Developmental Cognitive Neuroscience 64 (2023) 101299

ELSEVIER

Developmental Cognitive Neuroscience

Contents lists available at ScienceDirect B e

- . X ’}* & @
journal homepage: www.elsevier.com/locate/dcn @@ - -

Infant embodied attention in context: Feasibility of home-based
head-mounted eye tracking in early infancy

Jessica Bradshaw ", Xiaoxue Fu™", Julia Yurkovic-Harding ", Drew Abney ©

2 University of South Carolina, 1800 Gervais St., Columbia, SC 29201, USA
® Carolina Autism and Neurodevelopment Research Center, University of South Carolina, USA
¢ University of Georgia, 125 Baldwin St., Athens, GA 30602, USA

ARTICLE INFO

Keywords:

Eye tracking
Infancy
Attention
Autism

Social attention

ABSTRACT

Social communication emerges from dynamic, embodied social interactions during which infants coordinate
attention to caregivers and objects. Yet many studies of infant attention are constrained to a laboratory setting,
neglecting how attention is nested within social contexts where caregivers dynamically scaffold infant behavior
in real time. This study evaluates the feasibility and acceptability of the novel use of head-mounted eye tracking
(HMET) in the home with N = 40 infants aged 4 and 8 months who are typically developing and at an elevated
genetic liability for autism spectrum disorder (ASD). Results suggest that HMET with young infants with limited
independent motor abilities and at an elevated likelihood for atypical development is highly feasible and deemed
acceptable by caregivers. Feasibility and acceptability did not differ by age or ASD likelihood. Data quality was
also acceptable, albeit with younger infants showing slightly lower accuracy, allowing for preliminary analysis of
developmental trends in infant gaze behavior. This study provides new evidence for the feasibility of using in-
home HMET with young infants during a critical developmental period when more complex interactions with
the environment and social partners are emerging. Future research can apply this technology to illuminate

atypical developmental trajectories of embodied social attention in infancy.

1. Introduction

Infant-caregiver interactions are critical for the development of in-
fant communication and language skills. The form and structure of these
interactions shift across early development as infants gain new motor
and cognitive abilities. In the first few months of life, infant-caregiver
interactions are predominantly dyadic and face-to-face. In the latter
half of the first year, as infants’ play and motor skills develop, these
interactions become triadic, involving the infant, objects, and care-
givers. Coordinated infant and caregiver attention, or joint engagement,
during triadic interactions has been established as an important context
for language learning (Bakeman and Adamson, 1984; Carpenter et al.,
1998; Carpenter and Tomasello, 2000). Differences in how infants
allocate attention to caregivers and objects during these early dyadic
and triadic interactions could have a profound impact on the acquisition
of communication skills, especially for infants already at an elevated
likelihood for social and language impairments (Adamson et al., 2019;
Mundy et al., 2009; Mundy and Burnette, 2005).

Traditionally, studies of infant attention during dyadic or triadic

interactions use granular behavioral coding of infant gaze from third-
person perspective video. This “naturalistic” social context (i.e., live
interactions with people and objects) is ideal for capturing gaze behavior
as infants move through and interact with the environment, but the
temporal and spatial resolution of gaze coding is limited by the number
of cameras and available camera angles. On the other hand, studies of
infant attention using screen-based eye tracking can capture gaze
behavior with good spatial and temporal resolution, but this method
neglects a key component of infant cognition: the infant’s dynamic,
embodied interaction with people and objects. Dynamic, embodied in-
teractions refer to infants’ active and constantly changing bodily
engagement with the surrounding environment, which includes their
physical interactions with caregivers and objects. It reflects infants’
active participation as they explore, engage, and respond to their envi-
ronment. Given that attention is nested within this embodied sensory-
motor system that continuously drives and modifies infant attention
(Adolph and Hoch, 2019), research methods and technology that can
flexibly capture gaze behavior during dynamic, unrestricted, in-
teractions with good spatial and temporal resolution is needed. Studies
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that leverage wearable technology to study infant attention in this way
highlight the importance of this approach in generating new knowledge
about infant social interactions (Adolph and Hoch, 2019; Franchak and
Yu, 2022; Smith et al., 2015).

The application of head-mounted eye tracking (HMET) to the study
of infant-caregiver interactions has offered insight into how caregiver
gaze and action guide infant gaze and action. Franchak et al. (2018)
showed that infants’ social looking was constrained by their own posture
and that of their social partner. Abney et al. (2020) documented the
composition of gaze components that make up coordinated attention
during triadic interactions, and how caregivers’ behaviors are organized
around these coordinated attention bouts. Hoch et al. (2020) demon-
strated that infants’ gaze patterns were drawn to objects within arms’
reach for both crawlers and walkers. A longitudinal approach to
studying infant embodied attention in early infancy can shed light on
developmental trends in gaze patterns and the implications therein for
the development of social and language skills. For example, egocentric
cameras on very young infants have revealed developmental differences
in the frequency and duration of faces within the infants’ visual field
(Fausey et al., 2016; Jayaraman and Smith, 2019). Fausey et al. (2016)
observed that throughout the first two years, the proportion of faces in
their visual field decreased, while the proportion of hands in their visual
field increased. Jayaraman and Smith (2019) further observed that
young infants have higher proportion of faces in their visual field and
these faces were also more temporally persistent compared to faces in
the visual field of older infants. Egocentric cameras demonstrate the
availability of visual information in the infant’s field of view, whereas
wearable eye trackers can estimate gaze direction and location
time-locked to environmental events. This visual input serves as critical
data for infant learning, which varies depending on the infant’s context,
including location, body posture, behavior, and the presence of objects
and people in their environment. As infants develop and acquire new
skills, their visual input changes, reflecting their evolving interactions
with the world. Quantifying early gaze patterns within the infant’s
familiar context (i.e., their home environment with a caregiver) may be
particularly valuable, as this is the everyday context from which infants
create statistical data for learning (Smith et al., 2018).

