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Abstract

Magnetoencephalography (MEG) is a non-invasive neuroimaging technique that provides whole-
head measures of neural activity with millisecond temporal resolution. Over the last three decades,
MEG has been used for assessing brain activity, most commonly in adults. MEG has been used
less often to examine neural function during early development, in large part due to the fact that
infant whole-head MEG systems have only recently been developed. In this review, an overview of
infant MEG studies is provided, focusing on the period from birth to three years. The advantages
of MEG for measuring neural activity in infants are highlighted (See Box 1), including the ability
to assess activity in brain (source) space rather than sensor space, thus allowing direct assessment
of neural generator activity. Recent advances in MEG hardware and source analysis are also
discussed. As the review indicates, efforts in this area demonstrate that MEG is a promising
technology for studying the infant brain. As a noninvasive technology, with emerging hardware
providing the necessary sensitivity, an expected deliverable is the capability for /ongitudinal infant
MEG studies evaluating the developmental trajectory (maturation) of neural activity. It is expected
that departures from neuro-typical trajectories will offer early detection and prognosis insights in
infants and toddlers at-risk for neurodevelopmental disorders, thus paving the way for early
targeted interventions.
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Introduction

Magnetoencephalography (MEG) non-invasively measures electromagnetic neural activity,
with the temporal resolution of MEG limited only by the data acquisition rate, and thus
allowing real-time (sub-millisecond) assessment of brain neural activity. MEG, in
combination with structural magnetic resonance imaging (SMRI), provides good spatial
resolution of brain activity via source localization, especially for cortical activity (Miller et
al., 2007). For this reason, MEG has become a popular method for basic and clinical
research in children and adults (Gaetz et al., 2014; Stufflebeam et al., 2009) as well as a
clinical tool contributing to the presurgical workup of patients with epilepsy (Gaetz et al.,
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2014; Lewine and Orrison, 1995; Schwartz et al., 2010). Despite its potential for
contributing to our understanding of early brain development, the use of MEG with infants is
still limited. The purpose of this review is to summarize the existing infant MEG literature
and describe how recent advances in hardware and analysis methods will facilitate future
research. We begin by outlining advantages of MEG for functional neuroimaging research
studying cognitive and perceptual processes in awake infants. The existing infant MEG
literature is then summarized, first describing the hardware and then reviewing published
auditory, somatosensory, visual and resting-state infant studies. Finally, future directions are
discussed, with a focus on the use of MEG to better understand infant brain maturation in
typical as well as clinical infant and toddler populations (see Box 2).

1.1. Why electrophysiology in infants?

Although the infant MEG literature is relatively small, its electrical counterpart
electroencephalography (EEG) has been an important clinical and research tool for many
decades. As detailed in this issue, the EEG literature has demonstrated the utility of
electrophysiological techniques for characterizing the maturation of neural activity in infants
and toddlers. For instance, EEG studies have demonstrated rapid change in the morphology
and latency of auditory evoked potentials (AEPs) over the first months and years of life
(Barnet, 1975; Ohlrich et al., 1978; Kurtzberg et al., 1984). Similar visual (Ellingson et al.,
1972; Taylor and McCulloch, 1992; Webb et al., 2011; Jones et al., 2015) and somato-
sensory (Boor and Goebel, 2000; Desmedt et al., 1976) EEG studies have been conducted.
Although the majority of infant EEG research has focused on time-domain responses (e.g.,
averaged evoked responses), some work has employed time-frequency analyses, examining
the trial-to-trial pattern of neural oscillatory activity across a range of frequencies from low-
frequency delta (1-3 Hz) and theta (3-6 Hz) to alpha (6-9 Hz), beta (12-30 Hz), and gamma
activity (30-50 Hz) (for reviews, see (Bell, 1998; Bell and Cuevas, 2012; Saby et al., 2016)).
Note that the frequency “bands” in infant electrophysiology do not match entirely with the
canonical adult ranges due to developmental changes in peak frequencies, with this
trajectory itself being of potential diagnostic/prognostic utility.

1.2. Why MEG?

Functional magnetic resonance imaging (fMRI) and EEG have been widely used to measure
brain activity in younger populations. However, fMRI is challenging on a practical level due
to the loud noises associated with MRI as well as the need for the infant to remain
motionless during the scan. As a result, infant fMRI studies are typically performed during
natural sleep to examine resting-state networks (Cao et al., 2017; Smyser et al., 2011), and
thus with limited ability to directly study brain functions during tasks (e.g., face-recognition
or language processes).

Compared to fMRI, EEG and MEG are silent and less restrictive, providing an environment
better suited for examining sensory, cognitive and social brain processes in awake infants
(although the challenges of complex cognitive paradigms and behavioral responses remain).
Although EEG has been instrumental in advancing our understanding of brain activity in
infants, EEG analyses are typically limited to grand averages of sensor-level responses
across subjects, with sensor-based analyses providing limited information regarding the
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spatial aspects of brain activation and often hiding real within- and between-subject effects
(Edgar et al., 2003, 2017). For example, many early auditory EEG studies with infants
reported data obtained solely from midline EEG sensors (e.g., Cz) and thus were unable to
separately examine left and right hemisphere activity, an analysis strategy of concern given
that many studies show different rates of maturation for the left and right hemisphere (e.g.
(Edgar et al., 2015a; Edgar et al., 2015b; Edgar et al., 2015c¢),). More recent infant EEG
studies have utilized high-density EEG caps, providing whole-head coverage and the
capability to study hemispheric differences, given that appropriate analysis strategies are
adopted (e.g. surface Laplacians). Nonetheless, as described below, source localization for
EEG remains more challenging than MEG.

Compared to EEG, MEG is less sensitive to conductivity differences between the brain,
cerebral spinal fluid, skull, and scalp, and thus, for source localization, MEG is often
preferred (Hamalainen et al., 1993). For source localization with infants, MEG offers an
additional advantage in that it is much less sensitive to distortions of the volume current
caused by incompletely developed (i.e., open) fontanels and sutures and thus, inaccurate
modeling of path conductivity, and thus inaccurate estimates of neural generators (Lew et
al., 2013). Furthermore, for measuring cortical auditory activity, MEG is often preferred as
the superior temporal gyrus (STG) auditory generators are favorably positioned to provide
distinct measures of left and right STG activity given MEG’s preferential sensitivity to
superficial tangentially-oriented neural currents and thus spatially-separated left and right
auditory neuromagnetic fields (Edgar et al., 2003), even in infants (Paetau et al., 1995;
Huotilainen et al., 2008). Given hemispheric differences in the rate of auditory cortex
maturation (Edgar et al., 2013, 2014a), electrophysiology analysis methods that do not
distinguish left and right auditory cortex activity can fail to show true brain maturation
changes (Edgar et al., 2017).

