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ABSTRACT

Functional magnetic resonance imaging (fMRI) in awake infants has the potential to reveal how the early developing brain gives
rise to cognition and behavior. However, awake infant fMRI poses significant methodological challenges that have hampered
wider adoption. The present work takes stock after the collection of a substantial amount of awake infant fMRI data across
multiple studies from two labs, at Yale University and Massachusetts Institute of Technology (MIT). These data were leveraged
to glean insights on participant recruitment, experimental design, and data acquisition that could be useful to consider for
future studies. Across 766 fMRI sessions with awake infants aged 1-36 months, the authors explored the factors that influenced
how much usable data were obtained per session. The age of an infant predicted whether they would successfully enter the
scanner (younger more likely) and, if they did enter, the number of minutes of functional data collected (linear, younger more)
and retained after preprocessing with lab-specific protocols or harmonized motion exclusion thresholds (quadratic,
12-24 months more than younger and older). The amount of functional data retained was also influenced by assigned sex
(female more), experimental paradigm (movies better than blocks and events), and stimulus content (social better than ab-
stract). There were many differences in the research approach between labs making head-to-head comparisons difficult, but
Yale was more likely to get infants into the scanner, MIT collected more data from infants who entered, and the amount of data
retained after preprocessing did not differ statistically between labs (9 min). In addition, the authors assessed the value of
attempting to collect multiple experiments per session, an approach that yielded more than one usable experiment averaging
across all sessions. Although any given scan is unpredictable, these findings support the feasibility of awake infant fMRI and
suggest practices to optimize future research.
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1 | Introduction

The human brain develops more rapidly during infancy than
any other period in life (Bethlehem et al. 2022). This intense
neurodevelopment is accompanied by the emergence of many
foundational cognitive processes and behaviors (Aslin and
Smith 1988; Frank et al. 2009; Newman et al. 2006). Until
recently, researchers were limited in their ability to determine
how changes in infant brain function give rise to cognition.

Scalp-based methods such as electroencephalography (EEG),
functional near-infrared spectroscopy (fNIRS), and magnetoen-
cephalography (MEG) have valuable strengths for infant studies
but have relatively poor spatial resolution and cannot definitively
resolve deep-brain structures (Turk-Browne and Aslin 2024).
Functional magnetic resonance imaging (fMRI) is a comple-
mentary tool that can probe brain activity during infancy with
improved spatial resolution (Ellis et al. 2020) relative to scalp-
based methods. Though once considered to be incompatible for
use with infants given a host of methodological constraints, fMRI
has now been successfully adapted for both sleeping and awake
infant studies and is beginning to provide critical insights into
early development (Nielsen et al. 2023; Yates et al. 2021).

There is considerable fMRI research in sleeping infants, akin to
adult resting-state data (Yates et al. 2023a), but much less awake
infant fMRI. The earliest study of this type reported that cortical
language regions (left superior temporal gyrus and angular gy-
rus) responded more strongly to forward versus backward
speech in both awake and asleep infants, but critically, that
dorsolateral prefrontal cortex responded differentially only in
awake infants (Dehaene-Lambertz et al. 2002). This was the first
demonstration that performing fMRI in an awake state can
benefit understanding of the neural mechanisms of infant
cognition. Indeed, nearly all fMRI studies in older children and
adults are performed while they are awake, enabling a wide
range of perceptual and cognitive tasks and the ability to link
brain activity to concurrent behaviors such as eye movements,
memory recall, and decision-making.

Over the past few years, there has been a renaissance of awake
infant fMRI studies focusing on the early organization of the
visual system. This body of work includes studies of lower-level
retinotopic organization, showing the existence of areas V1-V4
in infants as young as 5 months (Ellis et al. 2021, 2025). In
the dorsal visual pathway, infants as young as 5 weeks show
responses in putative motion regions (Biagi et al. 2015, 2023). In
the ventral visual pathway, awake infant fMRI has revealed
higher-level category organization, with preferential responses
in the fusiform face area (FFA), parahippocampal place area
(PPA), and extrastriate body area (EBA) in infants from 2 to
9 months (Deen et al. 2017; Kosakowski et al. 2022). In one
study, FFA responses differed between infants tested before
versus after the first COVID-19 pandemic lockdown, suggesting
a potential role for experience and environmental factors (Yates
et al. 2023b) in the development of the visual system. Overall,
these studies show that key aspects of the visual system are
surprisingly mature in infancy.

Awake infant fMRI has also been used to study cognitive pro-
cesses beyond perception. This includes the ability of infants to

orient attention through eye movements, the basis of the “looking
time” dependent measure that dominates behavioral research on
infant cognition (Aslin 2007). In a Posner cuing task, frontopar-
ietal regions of adult attention networks were recruited when
infants 3-12 months old reoriented attention to an invalidly cued
target location (Ellis, Skalaban, Yates, and Turk-Browne 2021).
fMRI data have also suggested that infants segment continuous
perceptual information into discrete cognitive events. A hidden
Markov model applied during a movie-watching task revealed
that infants had fewer and longer neural events than adults (Yates
et al. 2022), providing provocative clues into the nature of their
experience. Finally, awake infant fMRI has been used to study the
hippocampus, a deep-brain region critical for learning and
memory not easily accessible to other infant-friendly techniques.
The lack of memories from infancy later in life (infantile amnesia)
suggested that the hippocampus may have a protracted matura-
tion, yet hippocampal activity in infants has now been shown to
track statistical learning of temporal regularities (Ellis, Skalaban,
Yates, and Bejjanki, et al. 2021) and supports the encoding of
memories for single items (Yates et al. 2025). These studies pro-
vide novel insights, and there remain countless open questions
that awake infant fMRI could help answer.

Why, then, do relatively few labs use this technique? Although
the findings above are a testament to feasibility, awake infant
fMRI poses several major challenges. For example, fMRI is
prone to motion artifacts, yet infants move incessantly while
awake and, unlike older children or adults, cannot comprehend
or comply with instructions to remain still during a scan.
Additionally, unlike behavioral studies, EEG, and fNIRS, fMRI
can require separation of the infant from the parent for place-
ment in the bore (though the parent usually remains nearby).
Furthermore, infants have a limited attention span of a few
minutes, not nearly enough time to collect the amount of task-
based fMRI data typical of adult studies. The combination of
these and other challenges make awake infant scans labor-
intensive for researchers and greatly limit the amount of us-
able data collected during a session.

Given the promise of awake infant fMRI, researchers may benefit
from a better understanding of how these challenges impact data
retention and how they might be mitigated. Significant efforts
have been made for fMRI research in other populations—adults,
children, and sleeping infants/toddlers—to assess data retention
and minimize data loss (Copeland et al. 2021; Engelhardt
et al. 2017; Kaplan et al. 2022; Pham et al. 2023). This self-
reflection has not yet occurred for awake infant fMRI, likely
because of the small number of labs conducting such studies.
Early adopters of awake infant fMRI utilize open-science prac-
tices to share detailed methods, hardware validation, software
packages, datasets, and analysis tools (Ellis et al. 2020; Fel
etal. 2023; Ghotra et al. 2021; Hendrix and Thomason 2022). Even
armed with these resources, researchers hoping to acquire awake
infant fMRI data may still wonder about the feasibility and suc-
cess rates they can expect. The goal of the present work is to
address these unknowns and help to shape expectations based on
two well-tested methods for awake infant fMRI data collection.

The present work aggregates data from two labs at different in-
stitutions who specialize in this technique. Having collected
thousands of minutes of usable fMRI data from hundreds of
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awake infants over the past decade, the authors are in a unique
position to share their experiences with participant recruitment,
task design, and data acquisition. The current paper describes the
protocols that each lab has carefully developed and refined to
collect data and conduct research using fMRI with awake infants.
Though the authors have collected data from a wide range of ages
(1-36 months), the protocols described in this paper were initially
developed for participants up to two years old. Indeed, the bulk of
the data is from participants under one year old and there is not
sufficient data to make definitive claims about toddlers specif-
ically. Therefore, the authors use a broad definition of “infant” to
refer to all participants in the current sample.