Despite significant advances in HMET for infants, toddlers, and
children (Franchak and Yu, 2022; Pérez-Edgar et al., 2020; Slone et al.,
2018), there are two significant limitations to research conducted thus
far. First, HMET studies to date have been limited to infants who have
developed independent head control, typically those older than 5-6
months of age. This is largely because the accuracy of HMET depends on
successful headset and camera placement followed by an adequate
tracking procedure to be used for online or offline calibration, and
subsequent headset and camera stability (Hessels et al., 2022; Niehorster
et al., 2020). This process represents a major technical challenge for
younger infants still relying on external head support and who spend the
majority of their time in supine or supported/reclined positions. Second,
HMET systems are time- and labor-intensive to prepare and apply, and
thus have been largely limited to laboratory-based studies. However,
lab-based HMET studies of infant gaze may provide an inaccurate, or
simply different, illustration of how infants interact with and learn from
their familiar, daily, home environment. In contrast to the
highly-controlled laboratory setting, the home affords a specific, highly
familiar context in which infants spend a large proportion of their
waking hours and experience consistent, repeated learning opportu-
nities. Removing infant-caregiver dyads from their home is removing a
critical context from which they develop attention, play, and commu-
nication skills (Franchak, 2020; Smith et al., 2018).

Despite these challenges, HMET technology could be of great value
for mapping developmental pathways that lead to atypical social and
communication development. Only recently has this approach been
applied to the study of atypical development (Yurkovic et al., 2021).
Autism spectrum disorder (ASD) represents an ideal application of this
approach, as significant evidence points to both motor and attentional
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abnormalities in young infants at an elevated genetic likelihood of ASD
(Bradshaw et al., 2020, 2022, 2023; Leezenbaum and Iverson, 2019;
Macari et al., 2020). Screen-based eye-tracking studies largely suggest
that infants and toddlers with ASD show decreased social attention,
characterized by reduced looking to complex social scenes (Bradshaw
et al., 2019; Chawarska et al., 2013; Pierce et al., 2016; Shic et al., 2014,
2020; von Hofsten et al., 2009). However recent findings using HMET
during live social interactions present a contrasting picture wherein
toddlers with and without ASD show comparable social attention,
characterized by similar rates of looking to faces (Yurkovic-Harding
et al., 2022). These results highlight the importance of context-specific
influences on gaze behavior. Specifically, gaze during live interactions
may be influenced by infant movement, object exploration, caregiver
movement, and caregiver scaffolding. Child-caregiver interactions are
rich with the active co-construction of interaction goals and activities,
often with the caregivers scaffolding the interaction by introducing new
toys or modifying activities (Sameroff, 2009). HMET studies have
documented how child attention is altered by caregiver input as care-
givers dynamically scaffold child behavior in real time. For example, one
HMET study of infant-caregiver toy play showed that caregiver scaf-
folding behavior, such as looking to, talking about, and touching a toy,
significantly increased the likelihood and duration of infant sustained
attention to that object (Suarez-Rivera et al., 2019). Thus, HMET can
reveal context-specific effects that shape social attention in young
children with and without ASD.

The application of HMET technology to the familiar home setting,
with infants younger than six months, and with infants at elevated
likelihood for atypical development or ASD therefore could significantly
advance our understanding of social attention within nested contexts
and over developmental time. However, HMET has yet to be applied in
these settings and the feasibility of doing so has not been assessed. One
particular concern for collecting HMET data in less constrained envi-
ronments is HMET data quality (Valtakari et al., 2021). A number of
factors, including changes in the distance between the infants and areas
of interest (AOI), changes in ambient lighting, changes in infants’
posture, and headset slippage, can disrupt the detection of pupil location
and corneal reflection. This disruption can introduce errors and
compromise data quality (Franchak and Yu, 2022; Niehorster et al.,
2020). For young infants with limited cognitive and motor abilities or
control, these data quality issues can be exacerbated. This is evidently
the case for screen-based eye-tracking studies in which data quality can
be affected by experimental factors like infant positioning (Hessels et al.,
2015) and demographic factors like infant age, with younger infants
demonstrating lower data quality compared to older infants (Hessels and
Hooge, 2019; Wass et al., 2014). Given the limitations listed above for
approaching this research in non-standardized settings (e.g., the home),
with younger infants, and with infants at elevated likelihood for neu-
rodevelopmental disorders, the primary aim of this study is to evaluate
the feasibility, acceptability, and data quality of in-home HMET during
caregiver interactions with 4- and 8-month-old infants who are at low
and elevated likelihood for ASD. In order to establish feasibility and
acceptability of this technology in this specific context with this popu-
lation, we report on data collection procedures, infant and caregiver
acceptability of procedures, longitudinal participant retention,
eye-tracking data quality, and exploratory analyses of looking behavior.