Despite its advantages, like all neuroimaging techniques, MEG has limitations. For instance,
MEG is mainly sensitive to the currents flowing tangential to the surface of the scalp
(Williamson and Kaufman, 1990), and thus sulcal brain activity is ‘highlighted’. EEG, in
contrast, is sensitive to both radial and tangential currents. Furthermore, depth sensitivity
(for both EEG and MEG) is limited by the inverse square law and is thus critically
dependent on the distance between source and detectors. Whereas the distance between the
brain and recording sensors is inevitably further for MEG than scalp-placed EEG electrodes,
the recent development of smaller-scale MEG hardware reduces the distance between brain
sources and the MEG sensors, improving the intrinsic sensitivity of these systems for infant
and young child use compared to adult helmet sensor arrays. Nonetheless, MEG source
estimation is usually used to resolve neuronal activity 0.5-2 cm in the cerebral cortex (Dale
and Sereno, 1993; Dale et al., 2000; Gramfort et al., 2013; Ou et al., 2009) with the MEG
signal tending to emphasize activity from superficial cortical regions over activity from
deeper structures (this may not always be a disadvantage as it provides a method of
intrinsically reducing sensor-level contamination from distant brain sources). However, it is
of note that with adequate experimental design and data analyses, MEG studies have
demonstrated the ability to record activity from deeper brain structures. For example,
auditory brainstem responses (ABRs), clinically recorded by EEG to study the integrity of
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auditory pathways, can be measured using MEG (Coffey et al., 2016; Parkkonen et al.,
2009).

Given the above EEG and MEG differences, it is often recommended to record MEG and
EEG simultaneously to obtain a more comprehensive representation of brain activity, with
several adult studies reporting more accurate source estimates for combined MEG + EEG
than either modality alone (Parkkonen et al., 2009; Molins et al., 2008; Sharon et al., 2007).
A recent modeling study also suggests that the addition of EEG data would be beneficial for
MEG source localization in infants (Lew et al., 2013), with recent studies demonstrating the
feasibility of whole-head MEG + EEG recording in infants (Bakhireva et al., 2015; Stephen
et al.,2018). It is noted, however, that EEG p MEG studies are more difficult to conduct than
using EEG or MEG alone from a practical implementation point of view.

MEG systems

Previous papers have described MEG technology and hardware (infant and adult) and
readers with an interest in these topics are directed to such papers (H&méldinen et al., 1993;
Roberts et al., 2014; Okada et al., 2006, 2016). Text in this section focuses on general
differences between infant and adult MEG systems as well as the evolution of infant MEG
systems and the opportunities infant MEG systems afford.

Many existing infant studies have used adult MEG systems due to their more widespread
availability (Table 1). A limitation of this approach, however, is the fixed dimension of the
adult MEG helmet, resulting in a large distance between active neural circuits of the brain
and the MEG detectors in infants and young children (the “small head” problem). As the
strength of the magnetic field associated with neural activity decays rapidly (1/distance?)
(Hamalainen et al., 1993), the use of adult MEG systems results in a less than optimal, and
sometimes even inadequate, signal-to-noise ratio for infant MEG recordings (Gaetz et al.,
2008).

To address this issue, infant studies using adult MEG systems often position the infant’s
head in the MEG helmet so that the brain area of interest is as close to the sensors as
possible. This is achieved by placing foam padding inside the MEG helmet to push the
infants’ head to one side of the helmet, or by placing the scanner in a supine position, thus
allowing the investigator to rest one side of the infants’ head directly on the helmet’s inner
surface (see Fig. 1B and Pihko et al. (2009)). With either of these methods, if recordings
from both hemispheres are desired, then the infant must be repositioned and the study
repeated. Although this approach allows researchers to obtain information from both
hemispheres, observed hemispheric differences may be due to confounding variables such as
vigilance and/or habituation effects (Kujala et al., 2004). This approach also doubles
measurement time and severely impacts whole-brain distributed source localization as well
as functional connectivity analyses.

Whereas most studies employing an adult MEG system have attempted to position infants’
heads against one side of the sensor array, others have successfully obtained whole-head
infant MEG data with the infant’s head placed in the center of an adult MEG helmet
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(Bosseler et al., 2013; Kuhl et al., 2014; Zhao and Kuhl, 2016; Travis et al., 2011), with
continuous head tracking and head movement compensation employed to correct for head
motion (Taulu et al., 2004; Larson and Taulu, 2017). However, due to the distance between
the infants’ head and the helmet, the signal-to-noise ratio is reduced. As a result, source
localization accuracy may be compromised, thus limiting research studies or clinical
examinations examining activity from deeper brain regions or from weaker generators.

2.1. Customized Infant and Young Child MEG Systems

To address the above limitations, MEG systems customized for children have been
developed (Roberts et al., 2014; Okada et al., 2006, 2016; Johnson et al., 2010). These
systems are designed to reduce the distance between the infant’s brain and the MEG
detectors, therefore providing greater sensitivity and spatial resolution when measuring
infant brain activity (Okada et al., 2006). In addition to the distance between the infant’s
head and the helmet, another issue with many adult MEG systems is the distance between
the helmet surface and the MEG sensors (the “inside the dewar” problem), with most adult
systems including an additional displacement of the MEG sensors from the helmet inner
surface (~1.5-2 cm). Ultimately, the distance between brain-source and MEG detection-coil
(thus brain-to-helmet + helmet-to-coil distances) greatly impacts the accurate detection,
characterization, and localization of neural activity in infants. To this end, a few of the
dedicated infant systems employ a coil-in-vacuum configuration that allows placement of
the detection-coils (sensors) as close as 6 mm from the helmet surface, thereby providing a
substantial increase in brain signal amplitude at the sensor level than a MEG system with
sensors immersed in liquid helium and with sensors constrained to be a greater distance
from the helmet surface.

The first specialized infant and fetal MEG system was the SQUID Array for Reproductive
Assessment (SARA; VSM MedTech Ltd., Port Coquitlam, Canada), a system designed to
record brain activity from fetuses as well as neonates and infants. The original SARA had
151 first order gradiometers arranged in a concave array ‘holding’ the pregnant woman’s
abdomen (the system was recently upgraded to 156 sensors; SARA I1). For measuring fetal
activity, an ultrasound is performed before or after MEG acquisition to estimate the location
of the fetus inside the mother’s abdomen (Fig. 1a). SARA can also be used to record brain
activity from infants by attaching a cradle to the system and resting the infant’s head on the
‘helmet’ surface (see Fig. 1b). Due to the shape of the sensor array, to achieve whole-head
coverage, at least three recordings must be performed, one for each hemisphere and one for
the vertex. As described below, studies using SARA have followed infants longitudinally
from the fetal stage to infancy.

Shortly after SARA, BabySQUID (Tristan Technologies Inc., San Diego, California, US)
was designed for use with neonates and infants (Fig. 1c). The BabySQUID system,
originally installed at the University of New Mexico, consists of 76 first-order axial
gradiometers and five reference magnetometers (for technical details, see Okada et al.
(2006)). BabySQUID uses the coil-in-vacuum design to reduce distance between the sensors
and scalp. The helmet, which does not attempt to provide whole-head coverage, was based
on a standard reference for the head size of babies, and has an ellipsoidal shape with a radius
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of curvature of 7.5 cm along the coronal section and 10 cm along the sagittal section.
BabySQUID is equipped with a head-localization system (IR camera) to measure head
position throughout the scan.

