05
14 months 0° 0.46 0.24
1° 0.60 0.23 1°vs. 0° 800.00 11.19 < 0.001 0.79%*
2° 0.71 0.16 2°vs. 1° 800.00 8.58 < 0.001 0.61%*
3° 0.74 0.14 3°%vs. 2° 800.00 2.05 0.040 0.14
4° 0.75 0.14 4°vs. 3° 800.00 1.16 0.246 0.08
5° 0.78 0.13 5°vs. 4° 800.00 2.04 0.041 0.14

SD = standard deviation. * p < a adj (0.01)
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Fig. 6 Effect of AOI size (spatial enlargement of AOI) on the
proportion of AOI hits, averaging across AOI duration (tem-
poral prolongation of AOI) at each age, in human infants, from
2 months of age (top) to 14 months of age (bottom). Boxplots:
Horizontal lines within the boxplots indicate the medians. The

Macaque infant data
Effect of calibration

We examined the relationship between the total number of
registered calibration points and the proportion of AOI hits
in macaque infants. Potential fixed effects of total number
of registered calibration points (continuous) and age (cat-
egorical coded with repeated contrasts), as well as random
variance at the age-level and infant-level, were added into
the models stepwise.

The best-fitting model (m3; see Table S9 for model
comparisons) included fixed main effects of age, registered
points, as well as the registered-point X age interaction. The
best-fitting model also included a random intercept at the

hinges of the boxplots show the first (bottom) and third (top)
quartiles. The whiskers extend up to 1.5 X interquartile range
(IQR; distance between top and bottom hinges), above and below
the hinges. The violin plots show the distribution of the AOI hits.
The black “X” indicates the means

infant-level. The main effect of age (F(2, 53) = 27.35,p <
0.001, r]p2 = (0.51) suggested that the proportion of AOI hits
increased as macaque infants got older. Specifically, post
hoc pairwise comparisons of the age effect showed that the
proportion of AOI hits increased from 3 weeks to 6 months
of age, #(47) =4.86, p < 0.001, d = 1.42, but not from 2 to 3
weeks of age, #(47) = 1.65, p = 0.086, d = 0.48. Moreover,
the main effect of registered points (b = 0.11, SE = 0.03, g
= 1.21, #(53) = 3.73, p < 0.001) suggested that, there was a
statistically significant positive effect of the total number of
registered calibration points on the proportion of AOI hits
detected averaging across ages. Furthermore, the registered-
point X age interaction (F(2, 53) = 5.28, p = 0.008, np2 =
0.17) revealed that the effect of registered points on propor-
tion of AOI hits was more prominent as the macaque infants
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Fig.7 Effect of AOI size (spatial enlargement of AOI), reflected by
the concentric circles (from innermost circle to outermost: 0°, 1°, 2°,
3°, 4°, and 5°) on the proportion of AOI hits out of the total number
of hits on the screen, for 0-ms (fop) to 1000-ms temporal prolonga-
tion (bottom), at each age in human infants, from 2 months of age
(leftmost) to 14 months of age (rightmost), averaging across the 6 tar-

aged (Fig. 9A). Specifically, the positive association between
registered points and proportion of AOI hits became stronger
from 3 weeks to 6 months of age, b = 0.26, SE = 0.09, f =
0.59, #(53) = 2.98, p = 0.004, but did not change from 2 to
3 weeks, b = 0.01, SE = 0.05, f = 0.03, 1(53) = 0.22, p =
0.824.

In addition, we examined the association between age and
the total number of registered points in macaque infants. We
found that, as the macaque infants aged, they successfully
registered more calibration points, F(2, 39) = 55.11, p <
0.001, np2 = 0.72 (Fig. 9B). Specifically, the total number
of registered points increased from 3 weeks to 6 months of
age, 1#(38) = 7.88, p < 0.001, d = 2.55, but not from 2 to 3
weeks of age, #(34) = 1.70, p = 0.089, d = 0.58. Therefore,
our eye tracker could detect a higher proportion of AOI hits
for macaque infants with more points calibrated and this
effect became stronger with age.
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get disk locations. Color shading represents the cumulative propor-
tion of AOI hits in an AOI with a corresponding spatial enlargement
and temporal prolongation (dark red = 0, light yellow = 0.5, dark
green = 1.0). The outer circles contain the inner circles, so if the pro-
portion of AOI hits increases as the AOIs grow larger, this change
reflects the larger AOIs capturing a greater proportion of AOI hits

Effect of AOI size and duration prolongation

We examined whether spatial enlargement and temporal
prolongation of AOIs improved the proportion of AOI hits
(outcome variable) in macaque infants. Potential fixed effects
of AOI size (categorical: 0, 1, 2, 3, 4, 5° enlargement of the
original AOI; coded with repeated contrasts), AOI duration
(categorical: 0, 200, 400, 600, 800, 1000 ms AOI prolongation
after the disk disappears; coded with repeated contrasts), and
age (categorical: 2 weeks, 3 weeks, 6 months of age; coded
with repeated contrasts), as well as random variance at the
age-level and infant-level, were added into the model stepwise.