2. Materials and methods
2.1. Participants

Participants included N = 40 infant-caregiver dyads with infants (N
= 18 female) who were either at elevated genetic likelihood for ASD (EL;
N = 25) or who had no family history of ASD (low likelihood, LL; N =
15). We did not exclude caregivers based on sex or gender, but all
caregivers were mothers. Our participant sample was representative of
local racial/ethnic demographics and included 35 % African American/
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Black (n = 14), 7.5 % Asian (n = 3), 5 % Hispanic/Latino (n = 2), 50 %
White (n = 20), and 2.5 % who did not report race/ethnicity (n = 1). The
highest maternal education for dyads were as follows: 10 % high school/
GED (n = 4), 40 % some college (n = 16), 27.5 % Bachelor’s or Master’s
degree (n=11), 7.5 % professional degree (MD, PhD, etc.; n = 3), and 15
% who did not report (n = 6). In addition, 50 % of families resided in
non-urban areas (RUCA Code > 1; Hart et al., 2005).

Study visits occurred in the home at age 4 and 8 months. Eligibility
criteria for all participants included full-term birth (>37 weeks gesta-
tion), no congenital vision or hearing abnormalities, and no known ge-
netic syndromes (e.g., Down syndrome and Fragile-X syndrome).
Siblings of EL infants were required to have a documented diagnosis of
ASD by a licensed medical provider, confirmed through record review
by a licensed psychologist, and completion of autism screeners. Siblings
of children with ASD exhibit greater variability in their social-
communication development compared to the typical population
(Messinger et al., 2013; Ozonoff et al., 2011). For this feasibility study,
all participants were analyzed together. All procedures were approved
by the University Institutional Review Board and families completed
informed consent prior to any procedures.

2.2. Procedures

2.2.1. Experimental procedures

Procedures for each study visit included equipment setup, infant
headset placement, object tracking procedure for offline calibration, and
a 10-minute video-recorded infant-parent interaction. The 4-month visit
also included a two-minute free play period before study procedures
began so that experimenters could observe how infants and parents
typically interact at home to inform decisions about the best location to
complete the infant-parent interaction. At four months, infants were
placed in an infant seat that was available in the home and that provided
support in a reclined position. Parents were instructed to engage in face-
to-face play (e.g., peek-a-boo, songs, tickling) for 3 min followed by toy
play with a standard toy set for 5 min. At 8 months, infants and parents
were seated on the floor facing each other with a standard set of toys
between them. For infants who were not yet sitting independently,
parents were told to place their infant in whichever position they feel
most comfortable and is most representative of their usual play (e.g.,
supported sitting with a pillow, prone on stomach, etc.). Parents were
instructed to play as they normally would for 10 min, and that they and
infants could move about the room as they wish. A second object
tracking procedure was administered if needed (i.e., if headset slippage
or camera movement was observed) at the 3-minute mark for 4-month-
olds and 5-minute mark for 8-month-olds. If the infant fussed out or fell
asleep, a second experimental session was scheduled. Following eye-
tracking data collection, experimenters completed a data quality form
that contained questions about data collection (e.g., specific headset
used, number of interaction sessions completed, infant position), data
completion and reasons for incomplete data (e.g., fussiness, fell asleep),
challenges to data collection (e.g., slippage, infant interference), and
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details about the child’s mood and activity level during the session.
Additionally, parents completed a form about acceptability and their
perception of how infant behavior was affected by the experimental
procedures.

2.2.2. Headset placement and object track procedure

Eye trackers consisted of two tethered systems (Positive Science,
LLC) equipped with two cameras attached to a cap or headband that
recorded eye and scene images. For 4-month-olds, a series of caps were
custom-designed in-house to adequately fit a variety of infant head sizes,
head shapes, and hair textures, and to remain stationary (i.e., centered
on forehead without slippage) for infants without independent head
control. For 8-month-olds, the standard infant Positive Science cap was
used. See Fig. 1 for experimental setup and headsets. All interactions
were recorded with three cameras: the mounted eye camera, the
mounted scene camera, and a third-person perspective room camera
placed on a tripod and adjusted occasionally to capture the full inter-
action. The infant’s eye camera was always positioned to record data
from the infant’s right eye and the scene camera was centered between
the eyes and positioned as low as possible on the forehead to best
approximate the infant’s view (Slone et al., 2018). Data were collected
at a consistent frame rate of 29.98 Hz for the external room camera. Eye
and scene images were captured via the manufacturer computer and
software, resulting in a slightly variable frame rate due to CPU timing,
averaging at 29.2 Hz (SD=0.09 Hz). Frame rate variability is not
dependent on video content and does not differ as a function of infant
behavior.

After headset placement, experimenters adjusted eye-tracking cam-
eras and explained to parents the importance of keeping cameras in
place during the interaction so they could help prevent camera move-
ment. Next, an “object track procedure” was administered to be used for
later offline calibration completed in Positive Science Yarbus software
(described below). For this procedure, infants were placed in the sup-
ported reclined position (4 months) or parent’s lap (8 months) and the
experimenter presented a number of eye-catching toys of equal size
(~1.75 in) from a distance of about 4 ft from the infant to achieve a
visual angle of approximately 2°. Specifically, infants’ gaze was attrac-
ted to nine general areas within their field of gaze split by vertical
(upper, middle, and lower field of vision) and horizontal (left, center,
and right) coordinates. Similar to other studies of this kind (e.g., Slone
et al., 2018), this procedure was intended to elicit large angular dis-
placements of the eye, but infants were free to move their eyes and/or
heads as needed to attend to the toys. Strategies such as varying the toy
velocity during the track procedure were used to elicit isolated eye
displacement in the absence of head movement. Looks to each of the
nine general areas were elicited at least three times, resulting in
approximately 27 locations. This procedure was done to ensure that the
resulting calibration accounted for the possible extremes of infant gaze.