In the present work, the authors have combined their respective
datasets to explore which factors influence scanning success for
both groups. The authors investigate factors that predict
whether an infant will enter the scanner and, if they do, the
amount of functional data obtained. The authors analyze sour-
ces of data loss such as head motion and looking behavior. The
authors test how scanning success is influenced by the number
of repeat sessions, experimental paradigm, and state and trait
characteristics of the infant (reported by parents). The authors
conclude with a discussion contrasting their approaches and
reflecting upon the strengths and challenges of implementing
each. They then consider how these results and insights may
inform future awake infant fMRI studies. These observations
are not meant to be prescriptive or to serve as best practices, but
rather to share what has (and has not) worked so far for these
groups given their respective facilities and goals. How these
insights generalize to other labs remains to be tested, but the
authors are hopeful that this work will allow others to benefit
from their experiences and inform their approaches.

2 | Methods

2.1 | Yale University
2.1.1 | Participants

The Turk-Browne Lab at Yale University collected data from
115 unique infants aged 3.3-32.6 months (mean, M = 10.91;
standard deviation, SD = 6.04; 152 female, 11 sex not reported)
across a total of 304 scanning sessions. Data collection for the
project took place at three academic research-dedicated scan-
ning locations over time: the Scully Center for the Neuroscience
of Mind and Behavior at Princeton University from February
2016 to May 2017 (27 sessions), Magnetic Resonance Research
Center (MRRC) at Yale University from July 2018 to Dec 2018
(36 sessions), and the Brain Imaging Center (BIC) at Yale
University from January 2019 to May 2023 (241 sessions). The
infants recruited from the greater Princeton, New Jersey area
primarily resided in a predominantly white (Non-Hispanic)
upper-middle-class community where English is the primary
language spoken. Infants recruited from the greater New Haven,
Connecticut area resided in a racially, ethnically, and socio-
economically diverse community where English is the primary
language spoken. A parent and/or legal guardian provided
informed consent on behalf of their child. This research was
approved by the Institutional Review Boards at Princeton Uni-
versity and Yale University.

2.1.2 | Recruitment and Orientation

Recruitment methods differed across locations. At Princeton
University, the research was advertised via flyers, engagement
in community activities, and word of mouth. At Yale University,
recruitment was conducted via the Yale Baby School, a multi-
laboratory initiative for community engagement in develop-
mental research. A team member visited families in the Ma-
ternity and Newborn Unit at the Yale New Haven Hospital in
the days immediately following birth to introduce the Yale Baby
School and obtain contact information if interested. Of the 3579
families who provided contact information since January 2018,
722 (20.2%) eventually enrolled in the Yale Baby School. These
families were then allocated to one of several approved studies
based on eligibility criteria, with the possibility of subsequent
reallocation to another study.

After families were recruited or allocated to the lab, they were
invited to attend an orientation session to provide parents with
an overview of the scanning protocol and give them an oppor-
tunity to ask questions before providing informed consent. Until
the COVID-19 pandemic, and again more recently, orientation
sessions were conducted in-person with the aim of acclimating
the parent/guardian and infant to the facility and scanner
environment. During much of the pandemic, the orientation
was conducted online via videoconferencing. Of the 140 families
that attended an orientation session, 109 families (77.9%)
enrolled and completed at least one scan.

2.1.3 | Data Acquisition

Data were acquired with a 3T Siemens Skyra MRI at Princeton
University and a 3T Siemens Prisma MRI at both Yale Univer-
sity locations. The bottom portion of the 20-channel Siemens
head coil was used at all locations, with the top portion of the
coil removed. Functional images were collected using a whole-
brain T2*-weighted gradient-echo EPI sequence (Princeton and
Yale MRRC: TR = 2000 ms, TE = 28 ms, flip angle = 71°,
matrix = 64 x 64, slices = 36, resolution = 3 mm isotropic,
interleaved slice acquisition; Yale BIC: identical except
TE = 30 ms; slices = 34). Anatomical images were acquired with
a T1 PETRA sequence (TR1 = 3.32 ms, TR2 = 2250 ms,
TE = 0.07 ms, flip angle = 6°, matrix = 320 x 320, slices = 320,
resolution = 0.94 mm isotropic, radial slices = 30,000). Addi-
tional methods details and validation of apparatus and param-
eters have been reported previously (Ellis et al. 2020).

2.1.4 | Procedure

Scanning sessions were scheduled for a time of day when par-
ents felt the infant would be compliant. Sessions were scheduled
for 90 min and most commonly began in the morning (e.g., 9:30
or 10:30 a.m.) or late afternoon (e.g., 3:30 p.m.). Two members
of the research team began preparing for each scan 30 min prior
to the family's arrival by assembling the experimental set-up
(Figure 1). A third experimenter joined the team for data collec-
tion (for additional detail about each experimenter's role see Ellis
et al. 2020). Upon arrival, infants, their caregiver, and any toys/
comfort items the family brought (e.g., pacifiers, bottles, toys,
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| Top panel: Depiction of Yale's scanning environment including the (A) setup and personnel, (B) projection system for stimulus

presentation, and (C) apparatuses used with the infant in the scanner bore. Adapted from (Ellis et al. 2020). Bottom panel: Depiction of MIT's
scanning setup including the (D) infant setup and personnel, (E) custom size-adaptive 32-channel array coil used for infants, and (F) toddler

setup before entering the scanner room. Images from Figure 1D and 1E courtesy of Kris Brewer of The Center for Brains, Minds, and Machines.

blankets) underwent extensive metal screening. Infants were
shown engaging toys and/or age-appropriate videos to distract
them as an experimenter applied three layers of hearing protec-
tion: silicon inner-ear putty, over-ear adhesive covers, and ear-
muffs. The experimenter then laid the infant on the scanner bed
and wrapped them in a motion-reducing vacuum pillow with
their head in the coil. Atleast one parent remained in the room for
the duration of most scans, except in cases of fMRI contraindi-
cation or pregnancy, but they did not enter the scanner bore with
the child. At least one experimenter also remained in the scanner
room outside of the bore, though often reached in to provide or
adjust the infant's comfort items. Stimuli were projected onto the
ceiling of the scanner bore, directly in the infant's line of sight, via
a mirror positioned at the back of the bore (Figure 1B). Infants
were monitored using an MRI-compatible video camera
(Figure 1C Princeton and Yale MRRC: MRC 12M-i camera; Yale
BIC: MRC high-resolution camera). Video recordings were later
used for gaze coding of eye movements. No real-time quality
control software was used to quantify infant head motion, but the
researcher operating the scanner monitored the video feed to note
moments of substantial movement and ensure aliasing was not
present in the brain images.

Stimuli were projected using MATLAB, Psychtoolbox, and in-
house “experiment menu” software during functional scans
(Ellis et al. 2020). The experiment menu was designed to help
researchers navigate the unpredictable nature of infant scan-
ning, allowing for flexible switching from one experiment to
another, or from an experiment to a movie used to occupy the
infant during anatomical scans. Multiple experiments were
prepared in advance for each session, with priority for experi-
ments that the infant did not complete in a prior session. In
almost all reported sessions (> 98%), experiments contained
visual stimuli only with no auditory stimuli. At least one
experiment was attempted before collecting an anatomical

image (to be used for alignment); more than one anatomical
image was acquired when possible (63 sessions) to ensure that
at least one would be of sufficient quality for anatomical
alignment during preprocessing. On the rare occasion that us-
able functional data were collected without a usable anatomical
image from the same session (32 sessions), the functional data
were excluded. Breaks were taken during or between experi-
ments when the experimenter felt it would improve data quality
or when the parent indicated that they wished to pause. These
breaks often occurred outside of the scan room so that the infant
could feed and/or play.

2.1.5 | Experimental Design

The data for the present analyses were collected during 16 task
paradigms that used movie, block, or event-related designs
(Table 1). In total, 652 experiments were attempted across the
304 sessions. For present purposes, an experiment was deemed
successful if the infant provided enough usable data after ex-
clusions (e.g., head motion, looking behavior) to meet the a
priori minimum data inclusion criteria of that experiment.
Additional experiment-specific counterbalancing factors were
ignored as they were highly dependent on experimental con-
siderations and not reflective of the quality of participant data.

