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INnfant neuroscience: how to measure brain

activity In the youngest minds
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The functional properties of the infant brain are poorly understood. Recent
advances in cognitive neuroscience are opening new avenues for measuring
brain activity in human infants. These include novel uses of existing technologies
such as electroencephalography (EEG) and magnetoencephalography (MEG),
the availability of newer technologies including functional near-infrared spec-
troscopy (fNIRS) and optically pumped magnetometry (OPM), and innovative ap-
plications of functional magnetic resonance imaging (fMRI) in awake infants
during cognitive tasks. In this review article we catalog these available non-inva-
sive methods, discuss the challenges and opportunities encountered when ap-
plying them to human infants, and highlight the potential they may ultimately
hold for advancing our understanding of the youngest minds.

Why study the infant mind and brain?

A general approach to understanding a complex structure or system is to study how it can be
built, or 'reverse engineered' [1-3]. What are the parts, how are they arranged, when do they
come online, how are their functions coordinated, what are the resulting emergent properties,
and what can go wrong? This captures our perspective on why it is important to study infants
to understand the human mind and brain. The first 2 years of human life is a revolutionary period
like no other. During this period, the volume and anatomy of the brain change at the fastest rate of
our lifespan [4,5] and the foundational capacities of the mind take root [6].

There is a large behavioral literature on the early development of the human mind [7]. This field
of infant cognition (see Glossary) has revealed the capacities of infants for perception, at-
tention, learning, memory, language, motor control, theory of mind, metacognition, and
more, through looking, reaching, and other simple behaviors [8-11]. These studies are clever
and insightful, yet the behavioral measures they rely upon are difficult to interpret because
each can be influenced by multiple cognitive capacities [10]. In this article, we synthesize re-
search from a related and growing field — infant neuroscience — that focuses on the early de-
velopment of the human brain. This complements infant cognition research by revealing
biological mechanisms that underlie cognitive capacities, which can inform algorithmic under-
standing of how these developing capacities work and can help to better predict and explain infant
behavior.

Linking brain and behavior poses a key challenge in studying infants, especially when they are
preverbal: their small behavioral repertoire requires that researchers infer complex cognition
from simple actions [12]. Access to the brain dramatically expands the toolkit of infancy re-
searchers [13] by enabling new experimental designs and dependent measures [14]. These
neural measures have the potential to address open theoretical issues in infant cognition
[15,16]. For example, recent theories posit that infants mentally simulate events in the world
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[17]; this cannot be observed directly in behavior, but multivariate analyses of neural data
could detect such simulations to validate these hypotheses. The infant neuroscience tech-
niques we review in this article provide rich, dynamic, and implicit measures that may drive a
new generation of progress. At the same time, infant neuroscience faces its own unique chal-
lenges, which we also consider.

The growing availability of infant neuroscience techniques is the result of dramatic progress over
recent decades in research on the adutt human brain [18,19].. During this time, researchers gained
access to new non-invasive technologies for measuring functional brain activity in humans, including
fMRI [20], MEG [21] — both the original cryogenic (superconducting quantum interference device,
SQUID) and newer optical (OPM) varieties — and fNIRS [22]. These methods complement EEG
[283], a longer-standing method that is still widely used in infants.

Beyond new tools for data acquisition, there have also been notable advances in the analysis of adult
brain imaging data [24]. Whereas early 'univariate' analysis approaches in cognitive neuroscience
emphasized the brain activity of individual regions in space or discrete moments in time [25,26],
modern 'multivariate’ approaches incorporate data-driven machine learning [27] and network
science [28] techniques, as well as theory-driven inference from computational models
[29]. Such analyses are increasingly being applied to infant data [30-32], and these applications
present a major opportunity for unraveling complex neural systems as they emerge during
early development.

The infant brain can also be studied from an evolutionary perspective, informed by comparative
research from developmental neurobiology in animal model systems [33,34]. Infant rodents and
primates have advanced our understanding of, for example, motion detection [35], face recogni-
tion [36], and memory replay [37]. These studies add valuable insights by incorporating causal
perturbations and invasive recordings that are not applicable in human infants. At the same
time, key aspects of the human mind, such as language, theory of mind, and consciousness,
are more difficult and sometimes impossible to study in animals [38]. One of our goals in this
article is to reveal opportunities to work toward, in humans, a refined mechanistic understanding
of early cognitive development.

To outline the scope of this review, we focus on methods for measuring the functional properties
of the human brain during infancy, spanning the first 2 years of life. We highlight what types of
questions neural measures can help to answer in infants, and discuss unique challenges when
interpreting such measures. We describe the landscape of available non-invasive tools for infants,
their strengths and weaknesses, and effective practices for acquiring and analyzing data. We
target diverse audiences, including new researchers for whom this review can be a primer,
infancy researchers looking to expand from behavioral and physiological measures to neural
measures, developmental cognitive neuroscientists wishing to learn more about cutting-edge
techniques, and cognitive neuroscientists studying the adult brain who are interested in adapting
their skill sets to infants. We do not aim to provide a comprehensive account of all empirical and
theoretical advances that have been enabled by these tools across content areas of cognitive
development, but we do reference several innovative applications of these tools in infants.
Many of these innovations have arisen in recent years, including rapid progress in using machine
learning and artificial intelligence (Al) for neuroimaging data [39], dramatic growth in the number of
awake infant fMRI studies [16], and the arrival of OPM [40]. Our goal is to raise awareness about
the availability and feasibility of these methods for rigorous cognitive neuroscience in infants, and
to spur interest in using these methods to address fundamental questions about the develop-
mental origins of the human mind and brain.
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Glossary