Fig. 1. Experimental Setup: (a) 4-month study visit with infant wearing custom headband in their own infant seat that provided support in a reclined position (left);
(b) 8-month study visit with infant wearing standard Positive Science cap and placed on the floor with freedom to move about the room (right).
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2.3. Data processing and quality analysis

Eye-tracking data quality was inspected by quantifying accuracy,
precision, data loss, frequency and distribution of caregiver faces in the
scene, infant gaze distribution, and infant gaze location (Hessels and
Hooge, 2019; Holmgqvist et al., 2022; Wass et al., 2014).

Accuracy was measured as the difference (in degrees of visual angle)
between the point of gaze indicated by the eye tracker and the target
location from the calibration track procedure (Holmqvist et al., 2022).
Inaccuracy was computed using processed recordings from the object
track procedure based on the method described in Franchak and Yu
(2022). Precision was calculated as the median root mean square
sample-to-sample deviation, reported in degrees, during the object track
procedure when infants were fixating on a static target and infant
movement was minimal (Hessels et al., 2022). Data loss was defined as
the percent of the interaction that gaze location could not be determined
from the calibrated gaze replay (i.e., bullseye was not visible; see cali-
bration procedure described below). Possible reasons for data loss
include transient occlusion of the eye or looks outside of the scene
camera field of view.

The frequency and distribution (i.e., size and centeredness) of care-
giver faces visible in the infant scene camera were examined using an
open-source artificial intelligence (AI) face detector (RetinaFace; Deng
et al., 2020). A Hidden Markov Model was used to smooth the resulting
output, correcting moments where RetinaFace either missed a face (false
negative) or found a non-face (false positive). To test reliability of Ret-
inaFace, a human coder coded the number of faces present in a subset of
video frames. Human and Al face detection agreed on the presence of
faces 92 % (+/- 10 %) of the time, suggesting that the Al detector is
reliably detecting faces. Frequency was defined as the percent of video
frames that contained a face from the total number of frames for the play
session. Size of the face was defined as the proportion of the scene that
contained a face, such that larger values indicate larger faces from the
infant’s perspective. This was calculated by dividing the area of the
detected face by the area of the entire scene view (i.e., video from the
infant’s head-mounted scene camera). Centeredness was calculated by
computing the Euclidean distance of the center point of each face to the
center of the scene view, such that smaller values indicate the face is
more centered in the scene camera.

Infant gaze distribution and location were determined after an off-
line calibration procedure was completed to indicate the point of infant
gaze in the scene (Yarbus software; Positive Science, LLC). The manu-
facturer software allows for calibration using pupil and corneal reflec-
tion detection, as well as pupil-only detection. In this study, similar to
previous studies and existing guidelines of applying head-mounted eye
tracking using similar headgear in young infant populations (e.g., Slone
et al., 2018; Yurkovic et al., 2021), pupil-only calibration was used due
to persistent challenges with detecting the corneal reflection reliably
and consistently. The offline calibration procedure begins with a trained
research assistant marking the calibration target locations on the scene
image recording when the infant’s point of gaze was clearly identifiable.
The software applies an algorithm to map the pupil locations with the
estimated gaze locations in the scene camera coordinate space. The
manual identification of points of gaze and automated mapping pro-
cedure is then run iteratively to establish satisfactory calibration (Slone
et al., 2018). A satisfactory calibration uses only points where the pupil
is accurately detected within the eye camera, where the infant is looking
within the bounds of the scene recording, and the linear fit between
pupil position and gaze on the screen is greater than 97 % on both the x-
and y-dimension. Following offline calibration, a “gaze replay” is
created, consisting of the scene image recording with a crosshair and
bullseye indicating the infant’s gaze.

Gaze distribution was examined using heatmaps built from the gaze
replay. A 3-D histogram was created that represented the x-axis location
of gaze, the y-axis location of gaze, and the number of gaze moments
that fell within that pixel on the z-axis. Each gaze point was represented
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by a bivariate gaussian kernel, such that the actual recorded x-y coor-
dinate of gaze had a value of 1 and coordinates around the gaze had
slightly decreasing values. The kernel allowed for slight error in the
model of gaze during the interaction and for visual acuity (i.e., we see
more than just the exact point that we are fixating on). Gaze distribution
was defined as how far each of the infant’s gaze points were from the
center of all gaze points. Gaze centeredness was defined as how far each
gaze point was from the center of the first-person scene view. Both an-
alyses were represented as root mean squared error of distances.