Although the development of these early pediatric systems represented a significant advance,
both the SARA and the BabySQUID permitted recording from only one hemisphere at a
time. Later MEG systems addressed this issue by developing whole-head infant systems. In
2009, the Kanazawa Institute of Technology (KIT) designed the first whole-head infant and
young child MEG system (Johnson et al., 2010) (Fig. 1d). The shape of the helmet is similar
to that of adult systems, albeit with a smaller circumference (53.4 cm) designed to fit >90%
of 5-year--old boys and >95% of 5-year-old girls (based on normative data of Caucasian
children in the US). The original KIT system consisted of 64 channels (Model PQ1064R-
N2m) and has since been upgraded to 151 channels (Model PQ1151R). Although described
as an infant and child MEG system, to date, most studies using the KIT system have focused
on children pre-school age (~3 years) and older (e.g. (He et al., 2014; Yoshimura et al.,
2013; Remijn et al., 2014),).

Two other whole-head infant MEG systems have been recently developed. The Artemis
123™ (Tristan Technologies Inc., San Diego, California, US) was designed for use with
children from birth to 3 years of age (Roberts et al., 2014). This system, located at the
Children’s Hospital of Philadelphia (Fig. 1e), has 123 sensors (first-order axial
gradiometers) and a helmet circumference of 50 cm, which corresponds to the median head
circumference of a 3-year-old in the US. Similar to the BabySQUID, the Artemis 123
employs a coil-in-vacuum sensor configuration to minimize the distance between the helmet
surface and sensors (69 mm). Artemis 123 is equipped with continuous head tracking as
well as EEG amplifiers to allow for simultaneous MEG-EEG recordings.

The most recently developed infant MEG system is BabyMEG (Tristan Technologies Inc.,
San Diego, California, US), located at Boston Children’s Hospital (Fig. 1f). BabyMEG
incorporates a high-density array of 375 sensors (all magnetometers) distributed across two
levels, the first level consisting of 270 sensors and the second level with 105 sensors (Okada
et al., 2016). Helmet circumference is 52 cm in order to fit children up to 4 years of age. As
with BabySQUID and Artemis 123, Baby-MEG incorporates a coil-in-vacuum system, with
the sensor-to-scalp distance ranging 6-11 mm. BabyMEG also includes continuous head-
tracking and a closed-cycle helium recycler, thus eliminating the costs and labor associated
with helium transfer.

Finally, although not exclusively for infants, it is of note that progress is being made in the
development of a portable MEG system using optically-pumped magnetometers (OPMs)
(Boto et al., 2017, 2018). OPMs (previously referred to as atomic magnetometers) measure
the transmission of laser light through a vapor of spin-polarized atoms (typically rubidium),
providing a highly sensitive measure of the local magnetic field. Using commercialized
single-unit OPMs, multi-channel arrays of OPMs can be mounted on a 3D-printed head-cast
(Boto et al., 2017, 2018), leading to a wearable OPM device (Boto et al., 2018). In addition
to allowing free and natural movement, wearable OPM devices can be optimized to the
subject’s head size, thus resulting in minimal distance between the detectors and the scalp.
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Wearable OPM devices also provide more accurate sensor position and orientation, thus
allowing more precise source imaging (Boto et al., 2017, 2018). There are, however,
technical difficulties to overcome before OPM systems can be used in infants. For example,
in its current form, the wearable OPM device is too physically cumbersome for use with
infants and young children. In addition, the current design covers the face and may be
uncomfortable for infants. The use of OPMs in infant research would greatly benefit from
development of a more compact device that is similar to the size and fit of an EEG cap.
Furthermore, current OPM systems require extensive ambient magnetic field nulling (to
approximately the nT level), currently achievable over a limited (~40 cm) spatial extent.
Progress in this domain will enhance opportunities for utilization.

3. Review of existing studies

In this section, we survey MEG publications involving infants. For this review, “infants”
were considered to be 0-36 months of age. A PubMed search was conducted (last search
May 22, 2018) using a combination of the following keywords: “magnetoencephalography”
or “MEG”, AND “infant” or “neonate”, or “development”. Publications not otherwise
identified in PubMed were also included. Papers were excluded if they were not written in
English, purely clinical in nature (e.g., application of MEG for identifying seizure activity),
or focused exclusively on fetal MEG (for reviews of fetal MEG, see (Anderson and
Thomason, 2013; Lowery et al., 2006; Sheridan et al., 2010a)). Table 1 lists papers meeting
these criteria. The following paragraphs highlight studies most relevant to a key issue of this
review — direct examination of neural generator activity, thus obtaining measures in source
rather than sensor space.

3.1. Studies of auditory processes to simple stimuli (tones)

EEG studies have described the development of the auditory system across the lifespan.
Using EEG, Sharma et al. (1997) noted that although the development of the peripheral
auditory system is completed in early childhood (Brown et al., 2000; Eggermont et al., 1991;
Ponton et al., 1992), the central auditory pathways exhibit anatomical and physiologic
changes through early adulthood (Kraus et al., 1985; Huttenlocher, 1979), with a progressive
decrease in the latency of auditory responses from infancy to late adolescence. In another
demonstration, cross-sectional findings from Barnet et al. (Barnet, 1975) showed that over a
3-year period (from 10 days to 37 months of age) the latency decrease for the auditory P2
response was 75 ms and for the auditory N2 response was 215 ms. Longitudinal studies
examining auditory responses in infants showed similar latency changes (Ohlrich et al.,
1978; Novak et al., 1989; Kushnerenko et al., 2002; Choudhury and Benasich, 2011). A
limitation of the above studies - the majority conducted in the 1970s and 80s — is that brain
activity was typically measured only from midline EEG sensors.

MEG studies have extended these findings by tracking the development of primary sensory
auditory responses before and after birth (using the SARA fetal MEG system). As shown in
Table 1, several studies have utilized the SARA to examine auditory responses in fetuses and
very young infants, with these studies focusing on developmental changes in the latency of
auditory evoked response. These studies have reported a steady decrease of P2m (magnetic
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analogous of auditory P2 response) latency as a function of gestational age (Lengle et al.,
2001; Draganova et al., 2005, 2007; Holst et al., 2005; Govindan et al., 2008; Hartkopf et al.,
2016; Sheridan et al., 2008), as well as a larger percentage of detected auditory components
in neonates than fetuses. Such studies are unique to MEG, as comparable EEG studies
would be impractical due to the sensitivity of the EEG signal to distortion by amniotic fluid
and layers of skin and muscle. Of course, without the knowledge of the fetal head position at
the time of the recording, it is not possible to separately examine left and right auditory
cortex activity. Immediately after birth, other studies have shown that the latencies of P2m
response are stable for the first 8 weeks of life (using 37-channel Magnes (4D
Neuroimaging, Inc)), and then rapidly change between 40 and 54 weeks (from 250 ms to
150 ms) (Lutter et al., 2006).