The best-fitting model (m5; see Table S10 for model
comparisons) revealed a main effect of age, F(2, 16) =
20.38, p < 0.001, npz = 0.02. There was a higher proportion
of AOI hits as infants aged. There was also a main effect
of AOI size, F(5, 1860) = 83.17, p < 0.001, np2 = 0.18,
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Table 5 Descriptive statistics and post hoc pairwise comparisons of AOI duration effect on the proportion of AOI hits at each age in human

infants averaging across all AOI sizes

Age AOI duration Mean SD Comparison daf t P d
2 months 0 ms 0.15 0.20
200 ms 0.16 0.21 200 vs. 0 2456.00 1.94 0.052 0.08
400 ms 0.17 0.21 400 vs. 200 2456.00 1.59 0.112 0.06
600 ms 0.19 0.22 600 vs. 400 2456.00 1.89 0.058 0.08
800 ms 0.19 0.22 800 vs. 600 2456.35 0.73 0.466 0.03
1000 ms 0.19 0.23 1000 vs. 800 2456.00 0.26 0.798 0.01
4 months 0 ms 0.34 0.28
200 ms 0.38 0.28 200 vs. 0 2828.91 4.58 < 0.001 0.17*
400 ms 0.41 0.28 400 vs. 200 2828.91 3.90 < 0.001 0.15%
600 ms 0.44 0.29 600 vs. 400 2829.29 2.73 0.006 0.10*
800 ms 0.47 0.29 800 vs. 600 2828.91 3.18 0.001 0.12%*
1000 ms 0.48 0.28 1000 vs. 800 2828.91 1.13 0.258 0.04
6 months 0 ms 0.57 0.22
200 ms 0.61 0.22 200 vs. 0 2805.71 3.88 < 0.001 0.15%
400 ms 0.64 0.22 400 vs. 200 2805.56 2.85 0.004 0.11%*
600 ms 0.65 0.23 600 vs. 400 2805.95 221 0.027 0.08
800 ms 0.67 0.22 800 vs. 600 2805.56 1.64 0.101 0.06
1000 ms 0.67 0.22 1000 vs. 800 2805.56 0.54 0.586 0.02
8 months 0 ms 0.62 0.25
200 ms 0.65 0.25 200 vs. 0 1325.00 2.52 0.012 0.14
400 ms 0.67 0.25 400 vs. 200 1325.00 1.74 0.081 0.10
600 ms 0.69 0.25 600 vs. 400 1325.00 1.38 0.168 0.08
800 ms 0.70 0.25 800 vs. 600 1325.00 0.97 0.330 0.05
1000 ms 0.71 0.23 1000 vs. 800 1325.00 0.58 0.559 0.03
14 months 0 ms 0.62 0.22
200 ms 0.65 0.21 200 vs. 0 800.00 1.40 0.160 0.10
400 ms 0.67 0.21 400 vs. 200 800.00 1.33 0.182 0.09
600 ms 0.69 0.21 600 vs. 400 800.00 1.09 0.277 0.08
800 ms 0.70 0.21 800 vs. 600 800.00 0.57 0.569 0.04
1000 ms 0.71 0.21 1000 vs. 800 800.00 0.08 0.933 0.01

SD = standard deviation. * p < ar adj (0.01)

and a main effect of AOI duration, F(5, 1860) =4.42, p =
0.001, np2 = 0.01. The best-fitting model did not include
an AOI size X AOI duration interaction or an AOI size X
AOI duration X age interaction. We did, however, detect an
AOI size X age interaction, F(10, 1860) = 11.96, p < 0.001,
np2 = 0.06, and an AOI duration X age interaction, F(10,
1860) = 2.84, p = 0.002, , np2 = (.02, each explored below.

AOl size effect at each age To explore the statistically sig-
nificant AOI size X age interaction effect, we conducted a
follow-up one-way ANOVA at each age, which revealed a
main effect of AOI size at each age, ps < .001 (Table 6).

We evaluated the AOI size effect with post-hoc pairwise
comparisons between consecutive levels of spatial enlarge-
ment of AOI (repeated contrast coding) within each age
(Table 7). As shown in Figs. 10 and 11, at 2 weeks, spatial

enlargement of 1° larger than the target disk and enlarge-
ment from 4° to 5° larger than the disk both increased the
proportion of AOI hits. At 3 weeks, spatial enlargement of
the AOI from 1° to 2° larger than the disk increased the
proportion of AOI hits. At 6 months, spatial enlargement
up to 2° larger than the target disk increased the propor-
tions of AOI hits. Furthermore, as the macaque infants
aged, their fixations became increasingly concentrated
around the target disk. Notably, among 2- and 3-week-olds,
the medians were close to zero, suggesting that either the
macaque infants were not looking, or the eye tracker was
unable to capture gaze signals from some of these very
young macaques.