Gaze location was examined based on established coding methods of
HMET data (e.g., Franchak et al., 2011, 2018). First the gaze replay, eye
image recording, and room camera recording were synchronized into a
single composite video using Adobe Premiere Pro (see Fig. 2).
Frame-by-frame synchronization of the eye and scene recordings occurs
through  PSLiveCapture software (Positive Science, LLC).
Frame-by-frame synchronization among the gaze replay, eye, and room
recordings was achieved by selecting several moments throughout the
video that contained an identifiable action (e.g., infant touches an ob-
ject) that was clearly visible in all three video streams. If needed, the
room camera recording was down-sampled to match the rate of the gaze
replay and eye camera recording so that the videos remained synchro-
nized over time. The composite video was exported at a resolution of
1920 x 1080 pixels at 30 fps for frame-by-frame behavioral coding
using Datavyu software (Datavyu Team, 2014). Coders inspected the
composite video frame-by-frame to denote the onset and offset time of
each valid fixation on one of three AOIs: parent face, parent body, and
toys. A valid AOI gaze was defined as > 3 consecutive frames (=99 ms)
of stable gaze on the same AOI Frames were coded as invalid if a) the
gaze point was on an AOI for shorter than 3 consecutive frames, b) no
gaze point (i.e., cross hair) was detected, or c) the gaze point was off the
field of view. Coders established an average inter-rater agreement of 97
% (k = 0.96). Gaze duration to each AOI was summed and divided by
the total duration of valid looking for each play session to derive a
proportion of looking to each AOL

2.4. Statistical analysis

Paired-sample t-tests were conducted to compare eye tracking data
quality metrics between age groups. Linear mixed effects models were
used to detect age-related differences for all analyses. Every session from
every participant was included in the models. Models treated age (4mo
or 8mo) as a fixed effect and included a random intercept for each
participant. Statistical significance was set at an alpha of 0.05.

3. Results
3.1. Feasibility and acceptability of data collection procedures

Feasibility and acceptability of data collection procedures were
evaluated using rates and proportions of infants who tolerated the
headset and contributed usable data, experimenter ratings of the
occurrence and impact of headset slippage, parent reports of whether
the interaction was typical or atypical, and participant retention rates
from the 4-month visit to the 8-month visit. The flow of participants
through the longitudinal study procedure is shown in Fig. 3. A total of 49
families were contacted to participate in the study, of which 40 (81.6 %)
consented to participate. Of the 40 participants who consented, n = 6
were older than 4 months and so only completed an 8-month visit. At
both the 4-month and the 8-month visits, 100 % of infants tolerated the
placement of the headset, defined by successful cap placement and
completion of the object track procedure. Partial or complete data was
collected for all infants who attempted a 4-month visit (N = 34, 100 %).
Complete data, defined as completion of the object track procedure and
recorded, likely usable data for at least part of each play session, was
collected for 24 of the 34 infants (70.59 %). Partial data collection,
defined as completion of the object track procedure and recorded data
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Fig. 2. An example frame of the composite video used for gaze coding. The present paper focuses on the infant gaze data.

Group

=30)

(n

ASD Sibling

TD Sibling
(n=19)
Not Enrolled
(n=9)

4mo Visit 8mo Visit

(V]

-~

25

Q

gl -

5¢ 0~

o~ a®
EII
oL
o

— N

=]

5 .

n.v wflnl‘
IR

T —~ P

3&0

=~ m‘]?
2]
£

Fig. 3. A flow diagram shows each participant’s movement through our study protocol. A total of 49 families were contacted for participation in the study because
the infant had an older sibling that either had an ASD diagnosis (n = 25) or was TD (n = 19). Of these families, 40 enrolled in the study (ASD Sibling: n = 25, TD
Sibling: n = 15). The remaining 9 families either declined participation or did not respond to our attempted contact. At the 4-month visit, we were able to place the
eye tracking equipment and collect data from all 34 enrolled families (ASD Sibling n = 15, TD Sibling n = 14), with 24 of those visits having complete data and 10
having partial data. The remaining 6 families either enrolled after the infant was 4mo or we were unable to schedule a visit within the necessary timeframe. At the 8-
month visit, we collected complete data from all n = 32 of the enrolled families. An additional n = 5 were not yet 8 months, and we were unable to schedule n = 3

visits within the necessary timeframe.

for part of at least one play session, was collected for the remaining 10
infants (29.41 %). Reasons for partial data collection included: fussing
out (n = 3), falling asleep (n = 2), parent/sibling interference (n = 4),
or equipment malfunction (n = 1). Of the N = 40 participants, n = 32
attempted an 8-month study visit, n = 5 infants had not yet turned 8
months, and n = 3 infants were lost to attrition. Of the infants who
attempted an 8-month visit (N = 32), 100 % contributed complete data.

During each play session experimenters noted the occurrence and
impact of headset slippage on the eye image. Significant slippage usually
required a camera adjustment and/or repeated object track procedure,
while moderate slippage occasionally warranted a repeated object track

procedure, based on the experimenters’ judgement. For the 4-month
visit, slippage was noted to affect the eye image on at least one occa-
sion in 17.6 % of sessions (significant slippage: 0 %, moderate slippage:
17.6 %). For the 8-month visit, slippage affected the eye image in 18.6 %
of sessions (significant slippage: 6.45 %; moderate slippage: 12.9 %).
Overall slippage was not significantly different by age (x> = 0.43,
p=.51).

Across all visits, the majority of parents reported that their infants
displayed overall typical behavior during the interaction (71.1 %),
including typical interest in toys and parent. For those that reported
atypical behavior, a minority of them (25 %) attributed this to the
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equipment/headset. Participant retention from the 4- to 8-month visit
was high at 91.2 %.