2.1.6 | Trait Questionnaire

For some infants recruited between February 2016 and February
2021 (N = 57), parents completed the Infant Behavior
Questionnaire-Revised (IBQ-R). This widely used measure of
infant temperament consists of 37 questions assessing three
broad dimensions: surgency/extraversion, negative affectivity,
and orienting/regulation (Gartstein and Rothbart 2003). The
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TABLE 1 | Task datasets collected at Yale from February 2016 to May 2023 and MIT from January 2014 to May 2024.

Cognitive Faces Minutes
Status domain present Attempted Usable required
Yale
Block Published (Yates et al. 2023b) Perception  Yes 76 27 (36%) 5.70
Published (Ellis et al. 2021) Perception No 49 33 (67%) 1.33
Published (Ellis, Skalaban, Yates, Bejjanki, —Learning No 81 25 (31%) 3.60
et al. 2021)
Ongoing Learning No 46 22 (48%) 4.80
Pilot — 3 2 (67%) —
Total: 255 109 (43%)
Event- Published (Ellis, Skalaban, Yates, and Turk- Attention No 61 25 (41%) 0.44
related Browne 2021)
Published (Yates et al. 2025) Memory Yes 59 29 (49%) 3.97
Ongoing Learning Yes 18 11 (61%) 4.20
Ongoing Memory Yes 4 2 (50%) 3.60
Pilot — 46 29 (63%) —
Total: 188 96 (51%)
Movie Published (Yates et al. 2023a; Yates Perception  Yes 69 47 (68%) 1.50
et al. 2022)
In prep Perception  Yes 38 22 (58%) 3.40
Ongoing Perception  Yes 27 17 (63%) 3.00
Ongoing Memory Yes 12 10 (83%) 1.50
Pilot — 63 40 (63%) —
Total: 209 136 (65%)
Grand total: 652 341 (52%)
MIT
Block Published (Deen et al. 2017) Perception Yes 31 11 (35%) 5.00
Published (Kosakowski et al. 2022, 2024)  Perception Yes 49 33 (67%) 4.80
Submitted (Kamps et al. 2025) Perception  Yes 53 12 (23%) 9.60
Published (Kosakowski et al. 2022, 2024)  Perception Yes 36 21 (58%) 4.80
Ongoing Language Yes 39 34 (87%) 3.33
Grand total: 208 111 (53%)

questionnaire was typically given to parents at the end of the
orientation for them to complete prior to the first scan. Infants
ranged in age from 3 to 11 months old (M = 6.15, SD = 1.92) at
the time the questionnaire was completed. Across the entirety of
their participation, these infants attended 175 sessions.

2.1.7 | State Questionnaire

For some infants recruited between October 2021 and May 2023
(N = 32), parents completed a Qualtrics survey designed to
assess the state of their child at the start of the session. The
questionnaire consisted of 16 items assessing the child's recent
mood, sleep schedule, and screen time usage. Families who
returned for multiple sessions completed this questionnaire
each time (range: 1-5, M = 1.91). For present purposes, the
following survey items were analyzed: sleep consistency over

»

the last week (3-point scale of “No,” “Somewhat,” or “Yes”);
screen exposure, screen interest, and resistance to being laid on
back for a diaper change (all using a 5-point scale from “None at
all” to “A lot”); and mood today (7-point scale from “The
saddest day” to “The happiest day”).

2.1.8 | Preprocessing

Data were preprocessed using a publicly released pipeline for
awake infant fMRI studies based on FEAT in FSL (Ellis
et al. 2020). When multiple experiments were collected in the
same functional run, the data were separated to create
experiment-specific “pseudoruns” for each task. Three burn-in
volumes were removed from the beginning of each run/pseu-
dorun. The reference volume for alignment and motion
correction of each run/pseudorun was chosen as the spatial
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centroid volume. The slices in each volume were realigned with
slice-timing correction. Time points with greater than 3 mm of
movement from the previous time point (i.e., framewise
displacement) were excluded. Missing time points were inter-
polated to not bias linear detrending but were then ultimately
excised from analysis. If more than 50% of the time points in an
experimental unit (e.g., event, block, movie, run) were excluded
for head motion, the entire unit was excluded.

2.1.9 | Offline Gaze Coding

Manual coding of infant gaze was performed offline by two or
more coders. The coders indicated whether the infant's gaze was
on- or off-screen (eyes closed or attention diverted away from
stimulus), or undetected (obstructed or out of camera's field of
view). Additionally, many experiments required that coders
specify where the infant was looking during on-screen periods
(e.g., center, left, right). Coders were highly reliable with an
average inter-rater reliability of 89% across previously published
experiments (range: 79%-94%). If the infant was looking for less
than 50% of the frames in an experimental unit (e.g., event,
block, movie) that entire unit was excluded. In sessions where
no eye data were available because of camera malfunction
(N = 4), the infant was monitored live by an experimenter and
no time points were excluded.

2.2 | Massachusetts Institute of Technology

2.2.1 | Participants

The Saxe Lab at the Massachusetts Institute of Technology
(MIT) recruited 252 unique infants aged 1-36 months
(M =10.85; SD = 10.33; 204 female) and attempted a total of 462
scanning sessions. Data collection for the project took place at
Athinoula A. Martinos Imaging Center at MIT, an academic
research-dedicated center, from January 2014 to May 2024. In-
fants recruited from the greater Boston, Massachusetts area
resided in a racially, ethnically, and socioeconomically diverse
community where English is the primary language spoken. A
parent and/or legal guardian provided informed consent on
behalf of their child. This research was approved by the Insti-
tutional Review Board at Massachusetts Institute of Technology.

2.2.2 | Recruitment

Recruitment methods evolved over time. Early recruitment
mainly relied on word of mouth and flyers posted on MIT's
campus, local childcare centers, schools, and community
buildings. More recent recruitment was conducted mainly on-
line via social media (Facebook and Instagram) and word of
mouth.

2.2.3 | fMRI Data Acquisition

Data were acquired with 3T Siemens Trio and 3T Siemens
Prisma MRI scanners. For scans conducted from January 2014

to July 2019, a custom 32-channel infant coil for the Trio
scanner was used (Keil et al. 2011). Functional images were
collected using a quiet EPI sequence with sinusoidal trajectory
(TR = 3s, TE = 43 ms, flip angle = 90°, matrix = 64 x 64, sli-
ces = 22, slice thickness = 3 mm; Zapp et al. 2012). For scans
conducted from late July 2019 to May 2024, a new adjustable 32-
channel infant coil was used (Ghotra et al. 2021). This coil
provided better hearing protection for infants, allowing for a
regular EPI sequence with the standard trajectory (TR = 3s,
TE = 30 ms, flip angle = 90°, matrix = 80 x 80, slices = 44, slice
thickness = 2 mm). Six infants had data collected under a
slightly different EPI sequence with more slice coverage
(TR = 3s, TE = 30 ms, flip angle = 90°, matrix = 104 x 104,
slices = 52, slice thickness = 2 mm). Functional data collected
with the new adjustable coil were less distorted than data
collected with the initial custom coil. Additional methods, de-
tails and validation of apparatus and parameters have been re-
ported previously (Kosakowski et al. 2022). For participants
18-36 months old, the bottom and top portions of the standard
Siemens 32-channel head coil were used with a gradient echo
EPI sequence (TR = 2s, TE = 30.0 ms, flip angle = 90°,
matrix = 70 x 70, slices = 46, slice thickness = 3 mm).