AOI duration effect at each age We explored the statisti-
cally significant AOI duration X age interaction, with three
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Fig.8 Effect of AOI duration (temporal prolongation of AOI) on
proportion of AOI hits, averaging across AOI size (spatial enlarge-
ment of AOI) at each age, in human infants, from 2 months of age
(top) to 14 months of age (bottom). Boxplots: Horizontal lines
within the boxplots indicate the medians. The hinges of the box-

follow-up one-way ANOVAs, one at each age (critical o
level was corrected with Bonferroni correction, adjusted
a = 0.05/3 = 0.017). We detected a main effect of AOI
duration only at 6 months, p < 0.001 (Table 6). Therefore,
temporal prolongation only appeared to increase the pro-
portion of AOI hits in the oldest age group for macaque
infants. Post hoc pairwise comparisons between con-
secutive levels of temporal prolongation of AOI duration
(repeated contrast coding) revealed that, at 6 months, AOI
temporal prolongation from 0 to 200 ms after the disk
disappeared increased the proportion of AOI hits (Table 8;
Figs. 11 and 12). There were no other statistically signifi-
cant effects, ps > 0.05.
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plots show the first (bottom) and third (top) quartiles. The whisk-
ers extend up to 1.5 X interquartile range (IQR; distance between
top and bottom hinges), above and below the hinges. The violin
plots show the distribution of the AOI hits. The black “X” indi-
cates the means

Discussion

Remote eye tracking is increasingly used in developmen-
tal research involving human and primate infants given its
non-invasive procedures and ability to quickly produce
a large amount of data (Aslin & McMurray, 2004; Hop-
per et al., 2021). However, many questions remain about
the best methods to maximize the quality of these data.
Researchers must make a variety of methodological choices
when designing eye-tracking studies, which can be par-
ticularly difficult with these populations—especially when
comparing infants of differing ages and species—given that
there are no empirically established guidelines (Holmqvist
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Fig.9 A Scatter plot displaying the correlation between the num-
ber of registered calibration points and the proportion of AOI hits
detected in the areas of interest, averaging across age, AOI sizes, and
AOI durations, for macaque infants. The lines indicate the regres-

et al., 2022). To begin to address these gaps, we explored
how calibration methods (procedure and quality) and AOI
characteristics (sizes and durations) influence the fixation-
AOI mappings in human infants (2- to 14-month-old) and
macaque infants (2-week-old to 6-month-old) tested longi-
tudinally using a Tobii TX300 eye tracker. We found that a
greater number of registered calibration points was associ-
ated with a greater proportion of AOI hits, suggesting there
may be advantages of using a built-in Tobii 9-point calibra-
tion over a 5-point calibration. Moreover, we discovered
that enlarging and prolonging AOIs increased the propor-
tion of AOI hits, suggesting larger and longer AOIs may
be advantageous. Moreover, we found that these increases
varied by age and species, suggesting that infant research-
ers need to consider their specific populations’ characteris-
tics to select the most appropriate study designs. We make
recommendations for data inclusion/exclusion decisions to
maximize participant retention without jeopardizing the
quality of fixation-AOI mappings.

B 100

N
s}l

Total Number of Registered Points
N o
[6,] o

0.0

3 weeks 6 months

Age

2 weeks

sion line and the shaded area surrounding indicates standard error of
the regression line. B Means and standard errors of the total number
of registered calibration points in macaque infants at each age. All
macaque infants used 5-point calibration

Tobii’s built-in calibration: 5-point versus 9-point
procedure

Calibration is necessary to account for individual charac-
teristics of infants’ eyes for better eye-tracking accuracy
and precision (Gredebick et al., 2009). We detected no dif-
ferences in the proportions of AOI hits in human infants
when using a 5-point compared to a 9-point calibration
method, regardless of age. However, we discovered that, in
both human and macaque infants, averaging across all age
groups, the proportion of AOI hits captured increased as the
total number of successfully registered calibration points
increased, regardless of the calibration method used and
the infants’ ages. Admittedly, while these findings may be
because better calibration improves subsequent fixation-AOI
mappings, we cannot rule out the possibility that both bet-
ter calibration quality and better fixation-AOI mappings are
driven by infants’ characteristics, such as their attentional
and emotional states during testing. Regardless of which