Studies with older infants and children have shown that the latency of the auditory evoked
field (AEF) continues to decrease for several years after birth, albeit at a slower rate than
over the first few months of life (Edgar et al., 2015b; Stephen et al., 2017), and with whole-
head MEG studies examining activity in source space and separately examining left and
right auditory cortex activity (Yoshimura et al., 2012, 2013). As an example, Edgar et al.,
2015b, 2015d used the infant MEG Artemis 123™ to examine left and right auditory cortex
neural activity in infants and young children 6— to 59-months. Cross-sectional analyses
showed the expected decrease in the latency of the P2m response as a function of age, with
Edgar et al. (2015b) showing a latency decrease of ~0.6 ms/month observed for P2m (i.e.,
7.2 mslyear).

3.2. Studies of sound change-detection

In addition to assessing basic auditory encoding processes, MEG studies have examined the
ability of infants to detect deviations from regularities in the sound environment by
comparing responses to ‘standard’ (frequently repeated) and ‘deviant’ auditory stimuli
(Huotilainen et al., 2008). These studies focused on a neural marker of change detection
called the mismatch negativity (MMN, or its magnetic counterpart MMNmM or MMF), which
is determined by subtracting the response to standard stimuli from the response to deviant
stimuli (Naatanen et al., 1978). Another endogenous response to deviant sounds is called late
discriminative negativity (LDN or LDNm), a response that occurs 300 ms—600 ms after
stimulus onset (Draganova et al., 2005, 2007; Cheour et al., 2004; Huotilainen et al., 2003).
The sources of MMNm and LDNm have been reported to be different (Huotilainen et al.,
2003), suggesting that multiple cortical areas are involved in change detection. Examining
mismatch responses in fetuses, Draganova et al. (2007) showed that auditory mismatch
responses to changes in sound frequency can be detected in utero as early as 28-weeks
gestational age. Other studies have reported MMNmM responses in fetuses during the third
trimester of pregnancy (Sheridan et al., 2008; Muenssinger et al., 2013a, 2013b), providing
further evidence that auditory discrimination begins before birth. Studies evaluating MMNmM
in the newborn’s brain (Cheour et al., 2004; Huotilainen et al., 2003; Sambeth et al., 2006,
2009) have focused on the morphology of MMNmM responses and the ability of neonates to
detect different types of deviant sounds using modified oddball paradigms. For example,
Sambeth et al. (2006) reported two deflections in the MMNmM response, one at ~345 ms and
a second at ~615 ms. They found stronger responses to novel (natural sounds) stimuli
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compared to deviant (tone) stimuli (with both being stronger than responses to the standard
(tone) token) for the earlier MMNmMm, but no difference between novel and deviant stimuli for
the later MMNmM, suggesting these components have different neural mechanisms of
auditory change detection and discrimination. Sambeth and colleagues later used multiple
deviants (frequency, duration, intensity, and gap) in one oddball paradigm and found that
neonates are able to detect up to four types of deviances within a sound stream (Sambeth et
al., 2009).

In addition to using simple auditory stimuli (e.g., tones) to study an infants’ ability to detect
change, an increasing number of MEG studies have investigated infant MMNmM using stimuli
with language components. Studies in this area have focused on establishing the feasibility
of using MEG to localize speech processes in infants, examining MMNm responses to
changes in vowel quality (Kujala et al., 2004) (e.g., [a] vs.[i]) and syllables (Pihko et al.,
2004a). Pihko et al. (2004a) further noted the amplitude of the responses were higher in
quiet than in active sleep, indicating the importance of monitoring sleep stages when
recording responses to speech sounds from sleeping infants.

3.3. Studies of speech and language processing

Most of the MEG studies examining how language is processed during the first year of life
have focused on localizing language-related brain regions (Kuhl et al., 2014; Zhao and Kuhl,
2016; Travis et al., 2011; Ferjan Ramirez et al., 2017; Imada et al., 2006). These studies
have used distributed source modeling approaches — minimum norm estimation (MNE; 25)
or standardized low resolution electromagnetic tomography (SLORETA (Pascual-Marqui,
2002);)- to characterize patterns of brain activation beyond primary sensory (in this case
auditory) cortex in infants. For instance, Imada et al. (2006) showed that passive listening to
speech sounds activates not only auditory cortex but also areas involved in speech
production, specifically Broca’s area, by 6 months of age. Kuhl and colleagues (Kuhl et al.,
2014) also found that passive listening to speech sounds activates motor areas (Broca’s area,
cerebellum) in infants, with the magnitude of activation of these areas being sensitive to the
native versus non-native nature of these sounds by 11-12 months. In another study by the
same group, Ferjan Ramirez and colleagues (Ferjan Ramirez et al., 2017) reported that
Spanish-English bilingual but not English monolingual 11-month-old infants activated
prefrontal and orbitofrontal areas during passive listening of speech sounds. These results
are consistent with a growing literature suggesting that dual language exposure in infancy
may support the development of executive function skills (Kovacs and Mehler, 2009a,
2009b; Estes and Hay, 2015).

Another way to examine speech and language processing in infants is to study activity to
speech stimuli in specific frequency bands via time-frequency analysis. Bosseler et al.
(2013) examined activity in the theta band (4-8 Hz) at the sensor level during passive
listening of native and non-native speech sounds in 6- and 12-month-old infants. Although
no differences in theta power were observed for native and non-native syllables in the
younger infants, the older infants showed larger theta power for native syllables, interpreted
as reflecting more attention to native stimuli. A limitation of this study, noted by the authors,
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was that individual infant MRIs were not obtained and thus distributed source modeling of
theta activity was not attempted.

Looking to the future, studies are needed that examine associations between brain neural
function and brain structure to better understand the mechanisms that support auditory
cortex maturation and the development of language. Studies examining auditory encoding
processes in older children provide support for this line of research. For example, in an MEG
+ MRI study with older children (age 6-16 years), Roberts et al. (2013) showed in typically
developing children that greater acoustic radiation white-matter fractional anisotropy was
associated with earlier M50 auditory latencies, and with a loss of this function-structure
association in children with autism spectrum disorder (ASD). Given significantly delayed
M50 latencies in the children with ASD, these findings suggested that group differences in
the maturation of myelination early in life may contribute to auditory latency delays in ASD.
Although, as previously noted, maturation of auditory M50 responses has been demonstrated
using MEG in infants and young children (see Fig. 3 and Edgar et al. (2015b)), acquisition
of motion-free diffusion tensor imaging in this age group presents challenges. Nonetheless,
many investigators use hypotheses generated in the multimodal developmental trajectories of
older children to help account for the electrophysiological measures obtained in younger
children. Future, multimodal studies in infants will provide a more direct understanding of
the maturation of brain activity in typically developing populations as well as in infants with
neurodevelopmental disorders.