2.24 | Procedure

Scanning sessions were scheduled for 2 hours and session start
times were determined based on when parents felt that the chil-
dren would be most awake and compliant. Two experimenters
were present for the session. They arrived and began assembling
the scanning environment 30-45 min prior to the family's
scheduled arrival. One experimenter greeted the family when
they arrived, while the other experimenter finished any setup
required. At the start of the visit, participants and their fam-
ilies were introduced to the procedures, consented, screened for
metal, and familiarized with the scanner environment. Infants
were checked to ensure they were wearing metal free clothes
(i.e., onesies without metal snaps) and adults changed into
medical scrubs if they wished to enter the scanning room. Care-
givers were encouraged to bring any metal free toys, pacifiers,
bottles, and blankets that they felt might be comforting to their
child. Upon entering the scanning room, caregivers distracted the
infant as the research team applied the headphone system: over-
ear adhesive covers with custom-fit Sensimetrics S15 earbuds,
and infant MR-safe earmuffs (Em's 4 Bubs). Young infants
(1-6 months old) were swaddled if possible, or if the caregiver
thought it would comfort the child. The experimenters placed the
infant supine in the head coil, which was moved into place to fit
around the headphones (Figure 1E). Engaging, infant-friendly
videos were projected onto a screen at the back of the bore. A
mirror positioned directly above the head coil reflected the videos
to the infant, while task-irrelevant lullabies were played from the
earbuds. Before starting the scan, the experimenter played peek-
a-boo with the infant to ensure that the infant could properly see
the stimuli at the back of the bore through the mirror. If it seemed
the infant might be comforted to have an adult on the bed with
them, the caregiver was invited to enter the bore with the infant. If
the caregiver did not want to lie in the bore, a researcher lay on the
bed instead. During the scan session, a researcher remained in the
scanning room for the entire time to communicate with the scan
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operator, including information about when the infant's eyes
were closed. No real-time quality control software was used to
quantify infant head motion. Experimental stimuli were pro-
jected to infants using Psychtoolbox.

Procedures for older infants/toddlers (18-36 months) differed
from the infant scanning protocol in several ways: A week before
the session, parents were sent suggestions of how they could help
prepare their child. These instructions included a video to watch
together of a child engaging in a rocket-ship adventure to space, a
child-friendly book about the MRI visit, samples of the MRI
scanner sounds, and ideas for acclimation to various aspects of the
visit (lying down, wearing headphones, etc.). Once participants
and their caregivers arrived at a session, they were given time to
acclimate to the physical setting and the research team. The
acclimation period typically lasted 30-45 min. During these older
infant sessions, stimuli were projected using Psychopy and task-
relevant auditory stimuli were used.

Across all sessions, functional data collection was attempted
before an anatomical image was collected. The anatomical scan
was started if the participant fell asleep or became fussy during
the task; in the latter case, child-friendly videos were played
during the anatomical. The experiment could be paused or
stopped if the caregiver indicated a need for a break, if infants
became too fussy to continue or toddlers asked for a break, and/
or when the experimenter felt that a break would be helpful. If
the child was removed from the scanner for a break, caregivers
were consulted in determining whether it seemed feasible to
return to the scanner for a second attempt within the same visit.
In many cases, participants and their families returned for
multiple sessions.

2.2.5 | Experimental Design

The data for the present analyses were collected in four task
paradigms. All used block designs and video stimuli. In three of
the task paradigms, infants saw short videos of children's faces,
bodies, objects and natural scenes. Videos lasted 3 s each and
were presented in groups of six from the same category, for
blocks of 18-20 s. Unrelated music played in the background
throughout the experiment. In the fourth task paradigm, par-
ticipants saw 20-s audiovisual clips of puppets from Sesame
Street and heard voices synchronized to the videos. Data
collection was considered successful on a given visit if the child
provided any usable minutes of data after exclusions (e.g., head
motion, eyes closed, awake, etc.). For infants, TRs were
excluded because of inattention or sleep based on notes made
during the scan session; the researcher inside the scan room
communicated the infant's state to the scan operator. Whether
data were usable was defined by the motion thresholds and
number of contiguous low-motion measurements required for
analysis, which varied between experiments.

2.2.6 | Preprocessing

Infant data from 2014 to 2022 were preprocessed using a publicly
available MATLAB and FSL pipeline (Kosakowski et al. 2022),

while data from 2022 to 2024 were preprocessed using Python and
FSL. For these datasets, consecutive volumes with more than two
degrees or 2 mm of motion were cleaved. Only “sub-runs” with at
least 24 consecutive awake, low-motion volumes (those with
fewer than 0.5° or mm of motion between volumes) were
retained. Each subrun was then processed individually. One
functional image was extracted to be used for registration.

Older infant data (18-36 months) were preprocessed using
fMRIPrep 1.2.6 (Esteban et al. 2019). Exclusion thresholds were
determined using fMRIPrep Frame Displacement (FD) estimate
per run. Volumes within each run that had greater than 1 mm
FD or 1.5 standardized DVARS were excluded. If greater than
33% of any run was flagged as motion, the whole run was
excluded.

2.3 | Present Analyses

Data were combined across the two institutions whenever
possible, and analyses that could leverage data from both in-
stitutions were prioritized. When combining data, there were two
key differences between labs which needed to be acknowledged.
First, the definition of what constitutes a “session” differed across
institutions. In the Yale data, each visit that a family makes to the
facility is a new session and there is at least a month between
consecutive visits. In the MIT data, all visits a family makes to the
scanner within a month are treated as a single session. Although
most variables of interest were recorded for each visit (regardless
of session definition), two key outcome variables—minutes of
data excluded because of motion and minutes of data retained
following motion exclusions—could only be calculated on a
session-wise basis (i.e., aggregated across multiple visits for some
MIT participants). For the main analyses of these outcome vari-
ables, the MIT data were limited to sessions in which the
participant only visited once in that month, matching Yale's
definition of a session as one visit. In supporting information,
analogous analyses using the MIT definition of a session are re-
ported, retaining all of the Yale sessions (each with one visit) and
the single-visit MIT sessions, but now also including the MIT
sessions comprised of data from multiple visits within the same
month (see Supporting Information S1).

The second key difference was the motion thresholds that were
used during preprocessing (3.0 mm FD and exclusion of runs
with more than 50% high motion frames at Yale, 0.5 mm FD and
exclusion of sub-runs with fewer than 24 frames for infants
10 months and younger or 1.0 mm FD and exclusion of runs
with more than 33% high motion frames for infants 18 months
and older at MIT). These selected motion thresholds are an
integral part of each lab's carefully constructed protocol. It is
with these thresholds in mind that each lab designed and
refined their experimental practices including their scanning
apparatuses, sample sizes, age ranges, task designs, participant
scheduling practices, mid-scan decisions about whether to
continue or take a break, and more. It would be impossible to
disentangle the effects of these other protocol-dependent factors
from the impact of the motion threshold itself. Therefore, when
reporting on analyses which are impacted by these motion
thresholds, the authors include the data as they were collected
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and preprocessed using each lab's respective pipelines and
thresholds. However, the authors also recognize that the motion
thresholds used during preprocessing have important implica-
tions for data retention (Ellis et al. 2020). Thus, the authors also
replicated analyses after applying MIT's motion thresholds to
Yale's data. This had the effect of harmonizing the thresholds
between Yale and MIT for participants under 10 months (MIT's
infant threshold: 0.5 mm FD and exclusion of sub-runs with
fewer than 24 frames) and over 18 months (MIT's toddler
threshold: 1.0 mm FD and exclusion of runs with more than
33% high motion frames). Notably, MIT did not collect data
between 10 and 18 months, and thus it was unclear which of
MIT's thresholds to apply to Yale's data from this age range. In
the main text, the authors report results with the stricter
thresholds applied to these infants (as if younger than
10 months). In supporting information, analogous analyses are
reported with MIT's more lenient threshold (as if older than
18 months; see Supporting Information S1).

To investigate the factors that predict successful initiation of an
awake infant fMRI session, the authors used a logistic regres-
sion to model the binary variable of whether an infant entered
the scanner and provided a nonzero amount of functional data
(yes/no) as a function of their age and institution. The analysis
was limited to these predictors because age was the only de-
mographic information collected consistently at Yale when in-
fants did not provide any MRI data. The results of this analysis
are not intended to reflect the overall success of a scanning
session (which instead depends upon the amount of usable data
collected and experimental task criteria), but instead speak to
the likelihood of commencing data collection, which posed a
significant challenge in many scanning sessions.