Table 6 Post hoc ANOVAs of AOI size and AOI duration effects on proportion of AOI hits at each age in macaque infants

Age Effect df, dfy F P n,’

2 weeks AOI size 5 420 22.62 < 0.001% 0.212
AOI duration 5 420 0.07 0.997 0.001

3 weeks AOI size 5 525 37.87 < 0.001% 0.265
AOI duration 5 525 0.18 0.970 0.002

6 months AOI size 5 915 48.74 < 0.001% 0.210
AOI duration 5 915 17.50 < 0.001% 0.087

Experimental manipulations to areas of interest (AOI) for macaque infants: AOI size (spatial enlargement degree: 0°, 1°, 2°, 3°, 4°, and 5°) and
AOI duration (temporal prolongation time: 0 ms, 200 ms, 400 ms, 600 ms, 800 ms, 1000 ms). Critical o level was corrected with Bonferroni
correction, adjusted a = 0.05/3 = 0.017. df = between-group degrees of freedom. dfy, = within-group degrees of freedom. r]pz = partial eta

squared. * p < «,

1 (0.017)
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Table 7 Descriptive statistics and post hoc pairwise comparisons of AOI size effects on the proportion of AOI hits at each age in macaque

infants averaging across all AOI durations

Age AOI size Mean SD Comparison df t P d
2 weeks 0° 0.01 0.05
1° 0.05 0.12 1°vs. 0° 415 4.02 < 0.001 0.39%
2° 0.05 0.13 2°vs. 1° 415 0.40 0.689 0.04
3° 0.06 0.13 3°vs. 2° 415 0.31 0.755 0.03
4° 0.06 0.13 4°vs. 3° 415 0.02 0.982 0.00
5° 0.11 0.19 5°vs. 4° 415 5.71 < 0.001 0.56*
3 weeks 0° 0.08 0.16
1° 0.10 0.16 1°vs. 0° 520 0.82 0410 0.07
2° 0.22 0.29 2°vs. 1° 520 5.28 < 0.001 0.46*
3° 0.24 0.31 3°%vs. 2° 520 0.79 0.426 0.07
4° 0.28 0.38 4°vs. 3° 520 221 0.027 0.19
5° 0.32 0.39 59 vs. 4° 520 1.52 0.128 0.13
6 months 0° 0.47 0.28
1° 0.55 0.29 1°vs. 0° 910 6.65 < 0.001 0.44%*
2° 0.58 0.31 2°vs. 1° 910 2.81 0.005 0.17%*
3° 0.60 0.31 3°vs. 2° 910 1.52 0.127 0.10
4° 0.61 0.31 4°vs. 3° 910 0.96 0.334 0.06
5° 0.62 0.30 5°vs. 4° 910 0.57 0.568 0.04

SD = standard deviation. * p < ar adj (0.01)

mechanism underlies the association between calibration
and subsequent fixation-AOI mappings, the total number of
registered calibration points could be used to set minimum
standards of data acquisition and to assess the usability of
data collected from each test session to determine if certain
sessions should be excluded.

Furthermore, human infants registered more successful
calibration points when using the 9-point method compared
to the 5-point, suggesting that attempting a greater number
of points may maximize the number of registered calibration
points. We, therefore, recommend that, when testing infants
with the built-in Tobii calibration procedures at these young
ages, researchers consider using the 9-point calibration
method, which is less demanding of young infants in terms
of the distances and angles between each point. Another
advantage of the calibration approach in the Tobii TX300
system is that, even if not all points are registered for each
eye, researchers have the option to repeat just the specific
points that have not yet been captured. While this process
appears straightforward, our experience is that sometimes
the calibration will fail altogether with the addition of newly
attempted, but failed points (resulting in the screen depicted
in Fig. S1B). That is, repeating calibrations to obtain more
points is not without risk. Therefore, trying to achieve a
“perfect” calibration in a young infant is not always realis-
tic, especially if the infant appears to be growing fussy or
disinterested.
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Our analyses of calibration methods were limited in some
regards. One limitation is that, given that these analyses
were not planned prior to data collection and lacked sys-
tematic manipulation, we only were able to conduct them in
human infants at the ages of 2, 4, and 6 months. Therefore,
it is unclear whether older human infants and other spe-
cies would show similar advantages of a 9-point calibration
approach. Our findings, while preliminary, nonetheless offer
insights into potential advantages of using a 9-point over
a 5-point calibration approach, at least when testing very
young human infants (aged 2 to 6 months).