Blood oxygenation level-dependent
(BOLD) response: a signal measured
by MR that reflects an oversupply of
oxygenated blood to replenish metabolic
resources around sites of increased
neuronal population activity, allowing this
activity to be localized approximately.
Electroencephalography (EEG): a
neuroimaging technique in which an array
of electrodes is placed on the scalp, and
these electrodes sense volume currents
from the brain induced by the electrical
activity of neuronal populations.
Event-related potential (ERP): the
average change in electrical or magnetic
activity evoked by a stimulus or task
across trials that is often characterized
by peaks or troughs at particular
moments in time which reflect specific
perceptual or cognitive processes.
Functional magnetic resonance
imaging (fMRI): a neuroimaging
technique that measures BOLD activity
over the whole brain in a volume of voxels
every 1-2 s using a head coil in an MRI
machine.

Functional near-infrared spectros-
copy (fNIRS): an optical neuroimaging
technique that emits light at wavelengths
matched to oxygenated and
deoxygenated blood, and uses an
array of detectors to measure
absorption and infer neural activity,
akin to the BOLD response.
Frequency tagging: an experimental
design in which stimuli are presented
sequentially at a fixed interval, allowing
processing of these stimuli or
abstractions to be inferred based on
power or coherence at the corresponding
frequency.

Functional alignment: an alternative
to standard anatomical coregistration
across participants in which voxels or
channels are aligned based on the
similarity of their activity timeseries rather
than the location of their anatomical
coordinates.

Infant cognition: a subfield of
developmental psychology focused on
the early presence and development of
cognition and behavior in infants.
Looking time: the duration of eye
fixations on a stimulus or location; a
dependent measure that is widely used
in infant cognition research to test
habituation, violation of expectation, or
stimulus discrimination.
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Questions that can be addressed by infant neuroscience research
Neuroscience research in human infants is challenging — so why bother? Indeed, the field of
infant cognition has made significant progress by focusing on behavior alone. There are several
types of questions that may not only benefit from, but require, neural measures.

One class of questions involves trying to better understand the cognitive processes underlying
behavior. Seemingly simple infant-friendly behavioral measures such as looking time are
influenced by several processes. For example, infants often look longer at things they deem to
be novel, except when they do not and instead look more at familiar things [41,42]. This classic
reversal — now the subject of a collaborative study' — has been linked to a host of factors, including
the salience, complexity, familiarity, and duration of stimuli [43]. These factors may load onto
different brain systems (e.g., sensory systems for complexity, attentional systems for salience,
and memory systems for familiarity); thus, neural measures indicating the involvement of one or
more of these brain systems may help to dissect which process(es) drive looking behavior in a
given task. Again, these processes cannot be measured directly in nonverbal behavior; neural
measures can therefore serve to enrich the interpretation of infant behavior.

Neuroscience can also help to answer questions about cognitive processes in infants that have
yet to manifest in overt behavior. Akin to the competence versus performance distinction in
language acquisition [44], whereby infants know more about language than they can articulate
at first, protracted motor development may not allow infants to act on the neural representations
they possess [45], such as those related to (in addition to language) semantic knowledge,
episodic memory, spatial navigation, or consciousness. In this situation, directly studying these
neural representations may be a more sensitive approach [38]. Relatedly, many infant behavioral
paradigms produce one or a small number of dependent measures that are collected at the end
of a protocol [12] (e.g., the outcome of learning or the violation of a habituated expectation). By
contrast, infant neuroscience allows online, incidental measurement of processes throughout a
task (e.g., learning curves). Moreover, obtaining multiple neural measurements — patterns of
brain activity across thousands of points in space and time — dramatically increases the amount
of data obtained per infant.

Another class of questions concerns how regions of the infant brain are specialized and organized for
different cognitive processes. Where in the brain are functions instantiated? What information is
represented in those regions? When in time is this information processed in relation to stimulus events
or other processes? Answering such questions can address vexing issues about nature and nurture,
namely whether there are dedicated, even experience-independent functional modules in the brain for
domains of core knowledge, and/or whether functions instead emerge and adapt in infancy
through experience and across more distributed networks in the brain [46-50].

Finally, studying the youngest brains can guide our understanding of the mature brain and behavior —
a developmental, within-species analog to how animal models can help to advance our understand-
ing of the human brain. For example, developing brains have dramatically different volume, folding,
connectivity, and other structural properties [4], but still can implement some sophisticated, adult-
like functions [51]. Indeed, several infant neuroscience studies have observed functional properties
more similar to adults than not [52,53]. The fact that a qualitatively different biological architecture
can achieve these functions puts important constraints on explanations in adult cognitive neu-
roscience about how and why specific brain systems have particular functional specializations
and connectivity. In turn, knowing the range of functional organizations that allow the brain to
implement normative behavioral and psychological phenotypes during development opens
up new clinical applications such as diagnostic methods and pharmacological treatments.
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Magnetoencephalography (MEG): a
neuroimaging technique that measures
magnetic fields created by electrical
activity in the brain using an array of
superconducting quantum interference
device (SQUID) or optically pumped
magnetometer (OPM) sensors placed
around the head.