For infants who entered the scanner and provided functional
data, assigned sex and time of day (hour of scan start time) were
also available as predictors. For these infants, multiple regres-
sion was used to model the number of minutes of awake
functional data collected as a function of institution, age,
sex, and hour of scan. A second multiple regression with the
same predictors was used to model the number of minutes of
functional data retained after preprocessing. Of note, these
regression analyses were performed treating each session
independently rather than grouping multiple sessions from a
given unique infant (when available) in a mixed effects model.
This decision was made to avoid assuming that performance
should be related across sessions within-subject, given that the
additional sessions were often collected after multiple months
during which there were rapid developmental changes. More-
over, because only a subset of infants returned, and the interval
between sessions was highly variable, there is not adequate data
for longitudinal modeling. This approach mirrors the authors'
prior awake infant fMRI publications (Ellis et al. 2021; Yates
et al. 2023b; Ellis, Skalaban, Yates, and Turk-Browne 2021;
Ellis, Skalaban, Yates, Bejjanki, et al. 2021).

Nevertheless, the existence of practice effects in participants
who returned on multiple occasions was evaluated. This is a
difficult analysis to interpret because of a potential survivor bias.
Namely, although successful data collection in one session was
not used as a screening criterion for inviting participants back
for another session, the families of infants who provided larger

quantities of usable data may have been more likely to return
for additional scans because of their positive experience, relative
to infants who were unable to enter the scanner and/or unable
to remain still and complete experiments. As a result, repeat
sessions may contain a higher proportion of successful scans,
creating a false sense that individual infants yielded more data
with repeated testing. To control for this potential bias, a change
score was calculated for all pairs of consecutive sessions of an
infant by subtracting the number of minutes of data retained
after preprocessing in the first session from the number of mi-
nutes retained in the second session. In other words, practice
effects were evaluated only within individuals who returned.
Positive scores indicate improved performance from one session
to the next. A multiple regression model was used to test for
effects of session number and infant age on the change scores.

In addition to predicting overall minutes of usable data retained
(which relied on different motion thresholds from each institu-
tion), multiple regression was used to predict two key sources of
data loss: excess head motion (reported by both institutions) and
visual inattention (looking away from the stimulus or closing
eyes; reported by Yale). The proportion of data excluded for
excess motion and visual inattention were modeled as a function
of age, sex, hour of scan, and institution (when appropriate).

For the state questionnaire collected at Yale, multiple regression
was used to test for associations between parent-report items and
usable minutes of functional data on the day that the question-
naire was completed. For the trait questionnaire, Pearson cor-
relation was used to test how minutes of usable functional data
for each session related to their score on three temperament
summary variables: surgency/extraversion, negative affectivity,
and orienting/regulation (Gartstein and Rothbart 2003).

Beyond these factors centered on the infant, the Yale data
permitted consideration of how experimental practices
impacted scanning success. The efficacy of attempting to collect
multiple experiments during each scanning session was quan-
tified based on the number of experiments that yielded suffi-
cient usable fMRI data to be considered complete. The success
rates of different experimental designs and stimulus contents
were compared with a chi-square test.

3 | Results

3.1 | Awake Functional Data Collected

3.1.1 | Likelihood of Collecting Any Functional Data

Data from 683 sessions were available to assess the binary like-
lihood of collecting functional data during a session (304 Yale,
379 MIT; Figure 2, Step 1). In most cases (N = 498, 72.9%), the
infant successfully entered the scanner and provided a nonzero
amount of functional data (age: M = 9.59 months, SD = 7.95). In
the other sessions (N = 185, 27.1%), no functional data were ac-
quired (age: M = 17.14 months, SD = 9.64). These failed scans
occurred for a variety of reasons, including: noncompliance with
hearing protection, refusal to separate from caretaker, and un-
willingness to remain lying down once in the scanner bore. A
multiple logistic regression model predicting whether any
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functional data were collected (yes/no) as a function of institu-
tion and infant age (Figure 3A-C) provided a significant overall
fit (> (3) = 117.62, p < 0.001). There was a greater likelihood of
collecting functional data from younger infants (3 = —0.08,
p < 0.001; odds ratio [OR] = 0.92, 95% confidence interval
[CI] = [0.90, 0.94]) and from infants scanned at Yale (8 = —1.06,

3.1.2 | Minutes of Awake Functional Data Collected

Data from 575 sessions where the infant entered the scanner
and provided some amount of functional data were available to
assess factors impacting the amount of data collected (257 Yale,
318 MIT; Figure 2, Step 2-3). In these sessions, an average of

p < 0.001; OR = 0.35, 95% CI = [0.24, 0.52]). 16.69 total minutes (range = [0.40-59.55], Mdn = 14.67,

Yale (N = 304)

M=10.91, SD = 6.04 months
152 female, 141 male, 11 unknown

MIT (N = 462)

M=10.85, SD=10.33 months
204 female, 258 male

1. Were non-starter sessions Yes (N =379) No (N =83)
reliably documented?
(Fig. 3A-C) M=10.91, SD = 6.04 months

152 female, 141 male, 11 unknown

M=12.21, SD=10.90 months
195 female, 184 male

2.Were any awake functional  yeg (N =257) l No(N=48) Yes(N=321) l No (N=141) ‘

data collected?

M=10.09, SD =5.65 months

M =9.06, SD =9.82 months

136 female, 121 male 134 female, 187 male

Yes (N =257) Yes (N =318) ‘ No (N=3)

M=7.95,SD =8.83 months
134 female , 184 male

3. Were all model predictors
(age, sex, hour) available?
(Fig. 3D) M=10.09, SD =5.65 months

136 female, 121 male

4. Were visit-level motion Yes (N =257) ‘ Yes (N=137) ‘ No (N=181)

exclusions available?
(Fig. 4, 5A-B, D-E) M=10.09, SD = 5.65 months M=12.34,SD=11.95mo.
136 female, 121 male

5.Was the session completed  Yes (N = 158) { No (N =99) Yes (N =38) ‘ No (N =99)
by an infant who provided data
on consecutive visits?

(Fig. 5C,F)

M=11.08,SD=5.11mo.
94 female, 64 male

M=13.88, SD = 12.45 mo.

22 female, 16 male

FIGURE 2 | Overview of participant inclusion criteria by institution. For each analysis step, the pool available from the previous step is divided
into those who are included (Yes) or excluded (No). Available demographic information is depicted for included participants. Bar size is proportional
to the number of participants represented.

>
O

Functional data acquired 400
[ No
[ Yes

Functional data acquired
[ No
[ Yes

o
Y
o

300

Scaled density
o
o
(6]

o©
o
=)

0 10 20 30

Age (months) 200

v o]
>
(2]
Number of sessions

100

Minutes of awake functional data collected

No{ o c&fse gl o™ AgRERE- H808080-6°
0 10 20 30 Yale MIT 0 10 20 30
Age (months) Institution Age (months)

Func data acquired

FIGURE 3 | Factors predicting functional data collection. (A) Density plot separated by infant willingness to enter the scanner, as a function of age
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combining across both institutions; the gray curve shows the density of those who did not. (B) Logistic regression predicting whether any
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the black line is the best logistic fit, and the shading is the 95% confidence interval (CI) of the fit. (C) Number of sessions with and without some
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plot minutes of awake functional data collected by infant age in months. Each circle is one session, the black line is the best linear fit, and the
shading is the 95% CI of the fit.
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IQR = 14.40) of functional data were collected. A multiple
regression model predicting the number of minutes of func-
tional data collected during a session as a function of institution,
infant age, assigned sex, and hour of scan provided a significant
overall fit (F (4, 570) = 26.00, p < 0.001, R* = 0.15, R*adj = 0.15);
institution (8 = 7.42, p < 0.001; nf, = 0.112) and infant age
(B = -0.25, p < 0.001; 7712, = 0.033) were significant predictors.
Namely, younger infants and sessions conducted at MIT were
associated with more minutes of data collected (Figure 3D).
These same predictors were significant when the model was
tested after applying a square root transformation to the
dependent variable to account for the skewed distribution. Post-
hoc analyses were conducted to verify the linearity of the age
effect. Bayesian information criterion (BIC) for the model with a
linear age term (4335.93) was slightly lower than for a model
with linear and quadratic age terms (4336.73), suggesting that
the linear model better balanced fit and complexity.