Additionally, other aspects of calibration still need to
be explored. For example, while the built-in calibration
procedures (such as those in the Tobii TX300 system we
used here) are easy to use, some customized software tool-
boxes offer more flexibility and control over the built-in
procedures, which may facilitate better and easier cali-
bration in human and primate infants (Niehorster et al.,
2020). For example, calibration routines that use large
stimuli to attract attention, and which subsequently shrink
to a small target for actual calibration, may enable captur-
ing infants’ attention while also retaining high precision
(Schlegelmilch & Wertz, 2019). With new approaches that
enable greater flexibility in calibration procedures, future
studies are encouraged to explore how different variations
of calibration targets—types, locations, sounds, and move-
ments—may affect fixation-AOI mapping in human and
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Fig. 10 Effect of AOI size (spatial enlargement of AOIs) in
macaque infants averaging across AOI duration (temporal prolon-
gation of AOI) at each age at 2 weeks (top), 3 weeks (middle),
and 6 months (bottom) of age. Boxplots: Horizontal lines within
the boxplots indicate the medians. The hinges of the boxplots

primate infants, to further optimize calibration quality and
thereby subsequent data quality.

Effect of AOI size and developmental changes

For infants of both species, enlarging the size of the AOIs
resulted in a better ability to capture fixations around the
target disk, but this effect differed across age and species.
For human infants, we found an increase in the proportions
of fixations captured by the AOIs with enlargement up to 5°
between the age of 2 and 6 months, up to 4° at 8 months, but
only up to 2° at 14 months. For macaque infants, increases
in the mapping of fixations onto AOIs were found with an
AOI enlargement up to 5° at the age of 2 weeks, and up
to 2° between 3 weeks and 6 months. As previous studies

show the first (bottom) and third (top) quartiles. The whiskers
extend up to 1.5 X interquartile range (IQR; distance between top
and bottom hinges), above and below the hinges. The violin plots
show the distribution of the AOI hits. The black “X” indicates the
means

reported spatial deviations from 1° to 5° in eye-tracking data
in human infants from 3 to 30 months of age (Dalrymple
et al., 2018; De Kloe et al., 2022; Morgante et al., 2012), our
findings are consistent with such reports and extend them to
a younger age of 2 months, as well as to infants of another
primate species. Since fixations irrelevant to the target disk
should spatially be distributed randomly on the screen and
are unlikely to be located within a certain area around the
disk, our findings of the increase in the proportions of AOI
hits as the result of AOI size enlargements are likely driven
by the spatial deviations of valid fixations rather than ran-
dom noise. In fact, infants may not necessarily be focusing
on the center of the stimulus, as adults can be instructed to
do, and instead may focus on the high-contrast outer edge
of the disk (Bronson, 1994; Johnson, 2019). Therefore, we
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3°, 4°, and 5°), on the proportion of AOI hits out of the total number
of fixations on the screen, for 0-ms (top) to 1000-ms temporal prolon-
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ment and temporal prolongation (dark red = 0, light yellow = 0.5,
dark green = 1.0). The outer circles contain the inner circles, so if the
proportion of AOI hits increases as the AOIs grow larger, this change
reflects the larger AOIs capturing a greater proportion of AOI hits
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recommend creating AOIs that are larger than the outer
edges of stimuli for infant eye-tracking research. In sum,
while an AOI that is 5° larger than the outer edge of the
stimulus is likely to capture more fixation samples than
random noise in human infants at 2, 4, and 6 months and
macaque infants at 2 weeks, an AOI with the same size is
likely to capture more noise than valid fixations as infants
get older (e.g., 14-month-old human infants and 6-month-
old macaque infants). These results suggest that AOI sizes
need to be adjusted based on participants’ age and species.

Further, our findings also provide insights for stimulus
creation: For 2- to 6-month-old human infants and 2-week-
old macaque infants, simultaneously presented stimuli
need to be sufficiently spaced apart from each other to

@ Springer

afford larger AOIs and to reduce the likelihood of capturing
fixations on the wrong AOI. In other words, the distance
between two stimuli (occurring simultaneously or in rapid
succession) should be spaced far enough apart to afford
enlarged and non-overlapping AOIs for each stimulus for
infants at these young ages. However, for older infants—§-
and 14-month-old human infants, as well as 3-week-old and
6-month-old macaque infants—eye-tracking studies may use
stimuli that are closer to each other and may use smaller
AOlIs, capturing a greater degree of precision.

Our findings also indicate that, at older ages (14-month-
old humans and 6-month-old macaques), both species
showed a more condensed distribution of fixations around
the target disk than they did at younger ages. Notably,
these patterns are consistent with the overall age-related
increases of fixation-AOI mappings we found in infants: in
both human and macaque infants, the AOIs captured more
fixations as infants grew older. Such age-related increases
in capturing infants’ fixations may, in part, be related to
the rapid development in infants’ visual and attentional
systems across these ages for both species (Chandna,
1991; Dobson & Teller, 1978; Ordy et al., 1964; Rich-
ards, 2004; Teller, 1981; Xiang et al., 2021). Human and
primate infants’ visual acuity, tracking ability, and sus-
tained attention undergo rapid development in their first
year after birth (Maylott et al., 2020; Phillips et al., 2007;
Teller, 1981; Von Hofsten & Rosander, 1997). In sum,
older infants may be easier to capture eye gaze from than
younger infants due to improvements in infants’ visual and
attentional abilities with age.