Multivariate analysis: a set of analysis
approaches, often implemented using
machine-leaming algorithms, in which
the spatiotemporal pattemns of brain
activity over voxels or channels are used
as the input for training and testing
classification, regression, and similarity
models to decode or predict stimuli or
tasks.
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Interpretation of neural measures

Perhaps one of the most challenging tasks faced by an infancy researcher is how to interpret
neuroscience results. Measures obtained using non-invasive neuroimaging tools are too
coarse to assess single units or local circuits and are therefore an indirect proxy for the neural
population dynamics used by the brain to perform computations relevant to behavior. Even if a
future tool provides more direct and precise neural measures, changes in brain activity during
development can reflect several factors that are nearly impossible to control experimentally,
including age-related differences in task difficulty and instructability, motor control and
language ability, neural selectivity and tuning, and attention, motivation, and interest [54-57].
Thus, caution is warranted when drawing conclusions about cognitive development from infant
neuroscience data alone.

There are several possible ways to enrich interpretation and mitigate such pitfalls, including vali-
dation in participants with developmental disorders or deficits affecting specific brain mecha-
nisms [58,59]. Moreover, computational models can simulate brain mechanisms that are linked
to behavior and can then safely be 'lesioned' to test causality [60,61]. Finally, multimodal neuro-
imaging studies that combine tools may help to address the limitations or interpretational chal-
lenges of any individual tool [62—-64].

Nevertheless, conclusions about how to interpret infant neuroimaging data should avoid
assumptions of developmental homology. By this we mean that there could be qualitative
changes during infancy in the extent, localization, connectivity, and modularity of key functional
mechanisms in the brain [51,65]. Developmental studies often implicitly assume that the
functional neuroanatomy of the human brain is relatively static, such that task activation (or
inactivation) of a region previously linked to a cognitive process in adults provides evidence of
maturity (or immaturity) of that process in children. This assumption is reasonable in some
cases [53,66], but violations affect how the timing and trajectory of developmental change
are characterized [67]. Analysis techniques based on functional alignment [24,68], which
can track function agnostic to anatomy, may provide a more accurate estimate of how the func-
tional properties of the infant brain change with age [69] (Box 1).

These considerations reveal a developmental form of 'reverse inference' — when activity in a brain
region alone is used to infer a cognitive process because prior studies linked that region to the
process [70]. This potential fallacy is problematic even among studies of adults, given that brain
regions can serve multiple cognitive processes, but it seems especially dangerous when relying
on adult studies to infer a cognitive process that infants may or may not have. That said, given
a paucity of infant data, such adult-based reasoning may still be useful for generating hypotheses
about infants that can then be tested experimentally [70].

Why is it challenging to study infants?

A first major challenge when studying infants is task design. Infants have a relatively short atten-
tion span and typically cannot be given instructions, both of which result in small amounts of data
and high attrition rates. This has not deterred researchers from assessing infant behaviors, but
much of that work has focused on spontaneous or easily elicited measures rather than on
noisy signals from the brain [71]. For example, a mainstay in the infant literature since the
1950s has been how infants orient to stimuli, typically measured by the speed and duration of
looking [10]. Such measures of visual attention can be coarse (i.e., attentive vs. looking away)
or fine (i.e., precise fixations with an eye-tracker). Looking behavior has been used widely in ha-
bituation and violation-of-expectation paradigms to infer the cognitive capabilities of infants to
represent objects, numbers, agents, and more [8]. Other behaviors (e.g., sucking) and
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Box 1. Functional alignment across development

A common assumption in developmental neuroimaging is that adult anatomical and functional atlases are a reasonable approx-
imation of the infant brain. This assumption is often false [67], but persists because of the challenge of mapping adult functions to
the developmentally homologous anatomy in infants. It is difficult to know what counts as the 'same' region across infants and
adults given differences in global volume, relative size, cortical folding, and landmarks. Even worse, there is no guarantee that
a function that maps to one anatomical region in adults will map to the same region in infants.

Shared response modeling (SRM) and the related approach of hyperalignment [68] offer a data-driven solution [24]. SRMis a
functional alignment method that takes as its input brain activity over time across voxels (fMRI) or channels (EEG, MEG,
fNIRS) from a group of participants with the same task timing (e.g., watching the same movie). SRM finds a projection of
the data that captures their shared responses in a lower-dimensional (e.g., fewer than the number of voxels/channels) set
of feature timecourses. After this procedure, new data from the same participants can be transformed from their anatomical
space to the shared functional space, even if they have a different number of voxels/channels or variable mapping of functions
to anatomy.

SRM could be used in infant neuroscience in several ways [69)], for example, to predict infant brain activity from adult brain ac-
tivity while avoiding homological assumptions inherent to anatomical alignment. This 'signal reconstruction' approach has been
applied in older children [51]: first, SRM learns a functional space across a group of adults watching a movie, akin to a group
average of their shared temporal response features, as well as weight matrices that transform each individual's anatomical
voxels/channels into these functional features. The brain responses of a child to the same movie are then regressed onto these
adult functional features to obtain their weight matrix. This determines the loading of adult features onto the voxels/channels of
each child. The adult and child weight matrices are combined so that voxel/channel activity evoked by a new stimulus in adults
can be translated into the brain anatomy of the child. This provides a prediction of how the brain of the child would respond if it
had adult-like function. This predicted activity is compared to the actual child brain activity, resulting in a measure of functional
similarity between the child and the adults. This similarity can predict the age of the child and reveals that some adult functions
are absent in the child brain; some are localized to the same regions, and others are present but reorganized to different regions
[51]. The growing availability of infant movie data will allow similar analyses in infants [31,32,69,135].

physiological measures (e.g., heart rate) vary with stimulus conditions and can be used in operant
and classical conditioning paradigms to assess stimulus discrimination, memory, and the process
of learning [72].