3.2 | Data Excluded During Preprocessing
3.2.1 | Proportion of Data Excluded Because of Head
Motion

Data from the 394 sessions during which infants provided some
amount of functional data and head motion was calculated on a
visit-wise basis were used to investigate factors impacting data
exclusion (257 Yale, 137 MIT; Figure 2, Step 4). The most common
cause for exclusion was excessive head motion, leading to an
average loss of 5.74 min (39.4%) of functional data per session.
This rate depended heavily on an experimenter-defined, a priori
framewise displacement threshold that differed by institution

(3 mm at Yale, 0.5 or 1.0 mm MIT), as shown previously (Ellis
et al. 2020). Therefore, the authors first examined how various
factors affected the amount of data loss, with each lab using the
threshold they have each adopted in their respective publications.
A multiple regression model of the proportion of data excluded
because of head motion within a session as a function of institu-
tion, infant age, assigned sex, and hour of scan provided a sig-
nificant overall fit (F (4, 389) = 65.84, p < 0.001, R*> = 0.40,
R*adj = 0.40). Specifically, infant age was a significant predictor
(B=-0.01, p < 0.001; 7;13 =0.133), with more minutes excluded for
younger infants (Figure 4A, left), and institution was a significant
predictor (8 = 0.42, p < 0.001; nf, = 0.355), with more minutes
excluded at MIT (Figure 4B, left). The authors also conducted this
analysis after applying MIT's motion thresholds to Yale's data.
This model provided a significant overall fit (F (4, 389) = 21.26,
p < 0.001, R* = 0.18, R*adj = 0.17). In addition to age (8 = —0.02,
p <0.001; 7712) = 0.152; Figure 4A, Right) and institution (8 = 0.08,
p = 0.016; 77; = 0.015; Figure 4B, Right), assigned sex was also a
significant predictor (8 = —0.08, p = 0.010; 7, = 0.017). Thus,
although the stricter thresholds closed the gap in motion exclu-
sion between labs (as expected), the effects of age and institution
persisted in the harmonized data; interestingly, a sex difference
emerged that was not reliable before (more exclusion in males).

3.2.2 | Proportion of Data Excluded Because of Visual
Inattention

Among the functional data retained after head-motion exclu-
sions, an additional 1.04 min (8.4%) per session were excluded on
average from the Yale sessions (N = 257) because of visual inat-
tention (i.e., gaze directed away from the stimulus or eyes closed).
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FIGURE 4 | Factors predicting functional data exclusion. (A) Scatter plot of proportion of functional data excluded because of head motion by
infant age in months. Each circle is one session colored by institution, the black line is the best linear fit, and the shading is the 95% CI of the
fit. Left: Motion exclusions calculated using Yale's (3 mm) and MIT's (0.5 mm for 1-10 months, 1 mm for 18-36 months) respective thresholds.
Right: Motion exclusions for both institutions calculated using MIT's motion thresholds (0.5 mm for 1-18 months, 1 mm for 18-36 months).
(B) Proportion of functional data excluded because of head motion by institution. Each circle is one session and the box plot depicts the
distribution across four quartiles. Left: Motion exclusions calculated using the respective thresholds of Yale and MIT. Right: Motion exclusions
for both institutions calculated using MIT's motion thresholds. (C) Scatter plot of proportion of functional data excluded because of visual
inattention (i.e., not looking to stimulus display) by age in months (only available for Yale). Each circle is one session, the black line is the best
linear fit, and the shading is the 95% CI of the fit.
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A multiple regression model of proportion of data excluded
because of visual inattention as a function of infant age, assigned
sex, and hour of scan also provided a significant overall fit (F (3,
253) =2.69, p=0.047, R*=0.03, R%adj = 0.02). The effect of infant
age was significant (8 = —0.003, p = 0.029; 7712, = 0.019), with a
greater proportion excluded for younger infants (Figure 4C).

3.3 | Data Retained After Preprocessing

3.3.1 | Minutes of Usable Functional Data Retained
Data from 394 sessions were available to assess factors impacting
the amount of usable data retained after motion exclusions (257
Yale, 137 MIT; Figure 2, Step 4). In these sessions, an average of
14.58 min of functional data were collected, of which 8.82 (60.4%)
minutes were retained (Range = [0-36.60], Mdn = 6.92,
IQR =11.22). A multiple regression model predicting the number
of minutes of usable functional data retained from a session as a
function of institution, infant age, assigned sex, and hour of scan
provided a significant overall fit (F (4, 389) = 7.66, p < 0.001,
R*=0.07, R%adj = 0.06); infant age (= 0.10,p = 0.038; % = 0.011),
assigned sex (8 = 1.71, p = 0.026; 7712, = 0.013), and institution
(B=-3.57,p<0.001; nf, =0.046) were significant predictors. This
model with a linear age term had a higher BIC (2740.57) than a
model with linear and quadratic age terms (2731.85). The fit of
this linear + quadratic age model was unsurprisingly also sig-
nificant (F (5, 388) = 9.29, p < 0.001, R*=0.11, R%adj = 0.10), with
the quadratic term for infant age (8 = —33.84, p < 0.001;
7, = 0.010) and assigned sex (8 = 1.50, p = 0.047 7, = 0.001) as
significant predictors. Namely, infants provided more usable data
between 12 and 24 months old than 0-12 or 24-36 months old
(Figure 5A), and female infants provided more usable data than
male infants (Figure 5B). These same predictors were significant
when the model was tested after applying a cube-root trans-
formation to the dependent variable and removing values at floor
(0 min of usable data) to account for the non-normal distribution.
A model fit with an additional term for an interaction between age
and assigned sex (BIC = 2737.05) indicated there was no such
interaction (p = 0.381).

The authors also conducted this analysis after applying MIT's
motion thresholds to Yale's data. In this case, an average of 6.49
(44.5%) minutes of functional data were retained (Range =
[0-36.60], Mdn = 3.83, IQR = 9.71). The same multiple regression
model with linear and quadratic age terms provided a significant
overall fit (F (5, 388) = 6.46, p < 0.001, R* = 0.08, R*adj = 0.06). In
addition to the quadratic term for age (8 = —33.46, p < 0.001;
nf) = 0.014; Figure 5D) and assigned sex (8 = 1.80, p = 0.016;
nf, = 0.000; Figure 5E), the linear age term was also a significant
predictor (8 = 18.87, p = 0.012; 77; = 0.054); as before, institution
was not a significant predictor.

332 |
Sessions

Change in Amount of Usable Data Across Repeat

Many infants from each lab attended multiple scanning ses-
sions. At Yale, of the 115 unique infants that have participated,

75 (65.2%) elected to return and complete two or more scanning
sessions. At MIT, of the 252 unique infants that have partici-
pated, 112 (44.4%) completed two or more scanning sessions.
Data from 196 sessions (using the Yale definition of a session;
158 Yale, 38 MIT) in which infants returned were available for
the present analysis of whether there was a practice effect in the
amount of usable data as a function of session number
(Figure 2, Step 5). To test whether prior scanning experience
impacted the amount of usable data, change scores were
computed for each pair of sessions completed by a returning
infant as the number of minutes of data retained in the current
session minus minutes retained in the previous session. The
distribution of pairwise change scores (Figure 5C, right;
M = 0.43, SD = 8.16) did not significantly differ from zero
(t (151) = 0.65, p = 0.514), inconsistent with an overall practice
effect. In addition, a multiple regression model was used to
predict the change scores as a function of session number and
infant age. There was no significant main effect of session
number (8 = 0.27, p = 0.612) or infant age (8 = -0.14,
p = 0.215), suggesting that a practice effect did not emerge with
more repetition or in older infants (Figure 5C, left). These re-
sults were similarly null when assessed after MIT's thresholds
were applied to Yale's data (Figure 5F).