3.4. Studies of somatosensory processes

Although studies with adults commonly use electrical stimulation (e.g., median or tibial
nerve) to characterize primary/secondary somatosensory cortex activity, studies with infants
typically employ pneumatic tactile stimuli as these stimuli are painless and also allow
resolution of cortical receptive fields of individual digits. In addition, pneumatic stimuli do
not produce the stimulus-related artifacts that accompany electrical stimulation, with such
artifacts particularly large in infants due to the close proximity of the stimulating electrodes
to the MEG sensors.

Somatosensory evoked fields (SEFs) in newborns have been described in a series of studies
in which tactile stimulation was applied to the fingertip of sleeping infants positioned
against one side of a conventional adult-sized MEG helmet (Pihko et al., 2009; Lauronen et
al., 2006; Nevalainen et al., 2008a, 2012; Pihko and Lauronen, 2004). These studies have
observed a broad U-shaped deflection around 60 ms, with source modeling of this
component revealing an anteriorly-oriented dipolar source in the contralateral primary
somatosensory cortex (SI). The simplicity of the newborn response contrasts with the SEF in
adults, in adults characterized by two deflections from Sl — an initial component with an
anteriorly-oriented dipolar source (i.e., a relatively focal neural generator) and a second and
notably more prominent component with a posteriorly-oriented dipolar source. The reason
for the absence of an analogous posteriorly-oriented component in newborns is not clear.
One possibility is that this component relies on GABAergic inhibitory processes, which are
still maturing in infants (Nevalainen et al., 2014). It also possible that the cortico-cortical
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connections necessary for producing adult-like responses are absent or undeveloped in
newborns.

In addition to describing early response from S, several newborn studies have capitalized on
the spatial resolution afforded by MEG to localize and measure activity from secondary
somatosensory cortex (SllI). These studies have suggested that the SII response, which peaks
at around 200 ms in newborns, may be valuable as a prognostic tool for predicting outcomes
in infants at risk for neurodevelopmental problems such as those born prematurely
(Nevalainen et al., 2015; Rahkonen et al., 2013) or with prenatal drug exposure (Kivisto et
al., 2015).

Most MEG studies examining somatosensory processing in infants have focused on
newborns, although a few papers have considered SEFs in older infants (Pihko et al., 2009;
Gondo et al., 2001; Meltzoff et al., 2018). In recent work, Meltzoff et al. (2018) examined
SEFs to tactile stimulation of the hands and the feet of 7-month-old infants. They observed
two main components in the SEF response, peaking around 100 ms and 250 ms, with earlier
(~55 ms) activation observed in a subset of participants. Source modeling of these
components suggested that they originated in S, with the sources for the hand more lateral
than the foot, findings in accordance with the somatotopic organization of the
somatosensory cortex. In a second study from the same group, distributed source
localization analyses showed that these same areas were also activated when infants were
merely observing another person’s hands and feet being touched. In addition to examining
evoked responses, Meltzoff et al. (2018) also reported enhanced power in the beta band (12—
18 Hz) in hand and foot regions of the somatosensory cortex during the observation of hand
and foot touch, respectively.

Few other studies with infants have considered event-related changes in sensorimotor brain
rhythms, although examination of post-stimulus changes in oscillatory rhythms is common
in MEG studies of somatosensory and motor functions in older children and adults (Gaetz
and Cheyne, 2006; Kurz et al., 2014; Jones et al., 2010). Across two studies with infants 11—
47 weeks of age, Berchicci and colleagues examined suppression of the sensorimotor mu
rhythm during a prehension task (squeezing a pipette) relative to rest (Nevalainen et al.,
2014, 2015). These studies focused on developmental changes in mu-rhythm peak frequency
as well as in the functional connectivity and organization of the sensorimotor network.
Analyses for these two studies, however, were limited to sensor space given that anatomical
information was not available for individual participants.

3.5. Studies of visual processes

Whereas infant visual responses to simple (e.g., checkerboard) or social (e.g., face) stimuli
have been studied using EEG (Halit et al., 2003, 2004; Siper et al., 2016; de Haan et al.,
2003; de Haan and Nelson, 1999), there are only a few studies using MEG to study primary
visual evoked fields (VEFs) or evoked responses to face stimuli in young children. To our
knowledge, only two studies have examined habituation of visual response in fetuses and
newborns using a train of light flashes (Sheridan et al., 2008; Matuz et al., 2012). These
studies showed decreased neonatal VEFs to successive light flashes only when the light
flashes were followed by a long break (inter-stimulus interval) or a deviant stimulus (e.g.,
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sound). Although neuroimaging studies examining visual processes or socio-cognitive
processes using visual stimuli (e.g., face) have been done in pre-school or school-age
children (see He et al. (2014) and review in Taylor et al. (2012)), MEG studies examining
how infants process social visual stimuli have not yet been conducted.

3.6. Studies of spontaneous MEG

Whereas most MEG infant studies have examined neural activity in response to a sensory
event, a few studies have examined spontaneous, ongoing brain activity. Early work focused
on demonstrating the feasibility of recording and characterizing brain rhythms in sleeping
and waking infants using MEG (Lutter et al., 2006; Haddad et al., 2006). More recent
studies have utilized spontaneous brain recordings to address novel questions regarding
brain development in the first weeks and months of life. In one such study, Wakai et al.
(Wakai and Lutter, 2016) analyzed MEG recordings from sleeping infants to elucidate the
role of slow rhythms in the formation of sleep spindles. In other work, Sanjuan and
colleagues (Sanjuan et al., 2016) documented a positive correlation between left anterior
theta power and maternal perinatal post-traumatic stress disorder (PTSD) severity,
suggesting delayed cortical maturation in infants born to mothers with PTSD. Stephen and
colleagues (Stephen et al., 2018) recently examined the utility of MEG for assessing brain
function in infants prenatally exposed to alcohol. They found broadband increased spectral
amplitude in the resting MEG of these infants, most prominent in left anterior and posterior
temporal regions. Furthermore, the extent of spectral amplitude was correlated with an
estimate of the number of drinks during pregnancy, suggesting that broadband spectral
amplitude may be a useful marker of prenatal alcohol exposure. Of note, some of these
studies focused on sensor-level data due the absence of MRIs from individual participants.
Recent advances in MEG analysis, particularly in the use of age-matched MRI templates in
place of individuals MRIs (Akiyama et al., 2013), will facilitate analyses of spontaneous
brain activity in source space, thereby providing greater spatial information as well as
allowing assessment of resting-state functional connectivity.

