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Abstract

Over the past 20 years, the field of cognitive neuroscience has relied

heavily on hemodynamic measures of blood oxygenation in local re-

gions of the brain to make inferences about underlying cognitive pro-

cesses. These same functional magnetic resonance imaging (fMRI) and

functional near-infrared spectroscopy (fNIRS) techniques have recently

been adapted for use with human infants. We review the advantages

and disadvantages of these two neuroimaging methods for studies of

infant cognition, with a particular emphasis on their technical limita-

tions and the linking hypotheses that are used to draw conclusions from

correlational data. In addition to summarizing key findings in several

domains of infant cognition, we highlight the prospects of improving the

quality of fNIRS data from infants to address in a more sophisticated

way how cognitive development is mediated by changes in underlying

neural mechanisms.
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Lulled in the countless chambers of the brain, our thoughts are linked by many

a hidden chain; awake but one, and lo, what myriads rise!

-Samuel Rogers (1792)

1. INTRODUCTION

The intricacies of the human brain have been recognized for centuries as an unsurpassed

achievement of evolution and culture. What enables this organ to exert such exquisite

control over human behavior and over the mental events that are a correlate of its neural

activity? Surely this control is the product of a cascade of genetic and experiential events

that unfold during embryonic and postnatal development (Stiles, 2008), resulting in both

general-purpose and highly specialized neural circuitry. But what are the necessary and

sufficient anatomical substrates and functional properties of the infant brain that support

the rapid development of human cognition?

These questions have motivated developmental researchers to go beyond detailed stud-

ies of infant behavior in search of neural signals that play a causal role in generating those

behaviors. Indeed, without direct evidence of these putative neural mechanisms, it remains

unclear what the precise causal linkage is between brain and behavior during development.

For example, if infants at two postnatal ages exhibit the same behavior, it is seductive to

conclude that this behavior is mediated by the same neural mechanisms. Alternatively,

if these same infants were to exhibit different behaviors, it is seductive to conclude that

this development is the result of a qualitative change (e.g., a new functional area or neu-

ral computation) rather than a quantitative change (e.g., more neurons dedicated to an

existing area or computation). To be clear, without a sophisticated understanding of the
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manner in which external stimuli elicit behavior, inferences about the causal role of neural

activity would be impossible, and no neural correlate of behavior is sufficient for drawing

causal inferences. Yet, the simultaneous collection of behavioral and neural data, and their

resulting correlations, provides a starting point for conducting experimental manipulations

from which causal inferences can be drawn. Unfortunately, studies of human infants are

not amenable to invasive manipulations, and so the field of developmental cognitive neu-

roscience is limited to neural-behavioral correlations. Nevertheless, these neural data serve

as powerful constraints on how to interpret developmental changes in behavior.

Even though limited to non-invasive neural correlates of behavior, a variety of measures

of neural activity, both direct and indirect, have been employed to study the brains of human

infants. Here, we focus on two major indirect methods of measurement: functional magnetic

resonance imaging (fMRI) and functional near-infrared spectroscopy (fNIRS). Both methods

(see next section) rely on hemodynamic signatures (ferromagnetic and optical) from blood

carried to local regions of neural tissue in response to the metabolic demand created by

neural activity.

fMRI: functional
Magnetic Resonance
Imaging

(f)NIRS:
(functional)
Near-Infrared
Spectroscopy

The principles of fMRI were first demonstrated in animals by Ogawa et al. (1990),

and the principles of fNIRS were first demonstrated by Jöbsis (1977). The application of

fMRI to humans was surprisingly rapid, with three studies published in 1992, whereas the

application of fNIRS to humans did not appear until 1993 (see Boas et al., 2014, for a

review). In early 2014, Google Scholar lists 433,000 hits for “fMRI” and 71,000 for “NIRS”

or “fNIRS.” Thus, fMRI is a much more pervasive and, as discussed below, precise measure

of brain hemodynamics than fNIRS. Yet, for certain classes of participants, most notably

human infants, fNIRS has certain advantages over fMRI (e.g., awake vs. asleep to reduce

motion artifacts), thereby providing a unique opportunity to record hemodynamic correlates

of neural activity. Several recent reviews of fNIRS provide a comprehensive treatment of

the underlying optical physics (e.g., Ferrari & Quaresima, 2012) and the utility of fNIRS for

studies of human infants (e.g., Aslin, 2012; Gervain et al., 2011; Lloyd-Fox, Blasi & Elwell,

2010; Minagawa-Kawai et al., 2008)

2. TECHNIQUES FOR MEASURING BLOOD OXYGENATION

Neural firing is metabolically demanding and results first in a local increase in deOxy-

Hb, followed immediately by a compensatory sustained increase in oxygenated hemoglobin

(Oxy-Hb) and subsequent decrease in deoxygenated hemoglobin (deOxy-Hb), see Figure

1. The specific relationship of the circulatory system to local changes in neural activity is

referred to as neurovascular coupling.