A second challenge is that behavior undergoes developmental changes. For example, reaction
times and conditioning get faster with age [73], and the salience of stimuli is affected by prior expe-
rience [74]. In other words, the dependent measures used to assess development — the 'yardstick'
for measuring age-related changes — are confounded with the developmental mechanisms that
they have been used to reveal. This motivates the use of physiological measures that do not require
a behavioral response, such as heart rate, galvanic skin response, and pupil size [75]. However,
these physiological responses have an indirect relationship with the underlying neural mechanisms
and may also undergo developmental changes. Indeed, changes in pupil size are correlated
with stimulus prediction, but they are also influenced by variations in luminance, arousal, and
sympathetic/parasympathetic balance [76].

These challenges have motivated infancy researchers to seek more direct neural measures
[13,15,16]. The natural place to start was EEG, a non-invasive technique amenable to small infant
heads that requires minimal restraint to mitigate movement artifacts. In adults, EEG captures neu-
ral activity precisely in time, although it can only localize this activity in the brain approximately [77].
The advent of fMRI in the 1990s offered a non-invasive way to localize functional signals in space
precisely across the whole brain. However, fMRI was not readily usable with infants because it re-
quires rigid head stabilization during image acquisition. Achieving immobilization with an awake in-
fant was initially viewed as a fool's errand. Indeed, until recently nearly all fMRI studies in infants
were conducted during sleep without a task or with auditory stimuli [15,78-81]. Further, the slug-
gish hemodynamic response in fMRI limits the number of experimental trials that can be acquired
within the short 'window of cooperation' of infants, relative to EEG or behavioral tasks.
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Figure 1. An example of an infant electroencephalography (EEG) study of speech perception of phonetic categories. Speech perception requires the listener to
form phonetic categories that ignore variation across talkers, speaking rate, and the surrounding acoustic context. Linguists have characterized these phonetic categories
based on the principles of parsimony and universal properties across thousands of natural languages. This study asked whether 3-month-old infants encode phonetic
categories according to these linguistic principles by examining patterns of EEG activity from 256 channels using multivariate analysis. (A) An array of electrodes with saline
sponges establish low-impedance contact with the scalp. The cap combines whole-head coverage (128 electrodes) with high-density coverage (another 128 electrodes)
over temporal cortices. (B) Grand mean event-related potentials (ERPs) from all 256 electrodes. (C) The topography of mean ERPs across stimulus conditions, showing
peak amplitudes over frontocentral scalp locations. (D) Speech syllables varied in place of articulation (labial, alveolar, velar) and were spoken by different talkers (male,
female) in different vowel contexts (bi-bo, di-do, gi-go). A classifier model trained on neural patterns evoked by syllables generalized across male/female and /i/-/o/ vowels,
as shown by the timecourse of classification accuracy after syllable onset; this indicates the existence of phonetic categories. (E) Classification accuracy also indicated
generalization to novel examples of consonants that varied in place of articulation. Moreover, category-level decoding was evident earlier in time than identity-level

decoding. Figure adapted from [49] with permission.

The conclusion one might draw is that the widespread deployment of neuroimaging in
studies of awake infants, with the sophistication obtainable from adults, remains an aspiration.
We offer a more optimistic outlook, bolstered by the recent availability for infants of (i) new pro-
tocols that enable more data to be gathered, (i) new neuroimaging technologies with unique
strengths, and (i) new computational analysis methods to extract richer insights. These advances
have put the field of infant neuroscience on the cusp of major breakthroughs.

Neuroscience tools suitable for human infants

Electroencephalography

EEG measures electrical fields emanating from the brain through electrodes placed on the scalp.
Active neurons serve as dipoles that induce volume currents in nearby brain tissue and fluid, and
radiate out into the skull and scalp [23]. These signals are sampled with high temporal resolution,
whereas the spatial resolution of EEG is limited by differences in conductivity across tissue types
and blurring by the skull. Even if transmitted faithfully, sources cannot be localized exactly
because of the inverse problem: the impossibility of reconstructing 3D brain activity from 2D
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measurements on the scalp; however, approximations suitable for source localization, such as
'beamforming’, have proven useful [32].

The electrodes in EEG are embedded in caps that fit on the head. These caps can be sized for
infants, are light and comfortable, stay in place during head movement, and allow the child to
sit on the parent's lap. The connection between the electrodes and the scalp is made either
with conductive gel or with sponges soaked in saline solution; the latter is faster because all
electrodes are prepared at once but can lead to worse connections and to interference
between channels. EEG is the most established tool for infant neuroscience, and there has
been recent progress in domains such as visual categorization [83], symbolic labeling [84],
maternal odor recognition [85], statistical learning [86], and music and speech perception
[87,88] (Figure 1).