3.4 | Experiment and Participant Factors
Impacting Data Retention

3.4.1 | Benefit of Attempting Multiple Experiments
Given the massive variability in usable functional data collected
per session, the authors tested the efficacy of attempting to
collect multiple experiments per session at Yale. Across all 304
Yale sessions, 652 experiments were attempted and 341 (52.3%)
of these were usable after preprocessing. This corresponds to an
average of 2.14 attempted and 1.12 usable experiments per
session. The 341 usable experiments came from 178 of the 304
sessions. As such, at least one usable experiment was obtained
in 59% of sessions (Figure 6A). Despite 41% of sessions yielding
no usable experiments, the 1.12 usable experiments on average
across all sessions occurred because a majority of the successful
sessions yielded more than one usable experiment (104 of 178).
In other words, 47.8% of usable experiments were not the first
usable experiment collected during the session and would not
have been completed if data collection had stopped after a single
experiment.

3.4.2 | Experimental Design of Tasks

The functional data collected at Yale could be categorized into
three types of fMRI task designs: movie, block, and event-related
(Figure 6B). A chi-square test of independence showed that
success rate—the number of usable experiments divided by
number of attempted experiments—differed by task design
(O (2) =23.11, p < 0.001). Post-hoc pairwise comparisons using a
Bonferroni correction indicated that movie designs had a higher
success rate (65.1%) than both block designs (42.7%; padj < 0.001)
and event-related designs (51.1%; padj = 0.002); the difference
between block and event-related designs was not significant
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(padj = 0.304). A post-hoc analysis to test whether the effect of
experiment type varied across infant age compared a logistic
regression with age and experiment type as predictors to one that
also included an interaction term. The interaction term did not
improve model fit (y* (1) = 2.76, p = 0.251), suggesting that the
effect of experiment type did not differ significantly across ages.

Tasks could also be categorized based on the content of their
stimuli. Many different stimuli were used across experiments,
but one common dimension is whether they featured social
stimuli (e.g., realistic or cartoon faces of any kind) or abstract
stimuli (e.g., colorful shapes and textures). A Chi-square test
with Yates' continuity correction showed that success
rate differed based on this dimension of stimulus content
(O (1) = 9.05, p = 0.003). Namely, tasks featuring social stimuli
had a higher success rate (56.9%) than those featuring abstract
stimuli (44.3%; Figure 6C). A post-hoc analysis to test whether
the effect of stimulus content varied across infant age compared
a logistic regression with age and stimulus content as predictors
to one that also included an interaction term. The interaction
term did not improve model fit (4> (1) = 0.30, p = 0.582), sug-
gesting that the effect of stimulus content did not differ signif-
icantly across ages.

3.4.3 | Trait and State Characteristics of Participants
Trait and state questionnaires were administered to a subset of
parents with the goal of uncovering pre-scan factors about the
infant that might be useful for predicting successful data
collection. For the IBQ-R infant trait questionnaire, there was a
significant relationship between negative affectivity and mi-
nutes of usable data after Bonferroni correction (r (173) = —0.25,
padj = 0.002), such that infants with greater reported affectivity
provided fewer minutes of usable data. There was no significant
relationship between minutes of usable data and surgency/ex-
traversion (r (173) = —0.04, padj = 1.00) or orienting/regulation
(r (173) = 0.07, padj = 1.00). A post-hoc analysis found no sig-
nificant difference in negative affectivity between males
(M = 3.38) and females (M = 3.50; t (52) = —0.46, p = 0.644).

For the infant state questionnaire, a multiple regression model
predicting minutes of usable data from sleep consistency, screen
exposure, screen interest, mood, and resistance to being laid on
back did not fit reliably overall (F (5, 55) = 1.58, p = 0.180,
R? = 0.13, R%adj = 0.05). Despite this, screen interest was a
reliable predictor (8 = —2.26, p = 0.021), with infants reported to
have less interest in screens at home pro-viding more usable
functional data.

4 | Discussion

The data that the authors' labs have collected over the past
decade demonstrate the feasibility of awake infant fMRI and
provide information about what other researchers might expect
when using this method. Across both labs, almost 9 min of
usable data were collected per session on average. At Yale, the
authors collected one or more usable experiments in 58% of
sessions. Critically, this success rate is surprisingly similar to

reported rates for fNIRS (46%—66%)—a technique often
considered more infant-friendly (Baek et al. 2023; Cristia
et al. 2013). Furthermore, Yale averaged 1.1 usable experiments
per session, suggesting that attempting to collect multiple ex-
periments from cooperative infants can offset the time and re-
sources spent on unsuccessful sessions.

The authors also demonstrate that age, sex, data collection
practices, and experimental designs all impact the success of
awake infant fMRI scans. These findings speak to some steps
researchers might take to improve the retention of awake infant
fMRI data.

4.1 | Participant Characteristics

The data presented here suggest that future studies should
closely consider age when designing experiments. Younger in-
fants are more likely to enter the scanner and provide some
amount of functional data; this may make it easier to collect the
larger samples needed for between-subject and individual-
differences designs. In contrast, despite higher attrition, older
infants up to 2 years produce a greater amount of usable func-
tional data per session after exclusions, which may be important
for within-subject designs. Of course, which age to target is
principally governed by the developmental question of interest,
but knowledge of these constraints may be helpful in designing
more effective experiments. It is worth noting in this context
that infants under 1 year of age tend to be oversampled in infant
neuroimaging studies across modalities (Azhari et al. 2020).

Assigned sex was also a predictive demographic characteristic,
with female infants providing more usable functional data than
their male counterparts on average. Of course, this does not
mean that studies should not strive for gender balance in their
sample. However, it is interesting to consider what might be
driving this effect. One potential explanation could be trait-level
differences across the sexes, which have been suggested to
emerge early (Gagne et al. 2013). However, there was no sex
difference in negative affectivity (Else-Quest et al. 2006)—the
only trait related to scanning success in the overall sample.
There was also no interaction between sex and age, inconsistent
with an explanation based on experiential differences or accul-
turation. A promising direction could be to consider sex differ-
ences in the physiological reactions and stress responses of
infants (Elsmén et al. 2004). Alternatively, this effect may not
reflect an inherent difference between female and male infants
themselves, but rather a difference in how researchers and/or
caregivers interact with female versus male participants.

However, the parent-report behavioral measures from the infant
state questionnaire administered at Yale did not significantly
predict the amount of usable functional data overall. The null
results for most state and trait measures speak to the unpre-
dictable nature of scanning infants, but should also be inter-
preted with caution given the limited data available for infants
who did not enter the scanner and provide functional data.
Moreover, factors not thoroughly assessed in our questionnaires
such as teething, hunger, stranger anxiety, and illness all have
the potential to unduly influence a scan. For this reason, we
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encourage all interested families to enroll and attend sessions,
even if they feel their baby is unlikely to perform well on a given
day. Anecdotally, many sessions have been successful when it
seemed unlikely at the start, and unsuccessful even when the
circumstances seemed ideal. The fact that an infant's perfor-
mance in one session did not predict their performance in
subsequent sessions, suggests that it is not the case that one
subset of well-behaved infants provides all of our data and a
second set of non-cooperative infants are never included.
Furthermore, the studies conducted by both labs utilize within-
subject designs which are less sensitive to selection bias or
cohort effects than between-subject or individual differences
designs. That said, there may have been some (self-)selection
bias in which families chose to enroll in the first place; indeed,
many of the parents whose infants participated were highly
educated and often affiliated with our own, or nearby,
universities.

4.2 | Protocol Considerations

There were differences in the amount of data collected and
excluded across the two institutions. The goal of this work was
not to determine which lab's approach was superior—indeed,
there are lessons and strengths to be taken from each—but these
differences emphasize the importance of exploring the impact of
lab-specific practices. Most notably, MIT collected significantly
more data per session on average (over 20 min, compared to
12 min at Yale). This difference was partly attributable to the
fact that at least one anatomical image was collected in every
Yale session, meaning that there were at least three additional
minutes of engagement that could have been used to collect
more functional data; MIT collected an anatomical image if the
infant fell asleep or, in some cases, if the infant seemed to prefer
a non-experimental video. Additionally, Yale scanned many
more 10-20 month-old infants than MIT, who focused primarily
on infants under 10 months. The results from the combined
dataset suggest that this may decrease the total amount of
functional data collected on average by Yale (and increase the
relative amount of those data that were usable).