3.7. Examples of auditory and visual evoked responses in infants, school-age children,

and adults

Fig. 2 shows evoked fields from primary auditory and visual areas in infants, school-age
children, and adults. Data from infants were obtained using the Artemis 123 and data from
school-age children and adults were obtained using a 275-channel CTF system. Fig. 2(a) and
(b) shows auditory evoked fields (AEFs) from left and right STG to 500 Hz tones and their
topoplots. Fig. 2(c) and (d) shows visual evoked fields (VEFs) from primary visual cortex
(V1) and their topoplots to reversed checkerboard stimuli. Fig. 2 (b) shows in infants (2-20
months old) the presence of P2m (likely analogous to the adult auditory M50) responses in
left and right auditory cortices, with the P2m chosen based on dipole orientation and
magnetic field topography. In school-age children (6 and 12 years old) and adult
participants, analogous M50 as well as M100 responses are observed bilaterally. P2m (M50)
responses were observed to occur earlier in time as a function of age. This pattern is
consistent with Edgar et al. (2015b) who showed earlier P2m latencies in older compared to
young children (ages 6 months to 5 years). For VEFs, the first negative deflection,
equivalent to the visual N1, was identified based on dipole orientation in primary visual

Neuroimage. Author manuscript; available in PMC 2019 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chenetal.

Page 13

cortex (Fig. 2 (c)). The infant equivalent of the adult visual N1 peaked at 180 ms at 2
months, with visual N1 latencies observed to be similar at 6 months, 12 months, and in
adults (~100-120 ms). This pattern is consistent with the EEG literature, which has shown
rapid maturation of the visual N1 response within the first 4 months of life (see 122). The
above data also mirror findings reported in the literature that have indicated that auditory and
visual systems mature at different rates (Edgar et al., 2015b; Lippe et al., 2009).

4. Discussion and future directions

Research examining brain neural activity in infants using EEG is sizeable (reviewed in this
issue), and studies examining patterns of brain blood flow in infants using fMRI are
increasingly prominent (also reviewed in this issue). As detailed above, MEG offers a
complementary and non-overlapping approach for understanding functional brain activity in
infants. Here we discuss future directions for infant MEG.

Although progress has been made utilizing MEG to study the maturation of primary/
secondary sensory cortices across fetal and infant development, more studies are needed.
Such studies will likely increasingly use time-frequency analyses to examine changes to
specific properties of infant neural circuits such as maturational changes in the trial-to-trial
similarity in the phase of neural oscillatory activity to repeated presentations of the same
stimuli (inter-trial coherence; ITC) or increases/decreases in neural activity with respect to a
pre-stimulus baseline (event-related spectral perturbation; ERSP) (Makeig, 1993). Time-
frequency analyses also allow researchers to separate the recorded signal into different
frequency bands, with oscillatory activity within specific frequency bands one of the most
promising candidate mechanisms associated with information processing (Basar et al., 2001;
Klimesch et al., 2005; Ho et al., 2008). Frequency specific oscillations and phase-coupling
are also essential mechanisms for coordinating activity from different brain regions and
facilitate interactions between local and global brain areas during cognitive tasks (Buzsaki
and Draguhn, 2004; Vidaurre et al., 2018). For example, whereas cortical oscillations in 30—
50 Hz gamma band and networks of interconnected inhibitory interneurons (Whittington et
al., 1995) are thought to reflect early states of sensory perception (Pantev et al., 1991), later
beta-band (14-30 Hz) activity is thought to be associated with encoding the sensory percept
(Kopell et al., 2000; Traub et al., 1999).

Although time-frequency analyses are of interest when examining brain activity in regions
of a prioriinterest (such as left and right auditory cortex when examining auditory encoding
processes), future infant MEG studies will likely apply distributed source localization to
examine activity throughout the brain, and thus allowing measurement of local and long-
range connectivity. Compared to connectivity analyses performed in sensor space, source-
space functional connectivity analyses allow more direct interpretation of study findings and
also avoid problems associated with computing functional connectivity measures at the
sensor level. For instance, given that coherence (a measure of functional connectivity)
between two (MEG and EEG) sensors is strongly related to the distance between the sensors
(e.g., inflated by volume conduction effects at short distances), functional connectivity
analyses at the sensor level must adjust functional connectivity measures to remove
variability due to inter-electrode distances. As an example, as shown in one EEG coherence
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study in children, inter-electrode distance was found to account for over 50% of the variance
in connectivity estimates (Barry et al., 2005). By examining connectivity in source, rather
than sensor space, such problems are mitigated.

As reviewed elsewhere in this issue, structural MRI and functional MRI studies are
examining the maturation of brain structure and the maturation of blood-flow patterns in
infants and young children (Levman et al., 2017). As detailed in Stiles and Jernigan (2010),
additional knowledge of structural brain development in infants is also based on histological
studies from postmortem materials of fetuses, infants and children (Kostovic and Vasung,
2009; Vasung et al., 2016; Huang et al., 2006, 2009) and data acquired in other species (e.g.,
rodents or monkeys (Kostovic and Goldman-Rakic, 1983). Cross-sectional and longitudinal
MEG studies are now needed to further understand the maturation of neural functional
activity in infants. A focus on neural activity is of interest as brain development during
embryonic and early fetal periods primarily concerns the migration of neurons to the correct
location, followed by events that establish a regional identity for each neuron. Brain
development during the late fetal period through infancy involves specification and
refinement, a process achieved by establishing primary sensorimotor neural networks via the
formation of local and long-range connections between neurons (Kolb and Fantie, 1997). It
is highly likely that multimodal studies capitalizing on the complementary strengths of
MRI/MRS and MEG or EEG will yield valuable insights into brain maturation. Research
into maturation of neural activity across infant development is particularly important, given
that it is a peak period of neural organization that contributes to both normal variation and
the onset of mental illness. It is hoped that via MEG functional brain markersthat predict
future brain function and neurocognitive outcomes will be identified, with these functional
markers eventually used to identify children at risk for neurodevelopmental disorders.

The primary/secondary auditory cortex studies reviewed above (Kurtzberg et al., 1984;
Edgar et al., 2015b; Lowery et al., 2006; Sheridan et al., 2010b) provide Examples of the
potential of cross-sectional and longitudinal MEG studies to establish the developmental
trajectory of brain function from infancy to adulthood. In some cases, it is likely that direct
comparisons can be made between infant and adult responses. As an example, Fig. 3 plots
infant, child and adult M50 auditory latencies across infant (Edgar et al., 2015b), young
child and adolescent (Edgar et al., 2015a, 2015c) and adults studies (Smith et al., 2010), with
Fig. 3 scatterplot supporting the claim that the infant P2m auditory component slowly
‘becomes’ the adult M50, and with M50 latency changing very little after age 18 years. The
above provides an example of an auditory response that the literature, so far, suggests can be
tracked across the human lifespan and also suggesting the robustness of auditory latency
measures to differences in scanner platform.