Magnetoencephalography

MEG is the magnetic counterpart of EEG [21]. The volume currents induced by neuronal activity
create perpendicular magnetic fields. These fields are extremely weak: detecting them requires
advanced magnetic shielding and highly sensitive sensors. The most common sensor is a
SQUID that converts magnetic flux into voltage. A key advantage of MEG over EEG is that it is
less distorted by conductivity differences and by variation in skull thickness and fontanels [89].
As aresult, MEG has higher spatial resolution than EEG while retaining the same temporal reso-
lution and quiet operation suitable for infant testing. SQUID-based MEG requires a large and ex-
pensive instrument with helium cooling that can be difficult to use in infants unless customized.
The SQUID sensors are arranged into a fixed array that accommodates an adult-sized head;
this presents an issue for infants whose smaller heads do not fill the array, given that sensitivity
falls off with distance from brain tissue. These drawbacks may be addressed in the near future
with the increasing availability of OPM, a new form of MEG [40]. This may be the most promising
addition to the toolbox for infant neuroscience (and cognitive neuroscience more generally) since
fMRI (Box 2).

Box 2. The prospect of optically pumped magnetometry (OPM) for MEG research with infants

MEG may soon become more infant-friendly with the arrival of OPM [136]. Optical pumping refers to the use of a light source
to change the quantum state of an atom and make it sensitive to weak magnetic fields, in this case those induced by the
activity of neurons. OPM sensors contain a laser diode as the light source, the atoms being pumped are typically in an alkali
metal vapor (¢”rubidium), photoreceptors are used to measure magnetic resonance, and electromagnetic coils control the
surrounding magnetic field. OPM-MEG eliminates the need in SQUID-MEG for a large machine with cryogenic cooling. Ad-
vances in miniaturization have resulted in small sensors that can be arrayed on a semi-rigid cap worn by partici-
pants [40], including infants [90] and children [137]. OPM-MEG arrays on the horizon may have dozens to hundreds of
channels on the cap.

OPM-MEG has several advantages in general, and for infants in particular [138]. By removing cryogens, the sensors can
be brought into closer contact with the head. Given that magnetic fields dissipate exponentially with distance from the
source, this can increase signal strength. Moreover, the self-contained nature of sensors means they can be arranged flex-
ibly in different configurations to fit infant-sized caps. The proximity and fit of sensors also make OPM-MEG more robust to
head motion, in principle. The technology of the sensors themselves is developing rapidly, and new triaxial sensors are
coming on the market that measure magnetic fields in three axes as opposed to a single axis with SQUID-MEG, thus al-
leviating geometric blind spots [138,139]. Although current OPM-MEG systems must be installed inside a magnetically
shielded room (like SQUID-MEG), future iterations may include built-in or portable shielding around the head. The ability
to record human brain activity with high fidelity in space and time from participants while they engage in naturalistic tasks
would enable powerful, new experimental paradigms.

At the moment, however, OPM-MEG for infant research is still far from widespread adoption, and there have so far been

only a handful of deployments of OPM equipment worldwide. Ongoing technical refinements will be necessary to address
crucial practical issues (e.g., heat dissipation).
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Beyond recent proof-of-concept OPM studies (e.g., [90]), most MEG research in infants
has been conducted using SQUID systems, including studies of speech processing [91],
word recognition [92], face processing [93], and rule learning [94] (Figure 2). There are several
challenges when collecting MEG data in infants [95], but there is also growing convergence re-
garding best practices, especially when the participants are awake, which enables naturalistic
tasks [96,97].

Functional magnetic resonance imaging

fMRI is used widely in adult cognitive neuroscience because it localizes regions and patterns of
activity across the whole brain (including deep-brain and subcortical structures) [20]. Relative to
other signals that can be recorded non-invasively, the blood oxygenation level-dependent
(BOLD) response that fMRI measures has high spatial resolution but low temporal resolution,
peaking 4-5 s after neural activity and decaying after 15-20 s (the hemodynamic response function).