However, another likely factor contributing to the
apparent age-related increase in fixation-AOI mappings
is that the eye-tracking system can better detect the eyes
and gaze locations of older compared to younger infants
(Hessels & Hooge, 2019; Hopper et al., 2021; Wass et al.,
2013). That is, there may be more error, noise, and data
loss when using this eye-tracking system with very young
infants due to limitations with the system itself (e.g., dif-
ficulty in identifying pupils of young infants; Wass et al.,
2014). If so, these apparent age-related improvements may,
at least in part, reflect enhanced measurement precision
and accuracy in older infants (i.e., that the Tobii TX300
has a better ability to capture older infants’ fixations for
both species). While this hypothesis has yet to be empiri-
cally tested—which would require, for example, behavio-
ral coding of infants’ attention frame-by-frame from video
and comparing to eye-tracking data—this interpretation
is consistent with a report in human infants that with
age, between 5 and 10 months, spatial accuracy increases
and data loss decreases using a Tobii TX300 (De Kloe
et al., 2022). Thus, older infants, compared to younger
infants, may provide eye-tracking data that are more sta-
ble, smooth, and have less noise.
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Table 8 Descriptive statistics and post hoc pairwise comparisons of AOI duration effects on the proportion of AOI hits in macaque infants aver-

aging across all AOI sizes

Age AOI duration Mean SD Comparison df t P d
2 weeks 0 ms 0.06 0.13 -
200 ms 0.06 0.13 -
400 ms 0.06 0.14 -
600 ms 0.06 0.14 -
800 ms 0.06 0.14 -
1000 ms 0.06 0.14 -
3 weeks 0 ms 0.20 0.31 -
200 ms 0.20 0.31 -
400 ms 0.20 0.31 -
600 ms 0.21 0.32 -
800 ms 0.21 0.31 -
1000 ms 0.21 0.31 -
6 months 0 ms 0.51 0.37 -
200 ms 0.56 0.34 200 vs. 0 910 343 0.001 0.23%
400 ms 0.59 0.31 400 vs. 200 910 241 0.016 0.16
600 ms 0.60 0.28 600 vs. 400 910 0.77 0.440 0.04
800 ms 0.59 0.26 800 vs. 600 910 -0.22 0.826 0.01
1000 ms 0.59 0.24 1000 vs. 800 910 0.00 0.997 0.00

Descriptive statistics for AOI durations are reported for all ages. Follow-up comparisons were only conducted at 6 months for macaque infants
given that the one-way ANOVA showed significant Temporal effect at 6 months, but not at 2 weeks or 3 weeks of age. SD = standard deviation,

*p<a,

i (0.01)

These two potential interpretations of age-related
improvements in fixation-AOI mapping in infant eye track-
ing—that there are both qualities of the infants, as well as
limitations of the eye-tracking measurement system—are
not mutually exclusive, and regardless of which may play a
bigger role, both suggest that some methodological adjust-
ments, such as using larger and longer duration AOIs, may
be useful to increase data capture.

Effect of AOI duration and its developmental
changes

Prolonging the time window of the AOIs also improved fixa-
tion-AOI mapping for human and macaque infants, but it did
so differently across age and species. In humans, AOI dura-
tion prolongation increased the proportion of AOI hits when
it was extended up to 800 ms at 4 months and up to 400 ms at
6 months, while in macaques, prolongation of up to 200 ms
improved AOI hits only at 6 months, suggesting that, at par-
ticular ages, infants of both species tended to begin to fixate
on the disk locations only after the stimulus disappeared. Such
delays in attention shifting have been reported in very young
human infants, which decrease (i.e., delays grow smaller as
attention shifting grows faster) from 6 to 26 weeks (Butcher
et al., 2000). Our findings suggest that this delay might also
persist when the stimulus holding infants’ attention disappears.

We also noted age-related changes in these AOI prolonga-
tion effects in both human and macaque infants: For human
infants, the extended time window of the AOIs increased the
proportion of AOI hits when it remained for up to 800 ms
after the stimulus disappeared at the age of 4 months, but
narrowed to only be beneficial when extended to 400 ms
at 6 months, and appeared no longer to be beneficial with
any extension at 8 and 14 months; for macaque infants, the
AOI prolongation effect was effective up to 200 ms in the
6-month-olds but not the younger ages. Capture of noise/false
positives by extending the AOI durations should have led
to an increase in the proportion of AOI hits across all ages.
Rather, the systematic, age-related changes in the effect of
AOI prolongation are consistent with the interpretation that
we captured a greater number of valid fixations. This pattern
may also reflect a gradual improvement in infants’ ability to
more rapidly shift their attention over the first half year after
birth (Boothe et al., 1982; Butcher et al., 2000; Johnson et al.,
1991; McConnell & Bryson, 2005; Ross-Sheehy et al., 2015;
Wass et al., 2013). This delay in attention shifting among
young infants is noteworthy when we design eye-tracking
tasks that require high temporal accuracy.