3.2. Eye-tracking data quality

3.2.1. Accuracy, precision, and data loss

HMET inaccuracy was calculated as the average difference between
the point of gaze indicated by the eye tracker and the target location
from the object track procedure (Holmqvist et al., 2022). Results show
an average inaccuracy between 2 and 3 degrees and suggest that accu-
racy increases with age (4mo: M=3.11°, SD=0.62; 8mo: M=2.53°,
SD=0.44; t = 3.29, p < .01; see Supplementary Figure 1). In this study,
gaze location was depicted with a bullseye with three rings (see Fig. 2).
The middle ring was sized at a radius of 18 pixels, which allows for an
inaccuracy of 2.49°, while the outer ring is sized at a radius of 28 pixels,
allowing for an inaccuracy of 3.87°. Precision was calculated as the
median root mean square sample-to-sample deviation for each partici-
pant at 4 months (M=0.25°, SD= 0.13°) and 8 months (M = 0.37°, SD =
0.21°), with 8-month-olds showing significantly higher precision
(t =3.05, p < .01; see Supplementary Figure 2).

In regard to data loss, our data showed < 10 % invalid data from the
calibrated gaze replay over the total experiment across all ages (4mo and
8mo; see Table 1 and Supplementary Figure 3) and participant groups
(EL and LL), with no main effect of age or group, suggesting satisfactory
robustness (Holmqvist et al., 2012). We also tested for possible age- and
group-specific differences in data loss for younger vs. older infants and
for EL vs LL infants. There were no statistically significant differences in
the proportion of invalid looking for data collected at 4mo vs. 8 mo
(t=—0.06, p = .95) or for EL vs. LL infants (t = —1.07, p = .30).

3.2.2. Frequency and distribution of faces in the scene

The proportion, size, and centeredness of faces detected in the infant
head-mounted scene camera during the interactions differed signifi-
cantly across age groups (see Fig. 4). Compared to 8-month-olds, 4-
month-olds had access to significantly more faces (4mo: 76.47%
(SD=28.4); 8mo: 17.41% (SD=17.9); F(1,65)= 115.31, p < 0.01) that
were bigger (4mo: 5.44% (SD=2.8); 8mo: 3.78% (SD=3.1); F(1,63)=
4.84, p = 0.03) and more centered (4mo: 38.78% (SD=6.3); 8mo: 45.9%
(SD=451.9); F(1,63)=15.40, p < 0.01). Within the 4-month-old in-
teractions, the introduction of toys in the play session reduced the size
(Face-to-Face: M=7.15 %, SD=3.32 %; Toy Play: M=4.02 %, SD=1.10
%; F(1,32)=12.93, p < 0.01) and centeredness (Face-to-Face: M=34.44
%, SD=6.03 %; Toy Play: M=42.33 %, SD=3.69 %; F(1,32)= 20.15,
p < 0.01) of faces.

3.2.3. Gaze distribution

Gaze distribution heatmaps visualize each infant’s gaze location
within their first-person scene views during the interaction (see Fig. 5).
Analyses of these gaze distributions show that gaze was mostly centered
in the scene camera image, with gaze of older, 8-month-old infants
trending more centered (4mo: M=0.36, SD=0.07; 8mo: M=0.32,
SD=0.07; t(36) = 1.85, p = 0.07) and being significantly less distributed
(4mo: M=0.22, SD=0.02; 8mo: M=0.14, SD=0.05; t(36)= 2.55
p < 0.02) than that of younger, 4-month-old infants.

Table 1
Descriptive Statistics of Proportion of AOI Looking Duration.
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Fig. 4. Faces were automatically detected from the infant’s first-person
perspective. (A-C) Each dot represents one participant’s session (i.e., one dot
for 4mo supported dyadic play and one for 4mo supported triadic play). Group
means are represented by the solid lines, and standard errors are represented by
the dotted lines. (A) We calculated the percentage of all frames where at least
one face was detected. Faces were more available to 4mo infants than to 8mo
infants. (B) We calculated the area of each face relative to the entire recorded
scene view. Each dot is the median area of faces. Faces are bigger in the views of
4mo infants than 8mo infants. (C) We calculated the distance of each face to the
center of the recorded scene view. Each dot is the median distance of faces to
center. Faces are more centered in the views of 4mo infants than 8mo infants.

3.2.4. Gaze location

Gaze location was examined in terms of the proportion of time spent
looking to each of the three AOIs (parent face, parent body, and toys).
Descriptive statistics are presented in Table 1 and Fig. 6. Overall, 4-
month-olds spent a greater proportion of time looking to the parent’s
face and body, and less time looking at the toys (see Fig. 6). When
considering face-to-face and toy play at 4 months, face looking
decreased when toys were introduced to the interaction (B=—12.57,
t=5.24, p <.001) and decreased even further during toy play at 8
months (B=-7.42, t = —2.95, p < .01) (see Table 1). Looking to the
parent’s body followed a similar pattern, decreasing when toys were
introduced to the interaction at 4 months (B=—8.07, t = 4.46, p < .001)
and decreasing further during toy play at 8 months (B=-7.76,
t = —4.24, p < .001). Lastly, the proportion of time looking to the toys
increased from 4 to 8 months (B=6.32, t = 2.75, p < .05).