Although fMRI has great potential for studying infant cognition [15,16], its use for this purpose has
been relatively limited. Key challenges include the inhospitality of the MRI environment (loud noises,
confined space, separation from parent, adult-sized head coils, etc.), difficulty in instructing
infants to stay still, artifacts from minor head motion, age-related differences in the shape, timing,
and amplitude of the BOLD response, and the need for substantial amounts of data to overcome
the low signal-to-noise ratio [98—100]. One solution has been to collect fMRI data while infants are
asleep [81] — a state in which they spend more than half of their time. This has led to important
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Figure 2. Examples of infant magnetoencephalography (MEG) studies of local and global structure detection.
Behavioral studies have revealed that infants can detect changes in the structure of sensory input. Novel structures can be
defined at a variety of levels, including local changes and global changes. These two MEG studies, one in fetuses ranging
in gestational age from 28 to 35 weeks, and the other in newborns, embedded local and global structure changes in
sequences of tones. (A) After an initial learning phase in which four-note sequences were repeated, a test phase assessed
changes in the familiar sequence. The changes were either local (within a four-note sequence) or global (across four-note
sequences), and they occurred on 25% of test trials. (B) Fetuses were sensitive to global but not local structure, and peak
MEG differences occurred 350-650 ms after sequence onset. (C) Newborns were sensitive to both local and global
structure, and peak MEG differences occurred in an earlier 200-400 ms time window. Panels (A) and (C) are adapted from
[94] with permission; panel (B) is adapted from [140] with permission.
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insights, especially about the early development of functional networks [101-105]. Clever task-
based experimental designs with somatosensory or auditory stimulation during sleep, and/or
with behavioral measures before or after sleep scanning, have also proven effective [80], including
in studies of acoustic processing [106], vocal interaction [107], and memory retrieval [108]. Other
aspects of cognition are impossible to study while the infant is unconscious during sleep
because, for example, they depend on visual input, conscious processing, or concurrent behavior.
Building on one early pioneering study of speech perception [79], there has been a recent surge
of fMRI studies in awake infants [16,80,100], including on retinotopic organization [52], motion
perception [109], face perception [47,53,110], attentional orienting [111], event segmentation
[31], and statistical learning [112] (Figure 3). Laboratories differ in the techniques they use to
overcome the challenges of awake infant fMRI, including custom versus stock head coils, whether
a parent enters the bore with the infant, and the stringency of motion exclusion [53,100]. However,
all share a general emphasis on involving parents as a partner; applying strong and redundant hearing
protection; using blankets, foam pads, or vacuum pillows for comfort and to limit body movements;
and designing short and robust tasks with engaging stimuli to maintain attention.
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Figure 3. An example of an infant functional magnetic resonance imaging (MRI) study of statistical learning in the
hippocampus. Statistical learning relies on the hippocampus in adults and is a robust behavioral ability in infants, but the
hippocampus is typically thought to be immature in infancy (based on the slow development of episodic memory and
associated infantile amnesia). This study tested the hypothesis that the hippocampus may contribute earlier in development to
statistical learning than to episodic memory. (A) Awake infants aged 3—24 months were exposed to continuous blocks of fractal
patterns that appeared one at a time during fMRI. In the structured condition, blocks were generated from embedded pairs (AB,
CD, EF), allowing statistical leaming of the higher transition probability within (100%) versus across (33%) pairs. In the random
condition, blocks were generated from a random order of fractals with uniform transition probabilities (20%) that did not allow
the extraction of regularities. (B) The bilateral hippocampus of each infant was segmented manually from an anatomical scan
and used as a region of interest (ROI). (C) There was a stronger blood oxygenation level-dependent (BOLD) response in the
hippocampal RO to the structured than random blocks by the end of sequence exposure, growing from the first to the second
half of the blocks. This study provides evidence of hippocampal learmning in human infants. Figure adapted from [112]
with permission.
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Functional near-infrared spectroscopy

fNIRS is a diffuse optical imaging technique related to fMRI [22]. Two wavelengths of light, each
optimized for absorption by chromophores of either oxygenated or deoxygenated blood, are
delivered to the skull via emitters, and returning photons are captured by detectors. By taking
advantage of the near-infrared optical window in which skin, bone, and tissue are mostly trans-
parent, the light reaches the surface of the brain, and part of it is reflected and measured. Be-
cause the infrared emitters and detectors are attached to a cap worn by the infant, there is less
need to immobilize the head and fewer restrictions on body positioning than in most other tech-
niques, enabling more naturalistic studies, including about motor control and social interaction
[113]. One notable limitation of fNIRS is that the light-scattering properties of brain tissue mean
that it is only sensitive to neural activity near the cortical surface (up to a depth of ~2 cm). Another
limitation is the relatively low spatial resolution of fNIRS; high-density systems are being devel-
oped that can provide resolution at the scale of fMRI parcels [114].

Two further challenges with fNIRS are anatomical coregistration and surface vascular noise. fMRI
studies include structural scans from the same infant, thereby providing coregistration of brain
activity to anatomy. fNIRS relies on photometric techniques to obtain 3D coordinates of the
emitter and detector locations and to align them with the anatomy of either age-specific MRI
templates or a structural scan of the same infant from a separate MRI session. Nevertheless,
many existing fNIRS studies in infants have reported spatially diffuse results that are, in part,
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Figure 4. Example of an infant functional near-infrared spectroscopy (fNIRS) study of non-adjacent
dependency learning. Behavioral and fNIRS studies of newborns have documented their ability to detect immediate
repetitions (e.g., AAB vs. ABC) in sequences of speech syllables. However, non-adjacent dependencies, where A and B are
separated by one of many intervening syllables (i.e., ), have proved to be more difficult for infants to learn. This study asked
whether non-adjacent dependency learning can be facilitated by a secondary cue that is correlated with the AxB structure.
(A) Rule-based structure in sequences of three syllables consisted of two non-adjacent dependencies (i.e., AxB and CxD,
where A, B, C, and D were specific syllables and x was one of the 18 syllables randomly assigned to each triplet). In the flat
pitch condition, the three syllables had the same fundamental frequency. In the high pitch condition, the first and third syllables
had a higher pitch than the middle syllable. These rule conditions were contrasted with a no-rule control in which the first and
third syllable identities were unpaired. (B) fNIRS optodes were placed over frontal-temporal regions of the brain in 9-month-
old infants. (C) fNIRS responses in temporal lobe regions of interest (ROIs) from both hemispheres showed greater activation
in the rule than no-rule blocks, but only when the pitch cue was present. Abbreviations: LH, left hemisphere; RH, right hemi-
sphere. Figure adapted from [141] with permission.
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confounded by surface vascular noise resulting from the fact that photons must traverse the
scalp, skull, cerebrospinal fluid, and vascular web on the cortical surface twice to provide neural
measures. Statistical algorithms and direct measurements of non-cortical noise can provide a
more accurate measure of cortical hemodynamics [115,116].