However, we did not detect any increases in the proportion
of AOI hits with AOI prolongations in 2-month-old humans
and 2- to 3-week-old macaques, the youngest groups in the
current study. One possible reason for these null results may
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Fig. 12 Effect of AOI temporal prolongation in macaque infants
averaging across spatial enlargement at each age at 2 weeks (fop), 3
weeks (middle), and 6 months (bottom) of age. Boxplots: Lines within
the boxplots indicate the medians. The hinges of the boxplots show

be that the target disk was, in fact, displayed too briefly (i.e.,
only 2 s) which was insufficient time for very young infants
to orient to it, particularly given that the intervals between
the disk’s disappearance at one location and reappearance at
another location was also brief (i.e., only 1 s). Human infants’
speed to shift attention from one location to the other increases
from 2 to 6 months of age (McConnell & Bryson, 2005). For
example, one study reported that, even with a central stimulus
offset, 2-month-olds needed an average of about 2 s after a
peripheral stimulus onset to shift their gaze to it, compared to
6-month-olds who need an average of less than 1 s (McCo-
nnell & Bryson, 2005). Therefore, in the current study, the
youngest infants may not have had enough time to disengage
their attention and shift to another location in rapid succession
for all five locations. Consistent with this interpretation, out of
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the first (bottom) and third (top) quartiles. The whiskers extend up
to 1.5 X interquartile range (IQR; distance between top and bottom
hinges), above and below the hinges. The violin plots show the distri-
bution of the AOI hits. The black “X” indicates the means

the total fixations on the screen, we found that our AOIs, vary-
ing in sizes, only mapped an average of 9-23% of fixations on
AOQIs (out of total fixation on screen) in 2-month-old human
infants and only 1-11% in 2-week-old macaque infants. These
results suggest that future studies with infants this young may
better test AOI temporal prolongations by displaying the target
stimuli themselves for longer periods of time to ensure they
are fixated on before they disappear. One approach that may
ensure stimuli are presented in a way that is fair to different
age groups is by using a system-controlled or experimenter-
controlled procedure in which an infant must accumulate a
certain amount of looking to the screen or to a stimulus before
the trial ends (Slonecker et al., 2018).

Unfortunately, in the current study we were unable to
distinguish between temporal inaccuracy of the system itself
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and delays in infants’ latencies to fixate on target AOIs.
Nonetheless, the implications are the same: some adjust-
ments to the durations of AOIs may be beneficial for over-
coming both potential sources of error.

Limitations and future directions

To our knowledge, the current study is the first to systemati-
cally examine how, in young infants, enlarging AOI sizes
and extending AOI temporal windows impacts fixation-AOI
mapping. We found that prolonging the AOI duration after
the stimulus disappearance increased the proportion of AOI
hits for both human and macaque infants. This approach
may help capture “sticky” fixations, which are theorized
to reflect a delay in attention shifting at these early ages
(Butcher et al., 2000). However, future studies are needed
to further investigate whether this AOI prolongation effect
is associated with infants’ attention shifting ability, and how
we may better design age-appropriate eye-tracking measures
in line with infants’ attention disengagement skills.

In recent years, primates have been increasingly popular as
a model for studying human development using eye-tracking
technology, which highlights the need to carefully examine
eye-tracking methodology in primate infants at various ages
(Nakamura et al., 2021; Ryan et al., 2020). We provided pre-
liminary findings on rhesus macaque infants on how calibra-
tion quality and manipulating the sizes and durations of AOIs
might improve the Tobii TX300’s ability to capture valid fixa-
tions. However, the current study was not designed to directly
compare eye-tracking performance of infants of both species,
thereby lacking a sample of macaque infants that were chrono-
logically age-equivalent, and/or developmentally equivalent
in their visual attention systems, to the human infants. Eye-
tracking studies on primate infants are uncommon and largely
limited to only a few species, much like primate cognition
research more generally (Altschul et al., 2019; Nelson et al., in
press). Primate infant studies can therefore benefit from pool-
ing resources, sharing protocols, and having well-recognized
guidelines, which require systematic examinations of the eye-
tracking methods and decisions on primate infants.