Not all responses, however, appear throughout the lifespan. For example, the first negative
auditory component identified in infants is often labeled the N2 (EEG) or N2m (MEG), with
the literature suggesting that the N2m component does not develop into the adult M100
auditory response. For example, Edgar et al. (2015b) showed that N2m latency did not
change as a function of age in children 6 months and older, a finding consistent with several
previous studies (Kushnerenko et al., 2002; Choudhury and Benasich, 2011; Onishi and
Davis, 1969; Tanguay et al., 1973), and consistent with the observations that the adult N100/
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M100 is not robustly observed until early adolescence (Edgar et al., 2014a; Ponton et al.,
2000, 2002). The above provides an example of an auditory response that studies so far
suggest is not easily tracked across the human lifespan.

As detailed in this review, most infant studies have examined primary sensory activity.
Future infant MEG studies will likely extend this line of research via examining activity
throughout the brain. In general, whereas primary sensory activity is usually well modeled
by an equivalent current dipole (ECD) model, examination of activity outside primary
sensory cortices will likely involve distributed source modeling given that the active brain
areas are often not known a priori.

Regarding source localization, whereas the MEG inverse model depends on tissue magnetic
permeability (which does not differ much between tissues), the EEG inverse model depends
on tissue electrical conductivities which differ by a factor of ~30 between brain tissue, skull
and scalp. Consequently, imprecision in the knowledge of tissue properties has less influence
on MEG than EEG source modeling, making MEG less dependent on the use of realistic
head models (e.g., BEM or finite element method (FEM) (Lew et al., 2013; Stenroos et al.,
2014). In any case, researchers are developing age-specific infant MRI templates (Akiyama
et al., 2013), thus allowing researchers to calculate BEM using tessellated brain surface
meshes from skull-stripped age-specific MRI templates (e.g., neonate (2—4 weeks), 3-
months, 6 months, 9-months, 12-months, 18-months, 24-months) in large-scale infant
imaging studies (i.e., Baby Connectome Project (Howell et al., 2018)). Several open-source
MEG analysis packages provide the ability to compute forward solutions using realistic head
models (e.g., OpenMEEG BEM in Brainstorm (Gramfort et al., 2010) or MNE Python).

An example of the utility of distributed source modeling involves the use of infant MEG to
study face processing. Orienting to face stimuli is a skill that is essential to the development
of social and language skills (Dawson et al., 2004; Baron-Cohen et al., 1997) early in life,
with failure to detect or respond to faces an early predictor of ASD (Association AP, 2000).
Although EEG studies have identified atypical face-sensitive neural responses (e.g., N290
and P400) in high-risk ASD infants via examining EEG sensor activity (McCleery et al.,
2009; Webb et al., 2006), MEG may be preferred in studying higher-level social processes in
infants given that face processing involves activation in a widespread network that
encompasses visual, limbic, temporal and prefrontal regions (Haxby et al., 1999; Leung et
al., 2015; Fusar-Poli et al., 2009; Vuilleumier and Pourtois, 2007), and given that
neuroimaging research reveals abnormal activity in non-fusiform face areas in individuals
with ASD (Schultz et al., 2000; Pierce et al., 2001).

Fig. 4 shows infant whole-brain activity associated with face and non-face stimuli measured
using an infant MEG system (Artemis 123™) in five 6-months-old infants. Given that face-
processing networks contain multiple nodes (Haxby et al., 1999; Leung et al., 2015; Fusar-
Poli et al., 2009; Vuilleumier and Pourtois, 2007), distributed source modeling (dSPM (Dale
et al., 2000)) was used to estimate activity throughout the brain (using age-matched MRI
templates (http://neuroimage.usc.edu/forums/showthread.php?2123-Atlas-for-1-year-old-
babies (Li et al., 2015; Shi et al., 2011);). The dSPM maps in Fig. 4 (a) shows the difference
of brain activity between face and non-face stimuli from 0 to 500 ms after stimulus onset.
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Greater activity in fusiform gyrus and visual cortex was observed in face than non-face
conditions between 200 and 400 ms post-stimulus. Fig. 4(b) shows the averaged time
courses of fusiform gyrus activity for face and non-face conditions. Consistent with the
dSPM maps shown in Fig. 2(a), face stimuli elicited stronger neural activity than non-face
stimuli around 300 ms and 400 ms in right fusiform gyrus. The face versus non-face contrast
indicates stronger face than non-face activity in multiple brain regions across time, including
V1, fusiform gyrus, and temporal and frontal regions (Fig. 4 (a)). The observed hemisphere
differences in activation are also of interest, perhaps suggesting hemispheric differences in
maturation. In our ongoing studies, infant MEG data are acquired using this task in typically
developing infants as well as in toddlers recently diagnosed with ASD to identify possible
face processing deficits in toddlers with ASD.

Finally, of great interest are multimodal studies examining associations between infant brain
neural function and brain structure. Development of the cerebral cortex is often divided into
two major phases. The first encompasses the formation of cortical neurons and their
assembly into a laminar structure, a process that is complete by ~18 weeks gestational age
(Sidman and Rakic, 1973). The second major phase, and of interest for infant brain studies,
is the elaboration of cortical connections: myelination of white-matter tracks, and the
establishment of local neural circuits via the growth of axons and of dendritic branches.
Although these events begin during the 2nd trimester of gestation, most cortical growth is
postnatal. Indeed, at birth, the volume of the infant’s cortex is only 1/3 size of the adult brain
(Huttenlocher et al., 1994; Huttenlocher and Dabholkar, 1997; Lyall et al., 2015). The
subsequent increase in brain size results largely from the growth of neurons and their
connections (Conel, 1939-1963; Schade, 1961). These developmental events are of interest,
as these changes occur at the time of emergence of cortical sensory functions. Multimodal
brain imaging studies examining young children and adolescents provide evidence that brain
development involves straightforward brain structure-function mechanistic relations
(Roberts et al., 2013; Edgar et al., 2014b, 2015¢; Berman et al., 2016). The recent
availability of whole-head infant MEG and high-resolution multi-band diffusion and
structural MRI place us at an important time in the history of developmental neurobiology,
with noninvasive neuro-imaging techniques ideally positioning us to begin developing,
testing, and refining models of brain structure-function relations.
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Box 1

Advantages of MEG
Excellent temporal (millisecond) and spatial resolution

Silent and minimal preparation time for studying brain activity in awake
infants

Reference free with minimal distortion of magnetic fields with respect to the
different conductivity of brain compartments (CSF, scalp, skull).