Infant research using fNIRS is burgeoning, and recent studies have explored predictive signals in
rapid learning [117], visual working memory in typical [118] and atypical populations [119], face
and scene processing [120], synchrony between infants and parents [121], and bilingualism
[122,123] (Figure 4).

Strengths and weaknesses of different tools

Researchers have an ethical responsibility to minimize the risk of harm, especially for a vulnerable
population such as infants. When studying healthy infants, this mandates the use of non-invasive
methods that measure neural activity indirectly, either at a distance through the scalp or through
proxies such as blood oxygenation. Thankfully, these methods have complementary strengths
that capture most research needs. Which tool is most appropriate for a particular study depends
on the research question. Ultimately, a combination of tools, acquired in parallel experiments — or
better, simultaneously [62-64] — may vyield the greatest insight.

As a guide, we have mapped out several dimensions of how these tools differ (Table 1):
(i) temporal scale, the granularity at which signals can be resolved in time; (i) spatial scale, the
granularity at which neural signals can be localized in space; (i) coverage sensitivity, how broadly
and deeply the brain can be resolved with confidence; (iv) motion tolerance, robustness to head
movements; (v) body posture, whether there is flexibility in positioning the infant; (vi) acoustic
noise, sound pressure level during data collection; (vii) parental involvement, whether parents
can interact with the infant during data collection; and (viii) behavioral constraints, how the
apparatus physically limits which behaviors are possible.

The tools are similar on other dimensions: (i) age, all tools can be used throughout infancy from
birth (MRl and MEG can even be performed in utero); (i) state, all tools work during sleep or
wake states (although the latter is especially difficult in fMRI); (iii) data quantity, most studies recruit
small sample sizes and collect limited data per participant because of the complexity of the
procedures and the short attention span of infants, respectively; and (iv) data quality, infant
data are generally noisier.

The limited amount and greater noise of data from infants, compared to adults, raises concems about
statistical power and replicability, as well as about representativeness across populations [124]. These
concerns are partly addressed through multi-site consortia and data sharing, which are bringing infant
neuroscience into the exciting era of open science (Box 3). However, such efforts cannot bypass the

Table 1. Strengths and weaknesses of non-invasive techniques for measuring infant brain activity®

Temporal Spatial Coverage sensitivity Motion Body posture Acoustic noise Parental Behavioral

scale scale tolerance involvement  constraints
EEG ms cm Superficial structures Moderate ~ Adjustable Quiet Full Minor
MEG (SQUID) ms cm Superficial and deeper structures Low Supine or seated Quiet Partial Moderate
MEG (OPM) ms cm Superficial and deeper structures Moderate  Adjustable Quiet Full Minor
MRI s mm Whole brain Low Supine Loud Limited Severe
fNIRS s cm Superficial structures Moderate  Adjustable Quiet Full Minor

@Summary of attributes (columns) by technique (rows) in research on human subjects.
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Box 3. Open science: datasets and software

The complexity of neuroimaging studies, especially in infants, often necessitates a team approach for data collection and
analysis in which psychologists, statisticians, physicists, engineers, computer scientists, and others combine their expertise.
The expense and difficulty of fMRI and MEG, in particular, have extended such collaborative efforts to the creation of
computing and informatics platforms for data sharing. Similar sharing practices have also begun to emerge for EEG and
NIRS data, with the long-term goal of aggregating data across laboratories to improve their demographic representation
and address nuanced questions in the face of substantial between-subject variability across infants and children. A parallel
sharing effort is also underway for task and analysis software in terms of custom, laboratory-specific code and the creation
of standardized tools.

In the same way that the neuroimaging technologies described in this review are more standardized in adults and older
children, so too are data- and code-sharing practices. Below we list many of the resources available for infant research,
as well as a sampling of broader resources that may be useful to infancy researchers. We focus primarily on non-commercial
resources for functional neuroimaging.

Open functional datasets

EEG and MEG (aggregated lists, mostly adult)"""
fMRI (consortia, resting-state infant)"""

fMRI (studies, task-based infant)”"*

fMRI (repositories, mostly adult)*

fNIRS (nascent efforts)

Multimodal"**"!

Non-commercial analysis software

EEG and MEGXVixViilxix o, xxi

MR |xxu\.xx\v,xxv,xxvi.xxvu,xxvm

FNIRS X000

short timeframe during which infants are cooperative in any given session, nor the difficulty of perform-
ing multiple sessions at a specific age (because the infant grows older than the selected age group),
both of which limit the number of measures that can be collected. Moreover, because these measures
need to be collected at multiple research sites with varying equipment and expertise, such studies tend
to be conservative and focus on simple measures that can be deployed at scale. Indeed, a major
new National Institutes of Health (NIH)-funded longitudinal study (birth to age 5), known as the
Healthy Brain and Child Development (HBCD) project", is not collecting awake task-based fMRI
data until after infancy (at around age 4). Thus, many questions about infant brain function will,
for now, only be addressed at a smaller scale through laboratory-specific data collection.
Open science practices, with public sharing of datasets and software, are further improving
the rigor of infant neuroscience by helping the field to coalesce around conventions, and by
enabling reanalysis and meta-analysis of difficult-to-collect infant data.