Moreover, certain details of the MIT protocol may have facili-
tated compliance to allow for longer periods of data collection.
For example, infants scanned at MIT may have been soothed by
music played over the headphones and/or the presence of the
caregiver/researcher accompanying them in the scanner bore.
Additionally, the custom head coil used by MIT places the in-
fant in a half-seated position which may have also increased
comfort and led to greater compliance once the session started.

On the other hand, Yale's use of only the bottom portion of a 20-
channel head coil in an open-face configuration was less
confining, and the ceiling projection may have engaged the in-
fant's attention more rapidly, reducing the proportion of ses-
sions in which no functional data were collected. This approach
may also be more easily adopted by researchers new to awake
infant fMRI, as it relies on stock equipment commonly used
with adults. Additionally, the authors have previously shown
that this approach produces a comparable signal-to-fluctuation-

noise ratio (SFNR) to that obtained when scanning adults with
both portions of the coil, particularly in cases of low head mo-
tion (Ellis et al. 2020).

Overall, despite the protocol differences between Yale and MIT,
the authors also realized that they had developed some similar
strategies over time. For example, both groups found that parent
comfort with the scanning process was critical for a successful
scan. We both found it beneficial to schedule sessions with
ample time for acclimation to the environment and breaks
during scanning to ensure the process did not feel rushed for
participants. Additionally, though each lab used different
scanning sequences and forms of hearing protection, we often
found that infants were calmer while the scanner was running,
so it was best to minimize time spent in the bore with the
scanner idle. Though only anecdotal, we have presumed this is
due the rhythmic vibrations they felt and/or muffled sounds
they heard.

Relatedly, one aspect of MIT's protocol that Yale is currently
working to adopt is this presentation of auditory stimuli to in-
fants while in the scanner. This not only broadens the scope of
possible experiments to include auditory/multisensory percep-
tion and various aspects of language, but may also be calming to
the infant and increase data quality/quantity. Conversely, one
strength unique to Yale's protocol is the video camera posi-
tioned inside the scanner bore which allows for tracking of the
infant's eye movements during a scan. Eye movements have
been a vital tool for researchers of infant cognition, and moni-
toring this looking time behavior in the scanner enables inves-
tigation into how it relates to brain activity.

Additionally, even though the amount of data retained after
motion exclusions was highly variable across sessions,
attempting to collect multiple experiments in each session at
Yale helped mitigate this variability. In fact, more than one
usable dataset was obtained per session on average, despite the
fact that almost half of sessions resulted in no usable experi-
ments. The practice of preparing multiple experiments in
advance of each session not only increased the amount of data
collected from compliant infants, but also allowed for flexibility
in adapting to infant interest and task compliance. For example,
it was not unusual for an infant to fuss out of one task but then
to re-engage with, and complete, a second or third task.

Finally, there are a number of challenges for which both labs are
still working to find a solution. For example, as is the case in
many types of developmental research, too many sessions fail
before any data are collected. In our experience, this is
commonly due to fussiness and/or non-compliance with hear-
ing protection, which can be especially difficult with infants
who are teething or congested. Over-the-ear noise canceling
headphones that reliably and automatically cancel scanner
noise may facilitate the application of hearing protection.
Moreover, the head motion encountered when scanning infants
limits the feasibility of tasks and analyses that require long
stretches of usable data (see Supporting Information S1). This
challenge is currently addressed by scanning infants while they
are asleep, but this state is not suitable for many questions about
cognition.

14 of 17

Infancy, 2026



4.3 | Experimental Design

Across different tasks at Yale, movie designs were more suc-
cessful than block and event-related designs on average; MIT
only used movie designs. This advantage may partly come from
the fact that movie designs tend to require fewer minutes of data
to be usable overall, given the continuous stimulation. These
findings align with prior demonstrations that movies are a
powerful tool for collecting high-quality fMRI data in young
children (Vanderwal et al. 2019). The value of utilizing natu-
ralistic stimuli during fMRI studies is also well established in
adults (Jddskeldinen et al. 2021). For research questions that
require a more traditional task, block and event-related designs
yielded similar amounts of usable data; this contrasts with the
observation of higher attrition rates for event-related than block
designs in fNIRS (Baek et al. 2023). One potential limitation
when interpreting the lack of a difference here is that Yale ran
more block designs in earlier years and more event-related de-
signs in later years, thus confounding this comparison with
experimenter experience.

The type of stimuli shown within a task was also related to the
success rate of experiments run at Yale. Specifically, tasks
featuring social stimuli (i.e., faces) had a significantly higher
success rate than those featuring abstract stimuli (i.e., shapes,
textures); notably, all of the experiments run at MIT involved
social stimuli. These results align with prior evidence demon-
strating that infants preferentially orient to faces over non-face
objects (Portugal et al. 2024). This preference, which increases
with age, facilitates social attention (Frank et al. 2014). Taken
together, these findings suggest that social stimuli can be
leveraged in future awake infant fMRI studies to facilitate infant
orienting and attention to the stimulus display and maximize
experimental success rate.

Choices about experimental design and stimuli should also be
informed by other aspects of the protocol that impact data
quality and quantity. Testing infants in an awake state makes a
broad range of tasks and behaviors possible but results in more
head motion than when they are asleep. This is often an
acceptable compromise because carefully balanced within-
subject manipulations make task fMRI less susceptible to mo-
tion confounds than resting-state fMRI. Decisions about how to
handle head motion during preprocessing further interact with
experimental choices. For example, movie designs may be more
compatible with a stricter motion threshold than block or event-
related designs because their higher success rate offsets the in-
crease in data exclusion. Additionally, the data exclusion asso-
ciated with a stricter motion threshold can be addressed by
attempting the task repeatedly across multiple visits scheduled
close in time (when the infant is roughly the same age). MIT has
found that this approach works well, especially for cognitive
domains such as visual perception and language in which tasks
can be repeated easily. Other cognitive domains, such as
learning or memory, may not be as amenable to repeated testing
(e.g., because the amount of exposure is often part of the phe-
nomenon of interest or there can be interference across ses-
sions), and some questions require block or event-related
designs that have lower success rates. In these cases, Yale has
found that a more lenient threshold that maximizes the data

retained from a single visit can be effective. The resulting
reduction in data quality requires simple and robust experi-
mental contrasts and rigorous statistical analyses to find the
signal in noise. Imaging older infants, for whom a smaller
proportion of data is excluded due to motion, may also help to
combat potential concerns of data loss at either threshold.

4.4 | Limitations

The scope and generalizability of the reported analyses is limited
by the variables that were documented and the research practices
that were employed by each institution. There are many factors
not considered here that could play a vital role in the scanning
process. For example, hearing protection is difficult when a child
is teething and some children seem calmer and more amenable to
scanning when their guardian is not visible. Although such oc-
currences are noted, the potential influence of these factors is at
best anecdotal. Additionally, while both labs ensure that parents
are fully informed and oriented prior to scanning, a relatively
small proportion of the sessions reported involve pre-scan ac-
commodation/preparation for the subject (only for 18-36 month-
olds at MIT). This can be helpful at these older ages, but it is also
possible that taking analogous steps may be beneficial for
younger infants, potentially by easing the parent's anxiety as
much as the child's (Thieba et al. 2018). Indeed, the behavioral
questionnaires reported here focused entirely on the infant, yet it
is possible that parent characteristics may play a strong role.
Protocols for infant/toddler neuroimaging vary dramatically
across labs (Hendrix and Thomason 2022), and it will be impor-
tant to assess these divergent approaches and glean insights from
these groups—including those using other infant imaging
modalities—for establishing best practices.

4.5 | Conclusion

Awake infant fMRI is an exciting method that holds great po-
tential, as evidenced by a growing body of findings across labs
(Nielsen et al. 2023; O'Doherty et al. 2025). The results presented
here from more than 750 scanning sessions and almost a decade
of effort demonstrate the increasing feasibility of this method as
well as what researchers entering the field should expect will
impact data collection. Several factors such as age, sex, data
collection practices, and experimental designs influence the
success of a scan and should be carefully considered when
designing and optimizing future experiments. Although any
given scan is unpredictable, hopefully the present analyses might
help other groups optimize future awake infant fMRI studies to
advance understanding of the developing mind and brain.
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