4. Discussion

The primary aim of this study was to evaluate the feasibility of col-
lecting, processing, and analyzing HMET data to capture embodied
attention of young infants during social interactions with a caregiver
within their familiar home context. In particular, we examined the use of
HMET with infants as young as 4 months of age whose lack of inde-
pendent head control pose specific challenges to collecting good-quality
HMET data. We also include a sample of infants at elevated likelihood

% Total AOI Looking Duration Over Total Valid Looking Duration

% Invalid Over Coded Duration

Toy Face Body Self Background Invalid
4 months 16.00(16.68) 21.25(11.47) 0.83(1.09) 40.84(21.30)
F2F 4 months 25.08(19.33) 25.53(11.56) 1.27(1.39) 48.73(23.51) 6.63(5.45)
TP 4 months 41.88(17.72) 7.37(6.44) 17.19(10.04) 0.45(0.56) 33.34(16.20) 5.31(5.80)
TP 8 months 54.92(11.66) 5.10(7.70) 9.68(8.05) 2.65(2.81) 28.52(12.01) 6.44(8.28)

Note: Values reported as M(SD); F2F = face-to-face play; TP=toy play; AOI=area of interest.
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Fig. 5. Heatmaps represent the x-y coordinates of infant gaze for example play sessions. Each gaze point is modeled by a kernel density surrounding the actual x- and
y-coordinates of gaze. Red areas represent areas of high gaze frequency, while blue areas represent areas of low gaze frequency.
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Fig. 6. Percentage of total looking at the areas of interest (AOIs) over the total
valid looking duration by AOI type and age. Each dot represents one partici-
pant’s session. Group means are represented by the solid lines, and standard
errors are represented by the dotted lines. Parent face and parent body looking
events occurred in sessions where toys were not presented. Examples of AOI
gaze events are provided.

for ASD who experience atypical development, such as hypo- and hyper-
sensory responses, anxiety, and social and communication delays
(Ozonoff et al., 2011), to examine potential group-specific differences in
feasibility. Gaze patterns across age and interaction contexts were also
explored to further document feasibility of using these procedures to
study early infant social attention.

Our results indicate a satisfactory headset solution for the applica-
tion of HMET to 4-month-old infants who have not yet acquired inde-
pendent head control. The headset proved to be tolerable and

sufficiently stable to capture gaze behavior. This was evident in our 100
% success rate for headset placement, completion of the object track
procedure to be used for offline calibration, minimal headset slippage
that did not differ by age, and at least partial experimental data
collection for all participants. In addition, the majority of parents re-
ported that their infant’s behavior was not affected by the experimental
procedures, with minimal observed discomfort or fussiness due to the
headset. Caregiver acceptability of procedures is also supported by our
high retention rate for longitudinal study visits. Overall, these data
indicate successful equipment placement and collection of some
potentially usable data from every infant in their home. Given the
importance of an in-home study that reflects naturalistic interaction
behavior within a familiar context, it is also critical that data collected
here largely reflect the dyads’ “typical” behavior, as perceived by the
caregiver. While we are limited to parent-reported ratings of infant
behavior, results suggest that these procedures largely capture infants’
typical behavior within their home context. Acceptability measures did
not differ by participant group, suggesting that infants at elevated
likelihood for ASD tolerate HMET study procedures to the same degree
as typically developing infants.

Next, the quality of eye-tracking data collected was evaluated in
terms of accuracy, data loss, gaze distribution, and gaze location. Ac-
curacy was evaluated by calculating the spatial offset between the point
of gaze (i.e., crosshair) after offline calibration and the target location
during the object track procedure. This measure of eye-tracking accu-
racy could be affected by individual infant, environmental, and/or
procedural factors including the infant’s ability to fixate on the cali-
bration target, camera movement or slippage during the object track
procedure, or the number of points available for offline calibration,
among others. Our results suggest adequate accuracy within 2-3 de-
grees, comparable to that of infant stationary eye tracking and adult
wearable eye tracking data (Hessels et al., 2015; Hooge et al., 2022).
There was a significant effect of age with younger infants showing
poorer accuracy, consistent with findings from stationary eye-tracking
studies that show poorer data quality for younger infants (Hessels and
Hooge, 2019). In regard to data loss, invalid data represented < 10 % of
data collected during play sessions and rates of data loss did not differ by
age or participant group. Similar to measures of acceptability, eye
tracking accuracy and data loss was comparable across infants at
elevated and low likelihood for ASD.
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Gaze distribution heatmaps revealed generally centered and suffi-
ciently distributed gaze locations that reflect typical real-world visual
scanning contextualized within the infant’s dynamic head and body
movement (Bambach et al., 2014; Foulsham et al., 2011), and suggest
good data quality. In addition, gaze became less distributed and possibly
more centered as infants aged from 4 to 8 months. This finding may be
driven by differences in data quality and/or developmental shifts in
visual scanning. Evaluation of gaze centeredness depends on consistent
placement of the scene camera relative to the head and eyes, and thus we
cannot rule out the possibility that camera placement impacted this
finding. Similarly, evaluation of gaze distribution depends on minimal
headset slippage, which can artificially increase gaze distribution.
Additional analyses of camera placement and slippage can help deter-
mine their contribution to gaze distribution results. In addition, the
age-related findings are consistent with previously documented devel-
opmental gains in ocular motor control of eye movements and gaze
shifting (Colombo, 2001) as well as gains in gross and fine motor abil-
ities that have been shown to increase head-eye alignment and centered
gaze (Bambach et al., 2017). Overall, these results provide some evi-
dence for adequate data quality and suggest that additional analyses of
camera placement and slippage are important for confirming data
quality and making firm conclusions about observed developmental
changes.