Design and analysis of experiments

The tools available for infant neuroscience can be used with a variety of task designs and analysis tech-
niques to draw inferences about the functional properties of the early developing brain. At root, almost
all such experiments present stimuli with a prescribed timing that allows synchronization with concur-
rent neural and behavioral measures. These designs often draw as much from adult cognitive neuro-
science as from infant cognition research; the latter behavioral studies can yield insufficient data
(.., one test trial in the violation-of-expectation paradigm) or involve kicking, reaching, or other actions
that would cause head motion. These classical tasks were optimized for overt behavioral measures,
whereas more covert neural measures enable different and sometimes longer task designs.

In event-related designs, stimuli are presented one at a time in a discrete 'trial' separated
by blank intervals that are fixed in duration or jittered to allow trial onsets to be decorrelated.

¢? CellPress
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This is a useful approach for linking brain responses to individual stimuli or to variance in behavior
(e.g., reaction time), such as when studying attention and awareness [111,125]. In block designs,
multiple stimuli are presented sequentially with minimal separation for longer periods of time,
followed by a blank interval before the next block. This evokes larger responses that are summated
over the stimuli in each block, such as for localizing category-selective regions of visual cortex
[47,53,110]. In event-related and block designs, the amplitude of the evoked response in a channel
(EEG, MEG, fNIRS) or voxel (fMRI) can be quantified by averaging the peristimulus activity or fitting
the activity with a general linear model. This is referred to as an event-related potential (ERP)
in EEG/MEG or a mass univariate response in fMRI/fNIRS. By contrast, multivariate analysis ap-
proaches [24] model patterns of brain activity across channels or voxels, typically using ma-
chine-learning algorithms for classification or regression to decode (and encode) stimulus
properties or behaviors, or to assess the similarity of representations. Such approaches have
begun to be used in infant neuroscience with EEG [126-128] and fNIRS [129].

The presentation of stimuli in continuous streams rather than discrete events/blocks allows
frequency tagging designs in which multiple stimuli or higher-order features in the stream
appear at different frequencies. During analysis, the raw neural data (typically from EEG or MEG)
are converted with a Fourier transform or wavelet decomposition, and the power or coherence
at these frequencies quantifies the processing of the corresponding features [130]. This approach
has proven useful for studying infant perception, language, and learning [86,88,131,132]. Another
continuous design involves viewing movies [32,133], listening to songs/stories [106,134], or
interacting with a social partner [121]. The resulting timeseries data can be correlated across
individuals to assess reliability, used to align individuals into a common functional space, and/or
labeled with stimulus features for further univariate or multivariate analysis [24,69]. Although not a
controlled experiment in a traditional sense, continuous stimuli can help to investigate naturalistic
processes in infants [135], such as event segmentation [31], and are highly engaging for infants,
thereby enhancing the amount of data collected from each participant.

Concluding remarks

This review provides a guide to exciting new approaches for infant neuroscience. Advances in
adult cognitive neuroscience and behavioral studies of infant cognition have made it possible to
ask fundamental questions about how the functional properties of the human brain develop
(see Outstanding questions). In this way, infants are a fertile ground for a new generation of
human neuroscience research. The resulting discoveries will inform a broader understanding of
the relationship between mind and brain across the lifespan, and lead to eventual real-world ap-
plications in sectors concerned with learning and development, including education, healthcare,
and Al.
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Outstanding questions

What are the best approaches for awake
infant fMRI? For example, some studies
use custom infant-sized head coils
whereas others use the bottom portion
of stock cails. The former may be more
sensitive to activity in frontal cortex; the
latter allows panoramic visual stimuli
and easy observation of infant comfort
and gaze behavior.

How does vascular noise contribute to
infant fNIRS? This is important to know
for ensuring that measured signals
originate in cortex but — given the
small distance from scalp to cortex
in infants — requires short channels
(<5 mm) that are not yet implemented
in commercial instruments.

How can EEG and fNIRS sensors on
the scalp be coregistered to the infant
brain? Surface-based methods com-
bined with average age-specific tem-
plates may not capture individual
variation in cortical anatomy. Low-field
MRI makes collecting anatomical scans
from individual infants more feasible
because of its lower cost and flexible
use in unshielded environments.

What is the clinical utility of studying
infant brain activity? For example, fMRI
in a neonatal intensive care unit (NICU)
could be used to predict outcomes
and detect functional anomalies. This
may be particularly crucial in the
perinatal period when higher plasticity
allows more treatment options and
better recovery.

How might functional ultrasound
complement other methods? Recent
technical advances have made it
possible to measure blood volume in
newborn cerebral microvasculature.
This could enrich fNIRS studies of
infant cortical responses.

How can the infant brain be modeled
computationally? Cognitive models
provide hypotheses about latent
variables and processes that can be
fit to brain activity. Machine-learning
models can decode brain activity and
simulate developmental architectures
and learning algorithms.
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“https://github.com/openlists/ElectrophysiologyData
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“https://osf.io/jnx5a/
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*Vhttps://fmriprep.org/en/stable/

ihttps://brainiak.org

i tns://github.com/ntblab/infant_neuropipe
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How can multiple methods be
combined? Multimodal data, collected
simultaneously or separately, can
balance the pros and cons of different
methods and reveal insights about
spatial-temporal patterning of activity in
distributed brain networks.
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