Head movement compensation methods correct for moderate head motion,
rendering MEG suitable for use with awake infants

Accurate source analyses are possible with age-appropriate MRI templates,
mitigating the need for individual MRIs
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Box 2

Future Directions in Infant MEG Research
Longitudinal studies examining the maturation of neural activity

MEG and structural MRI studies examining associations between brain
function and brain structure

Distributed source modeling to measure activity in brain areas outside
primary/secondary eloguent cortex

Examining whole-brain functional connectivity in resting-state and during
cognitive tasks

Continued development of whole-head pediatric MEG systems with features
such as flexible helmet size or ‘wearable’ systems
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Fig. 1.
Photos of existing pediatric MEG systems. (A) SARA system (VSM Med Tech Ltd.) being

used for fetal MEG recording. (B) SARA system with cradle attachment adapted for infant
recording (both images from Holst et al., 2005). (C) BabySQUID system with partial head
coverage (Tristan Technologies Inc.) (D) KIT 151-channel whole-head system (Model
PQ1151R; Yokogawa/KIT; image adapted from Kikuchi et al., 2013). (E) Artemis 123
whole-head system (Tristan Technologies Inc.). (F) Baby-MEG 375-channel whole-head
system (Tristan Technologies Inc.).
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(a) Topoplots of AEFs in infant and adult (c) Topoplots of VEFs in infant and adult
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Examples of (a) Topoplots of auditory evoked fields (AEFs) from a representative 5-month-
old infant and from an adult, (b) Source waveforms from left and right STG (c) Topoplots of

visual evoked fiExamples of (a) Topoplots of auditory evoked fields (AEFs) from a

representative 5-month-old infant and from an adult, (b) Source waveforms from left and
right STG (c) Topoplots of visual evoked temis 123 whole-head system (Tristan rphological

analogies can be seen in the infant, young children, and adult waveforms, although for

auditory responses the component latencies (marked with dash lines) have strikingly longer
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latencies in infants. For example, the “infant M50 occurs at 197 ms for a 2-month-old
infant, and the M50 latencies decrease to 108 ms in a representative 6-year-old child, and 66
ms in a representative adult. By contrast VEF latencies appear to mature faster toward the
adult values compared to AEF.
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Fig. 3.
Scatterplot of auditory M50 latencies from 6-month-old to 65-year-old subjects. The

analogies between infant and child and adult morphologies in auditory evoked fields permit
assessment of the lifespan trajectory of component latencies. This response is robustly
observed across different hardware platforms with findings suggesting a continuous
shortening of “M50” latency from infancy to adulthood. The absence of discontinuity
indicates the potential to track a component latency across the lifespan despite differing
hardware, offering potential for multicenter implementations.
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(a) Whole-brain activity in 6-months old infants (N=5)
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Fig. 4.
An example of (a) Face versus non-face contrast of whole-brain activity in five 6-month-old

infants, and (b) source waveforms from left and right fusiform gyrus (FFG) to face and non-
face stimuli. Greater activity (indicated in red) was observed in response to face versus non-
face stimuli in FFG (200-400 ms post-stimulus), V1, temporal pole and frontal areas. FFG
source waveforms showed that right FFG activity in response to face stimuli peaked at ~300
ms and ~400 ms, and left FFG activity to face stimuli peaked at ~350 ms.
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Table 1

Summary of infant MEG studies by focus of research.
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Paper Age(s) Studied Stimuli System
Auditory
Paetau et al., 1995 0.3-15 years Tones, non-words dc-SQUID
Lengle et al., 2001 Fetuses, neonates Tones Magnes
Huotilainen et al., 2003 Neonates Tones Elekta
Cheour et al., 2004 Neonates Tones Elekta
Lutter et al., 2004 1.5-8.5 weeks Tones Magnes
Holst et al., 2005 Fetuses, neonates Tones SARA
Draganova et al., 2005 Fetuses, neonates Tones SARA
Sambeth et al., 2006 Neonates Tones Elekta
Lutter et al., 2006 0-6 months Tones Magnes
Draganova et al., 2007 Fetuses, neonates Tones SARA
Govindan et al., 2008 Fetuses, neonates Tones SARA
Sambeth et al., 2009 Neonates Tones Elekta
Sheridan et al., 2010b Fetuses, neonates Tones SARA
Muenssinger et al., 2013b Fetuses, neonates Tones SARA 1l
Schleger et al., 2014 Fetuses, neonates Tones SARA
Edgar et al., 2015b 6-59 months Tones Artemis 123
Stephen et al., 2017 6-68 months Tones E%?(){SQUID
Speech/Language
Kujala et al., 2004 Neonates Vowels Elekta
Pihko et al., 2004a Neonates Syllables Elekta
Imada et al., 2006 Neonates, 6 & 12 months Tones, chords, syllables Elekta
Sambeth et al., 2008 Neonates Singing, speech Elekta
Travis et al., 2011 12-18 months Words, pictures Elekta
Bosseler et al., 2013 6 & 12 months Native, non-native syllables  Elekta
Kuhl et al., 2014 7-12 months Native, non-native syllables  Elekta
Hartkopf et al., 2016 Fetuses, 0-3 months Syllables SARA 11
Zhao and Kuhl, 2016 9 months Music, non-words Elekta
Ferjan Ramirez et al., 2017 11 months English & Spanish syllables  Elekta
Somatosensory/Motor
Gondo et al., 2001 6-21 months Tactile 2’(')%98%8)5 (Nevalainen etal.,
Pihko et al., 2004b Neonates Tactile Elekta
Pihko et al., 2005 Neonates Tactile, median nerve Elekta
Lauronen et al., 2006 Neonates, 6 months, adults Tactile, median nerve Elekta
Nevalainen et al., 2008a Neonates Tactile Elekta
Nevalainen et al., 2008b Term & preterm neonates (tested at term age)  Tactile Elekta
Pihko et al., 2009 Neonates, 6-18 months Tactile Elekta
Neonates Tactile Elekta
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Paper Age(s) Studied Stimuli System
Nevalainen etal., 2012

Rahkonen et al., 2013 Term & preterm neonates (tested at term age)  Tactile Elekta
Nevalainen etal., 2015 Term & preterm neonates (tested at term age)  Tactile Elekta
Berchicci et al., 2011 11-47 weeks, 2-5 years, adults Squeezing a pipette BabySQUID
Berchicci et al., 2015 11-47 weeks, 2-5 years, adults Squeezing a pipette BabySQUID
Meltzoff et al., 2018 7 months Tactile Elekta
Visual

Sheridan et al., 2008 Fetuses, neonates Light flashes SARA
Matuz et al., 2012 Fetuses, 2-5 weeks Light flashes, tones SARA
Multisensory

Pihko et al., 2011 Neonates Tactile, vowels Elekta
Kivisto et al., 2015 Neonates Tactile, vowels Elekta
Spontaneous/Resting

Haddad et al., 2006 Neonates Spontaneous (sleep, awake) SARA
Lutter et al., 2006 0-6 months Spontaneous (sleep) Magnes
Wakai and Lutter, 2016 1-6 months Spontaneous (sleep) Magnes
Sanjuan et al., 2016 6 months Spontaneous (awake) Elekta
Stephen et al., 2018 6 months Rest & squeezing a pipette Elekta
Methods/Technical Reports

Okada et al., 2006 7 months Spontaneous, tactile BabySQUID
Johnson et al., 2010 4 years Broadband noise KIT

Hirata et al., 2014 Not specified Mother-child interactions KIT

Roberts et al., 2014 14,18, & 48 months Spontaneous, tones Artemis 123
Okada et al., 2016 3 years Spontaneous, tones BabyMEG

Dedicated pediatric MEG systems are highlighted in bold text.
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