Finally, we explored the distribution of caregiver faces in the infant’s
scene image as well as infant gaze location during the interactions. Four-
month-olds had caregiver faces visible in the scene recording for 76 % of
the interaction and gazed to the face for 16 % of the interaction. Eight-
month-olds had caregiver faces visible in the scene recording for 17 % of
the interaction and gazed to the face for 5 % of the interaction. In
addition, faces were found to be bigger and more centered for 4-month-
olds. These developmental trends, suggesting a decline in the frequency
of faces in the visual field and a decline in gaze to faces from 4 to 8
months, are consistent with existing research (Fausey et al., 2016;
Franchak et al., 2018; Jayaraman and Smith, 2019; Suarez-Rivera et al.,
2019; Yu and Smith, 2013) and provide additional evidence for
adequate data quality. As previous studies suggest, age-related change in
face looking may be linked to motoric and visual constraints of
4-month-old infants who have limited freedom of movement and lower
visual acuity (Jayaraman and Smith, 2019). These constraints likely
shape caregiver behavior wherein caregivers of infants with lower
mobility and visual acuity may make their faces more accessible during
social interactions by being closer, in view, and more centered,
compared to those of older infants. Similarly, 8-month-olds were typi-
cally sitting and reaching independently, allowing them to look down
and explore toys on their own, often putting caregivers further away and
out of view (Kretch et al., 2014). The rate of face looking observed in a
recent study of 2-4-year-olds (Yurkovic-Harding et al., 2022) is even
lower than that observed in our sample of 4- and 8-month-olds,
providing preliminary evidence that face-looking during triadic
(child-toy-caregiver) interactions may decline from age 4 months to 4
years. These findings support feasibility of these experimental methods
for identifying age-specific changes in gaze patterns. To make stronger
interpretations about developmental changes in infant looking behavior,
this work could benefit from additional controlled experimental studies
that consistently manipulate key variables of interest, such as infant
posture and caregiver behavior, across age groups.

4.1. Limitations and future directions

There are several important limitations of this feasibility study that
are worth noting. In regard to data quality, it is notable that HMET
accuracy was lower for 4-month-olds compared to 8-month-olds. Data
with an inaccuracy greater than 3° may be problematic for AOI analyses
that only allow for inaccuracies up to about 2.5°, as is the case with this
study. Accordingly, we suggest that researchers conduct rigorous ana-
lyses of accuracy when collecting HMET data with younger infants and
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develop AOIs and coding schemes that are well-matched to the con-
straints of the quality of the data. Using the corneal reflection in addition
to the pupil location for calibration may be one way improve accuracy
and is worth systematic investigation in this population. While we report
precision as a data quality metric, this study was not specifically
designed to estimate precision in this population and experimental
context. Accordingly, these results serve as an initial step in establishing
guidelines for determining and reporting precision using HMET methods
with young infants. Given the in-home setting of this study and the
inherent challenges in applying automated detection models to
dynamically changing scenes, particularly within complex and cluttered
environments (Valtakari et al., 2021), comprehensive automated ana-
lyses of gaze data fell outside the scope of this study. However, appli-
cation of automated approaches accompanied by validation of these
methods would be a significant contribution in future work.

Data collection was conducted in the infant’s home using a stan-
dardized toy set selected by the research team. The number and types of
toys available in each home can vary greatly from household to
household and while the environmental context (i.e., the home) was
uniformly familiar across all infants, our standardized toy set was
deliberately designed to mitigate the influence of toy volume and
motoric/play affordances on gaze patterns. Still, this toy set likely
included several toys that were unfamiliar to the infant, which may have
led to differences in gaze and interaction behavior compared to a set of
familiar toys. This warrants future study of toy novelty effects on infant
gaze patterns.

Our assessment of how infant behavior was affected by experimental
procedures was largely based on parent report, which has inherent
limitations. Several unknown factors could affect parents’ judgment of
their infant’s behavior. A more systematic approach to addressing this
issue would be to conduct in-home sessions with and without the ele-
ments unique to this study (i.e., eye-tracking equipment, unfamiliar
experimenters, novel vs. familiar toys). It was outside the scope of this
paper to explore between-group differences (LL vs. EL) and the effect of
infant motor skills and position/posture during interactions; these are
important areas of future study.

5. Conclusions

This is the first study to describe methods, acceptability, and feasi-
bility of HMET in 4- and 8-month-old infants at low and elevated like-
lihood of ASD in the home context. Overall, results suggest caregiver and
infant acceptability and feasibility of the data collection procedures
described. In particular, with the development of tailored equipment
and procedures, collection of HMET data is feasible in 4-month-old in-
fants who have not yet developed independent head control. Pre-
liminary analyses provide evidence for feasibility of detecting
developmental trends in infant gaze patterns during social interactions
that align with existing work. Future directions include illuminating
how moment-to-moment infant and caregiver gaze behavior during
naturalistic interactions are influenced by context and genetic vulnera-
bility and delineating the role of embodied social attention in the
development of ASD.
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