Another common practice that requires further systematic
examination is the use of a same-aged peer’s calibration when
a given infant cannot be calibrated successfully. Calibrating
young infants can be difficult, as human and primate infants
cannot be instructed to look at a stimulus and remain still dur-
ing testing. Researchers commonly exclude infants who can-
not be calibrated reliably from studies (e.g., Gredebick et al.,
2009; Maylott et al., 2020). This exclusion may result in a
high amount of data loss and potentially non-random infant
dropout, jeopardizing study generalizability (Klein-Radukic
& Zmyj, 2015; Segal et al., 2021). Subject dropout in primate
studies is particularly troubling, given the small sample sizes
to begin with (Farrar et al., 2021; Schubiger et al., 2019). In

addition, even though calibration procedures can be repeated
until an acceptable calibration is obtained, a previous study in
9- to 10-month-olds found that repeating calibrations multi-
ple times was associated with poorer eye-tracking data accu-
racy (Hessels et al., 2015). Therefore, researchers sometimes
adopt another age-matched infant’s calibration profile when
a personalized calibration cannot be completed, to maximize
the ability to include as many infants as possible (Maylott
et al., 2021; Ryan et al., 2020). Although it is ideal to use the
infants’ own calibration profile, here, we found no evidence in
our human infant data that fixation-AOI mapping was poorer
when we used another age-matched infant’s calibration pro-
file for those infants who failed in calibration compared to
infants who used their own calibration profile. However, we
had only a small sample of human infants (11 sessions at 2
months out of 79 sessions total; 2 sessions at 4 months out
of 88 sessions total) who used others’ calibration profiles, so
replications with larger samples and extensions to other spe-
cies are needed. Further, we did not experimentally manipulate
whether an infant used their own or another infant’s calibra-
tion; this method should be studied more systematically (rather
than just opportunistically) in future work to better understand
the advantages and limitations of this approach. While hav-
ing fewer infants excluded is ideal, and some approaches may
increase usability, it will be useful to better understand how
including these infants may impact eye-tracking data quality
and fixation-AOI mapping. Another direction that could be
explored in future work is to compare operator-controlled (i.e.,
experimenter-controlled) to system-controlled (i.e., automated)
calibration in infants, to determine if one is advantageous over
the other in specific populations (Hessels et al., 2015).

While we successfully calibrated all infant macaques in
the current study, this success may not reflect the ease with
which macaque infants can be calibrated relative to human
infants. Instead, quite the contrary: this success was pos-
sible mainly because infant macaques were available for
repeated attempts at calibration throughout the day across
multiple days, unlike human infants whose calibration had
to be achieved during a more limited one-time visit to the
laboratory at each age. For some infant macaques, repeated
attempts were needed across multiple test sessions to obtain
a usable calibration. As with human infants, future studies
with macaque infants are needed to systematically explore
and report the number of calibration attempts and the conse-
quences on data quality when using another infant’s calibra-
tion profile. Meanwhile we encourage infant researchers to
be transparent in reporting these practices.

Here, we focused on a popular eye tracker model (i.e.,
Tobii TX300) and a widely used, noise-robust fixation clas-
sifying algorithm (i.e., I-VT filter). However, many factors
may influence the quality of the raw gaze samples, including
variation in eye tracker models, the age groups and species
studied, and the eye-tracking setup (e.g., room luminance).

@ Springer
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Different types of fixation filters and the associated decisions
about which parameters to use for these filters (e.g., maxi-
mum gap length, smoothing and filtering windows, velocity
cutoffs) may also influence the ability to extract reliable and
valid fixation candidates from the raw gaze signal (Hooge
et al., 2022). Therefore, it is critical for future studies to sys-
tematically compare across various eye trackers and fixation
filtering algorithms and parameters to examine the extent to
which the current findings can be generalized, and to find the
best possible procedures to maximize fixation-AOI mapping.

In conclusion, our findings suggest adjustments to infant
eye-tracking data collection and processing methods may help
researchers collect more data from human and primate infants.
When used in conjunction with other recommended prac-
tices—such as applying new algorithms for detecting fixations
from raw gaze signals (Wass et al., 2013), optimizing the test-
ing environments and infant states for eye tracking (Hessels
& Hooge, 2019), and using infant-friendly calibration proce-
dures (Gredebick et al., 2009)—the approaches recommended
here may improve fixation-AOI mapping. Determining how
data can be used optimally, even if produced by less-than-
ideal populations, will strengthen eye-tracking paradigms, as
well as uncover points of commonality and difference between
humans and animals at different ages, facilitating compara-
tive and developmental science. Ultimately, establishing these
evidence-based approaches will produce more robust data,
replicable findings, and reliable interpretations, shedding light
on the ontogenetic and phylogenetic emergence of perceptual,
cognitive, social, and emotional development.
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