Oxy-Hb: Oxygenated
hemoglobin

deOxy-Hb:
Deoxygenated
hemoglobin

When a specific pool of neurons is active, the hemodynamic response is believed to be

localized within 1-3mm of this neural activity (e.g. Shmuel et al., 2007, using 7T in hu-

man occipital cortex, V1) and likely represents the local field potentials rather than spiking

activity of clusters of neurons (Goense & Logothetis, 2008). However, the hemodynamic

response unfolds slowly compared to the rapid change in neural activity. Even after a brief

burst of stimulus-evoked neural activity (<1 second), the adult hemodynamic response

peaks approximately 6 seconds later and the concentrations of Oxy-Hb and deOxy-Hb do

not return to baseline until more than 10 seconds after the stimulus was initially presented

(Malonek & Grinvald, 1996), see Figure 1. These spatial-temporal aspects of the hemody-

namic response greatly constrain the designs and interpretations that can be drawn from

neuroimaging methods that rely on neurovascular coupling.
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Figure 1

Depiction of the canonical hemodynamic response, with decreases in deoxygenated hemoglobin and
increases in oxygenated hemoglobin that are delayed by several seconds after a brief stimulus and
its elicited neural activity (shaded region). Adapted from Gervain et al. (2011) with permission.

Although both fMRI and fNIRS record the same physiological substrate, they are based

on quite different detection methods, have different spatial and temporal resolutions, and

pose different constraints on experimental design and implementation, especially for use

with infants and young children. Before summarizing the specifics of fMRI and fNIRS, we

ask why one would choose to measure the hemodynamic response rather than obtaining a

more direct measure of neural activity (see Lenartowicz & Poldrack, 2010, for a review).

2.1. Comparison of fMRI and fNIRS to Other Methods

Non-invasive recordings of large populations of neurons using electroencephalography

(EEG) have been widely used in studies of adults (e.g., Luck, 2005) and infants (e.g., Nelson

& McCleery, 2008). Although EEG and its time-locked averaging to discrete stimuli – the

event-related potential (ERP) – has excellent temporal resolution, reflecting the msec-by-

msec unfolding of neural events, it has limited spatial resolution given uncertainties about

how field potentials propagate through neural and non-neural tissues to reach electrodes

on the surface of the scalp (Srinivasan & Nunez, 2012). Although there has been recent

progress in applying cortical source localization to studies of the infant brain (Reynolds &

Richards, 2009), these advances are beyond the scope of the present review.

EEG: Electroen-
cephalography

MEG: Magnetoen-
cephalography

PET: Positron
Emission
Tomography

Two other imaging modalities have been used with adults and infants, but each has

substantial methodological challenges. Magnetoencephalography (MEG) capitalizes on the

small changes in magnetic fields induced by electrical currents from neural activity (Cohen &

Halgren, 2009). Although MEG has somewhat better spatial resolution than EEG because

of a more restricted sensitivity to the alignment of electrical currents, it also requires several

assumptions to infer cortical source localization. MEG has been used with human infants
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(Cheour et al., 2004; Imada et al., 2006; Matuz et al., 2012), but like fMRI suffers from

the high cost of the recording instrument (>$1 million) and the requirement of some head

stabilization.

Positron emission tomography (PET) relies on the detection of radioactive decay of one

of a variety of isotopes injected into the blood stream as participants perform a brief task

(Watson, 1997). Early application to the study of brain development revealed substantial

qualitative changes in glucose uptake between the newborn and the older child (Chugani,

Phelps & Mazziotta, 1987). However, because of the invasive nature of injecting a radioac-

tive tracer into the bloodstream, PET has been relegated to a tool for studies of clinical

populations whose potential benefits from an assessment outweigh the risks of the imaging

procedure (Kumar & Chugani, 2013).

2.2. Recording the Hemodynamic Response with fMRI and fNIRS

This section summarizes the methodological differences between fNIRS and fMRI as they

bear on recordings from typically developing infants. FMRI employs a combination of

radio wave pulses in a static magnetic field to record what is called the blood-oxygen-

level-dependent or BOLD response that varies with fluctuations in local concentrations of

deOxy-Hb. By contrast, fNIRS simultaneously records changes in both Oxy-Hb and deOxy-

Hb by employing two wavelengths of near-infrared light (e.g., 690 and 830 nm), which span

the cross-over point in their respective absorbance spectra.

While the spatial resolution of fMRI varies with the strength of the static magnetic

field (B0; e.g., 1.5, 3, or 7T) and the specific scanning parameters, the typical fMRI voxel

size of 3mm3 is well matched to the resolution of the hemodynamic response itself. In

contrast, current fNIRS systems have a much coarser spatial resolution. As shown in Figure

2, near-infrared light is delivered to the surface of the scalp via optical fibers (emitters).

Surrounding each emitter are one or more optical fibers (detectors) that collect a small

fraction of the photons that return to the surface of the scalp after passing through various

layers of neural tissue between the emitter and the detector. Each pair of optical fibers that

link an emitter and a detector is referred to as a fNIRS channel and samples the underlying

tissue from which the hemodynamic response is being recorded. Photons leaving the emitter

and reaching the detector are primarily absorbed in the surface layers above the cortex,

including the scalp, skull, cerebral-spinal fluid, and surface vasculature (see Figure 2). The

remaining photons travel along a banana-shaped trajectory that dips into the underlying

cortex. The distance between the emitter and detector determines the lowest point of

the banana-shaped trajectory; the greater the separation between the two, the deeper the

trajectory through the cortex. However, greater separation also leads to greater attenuation

of the signal. Current systems typically employ emitter-detector separations of 2-3cm,

which optimize cortical sampling and signal strength. However, photons must necessarily

enter and exit the brain through the scalp and therefore are substantially modulated by

absorption in the superficial layers of tissue between the surface of the cortex and the scalp.

This introduces a substantial source of noise into what is a rather weak signal. Thus,

signal averaging, as in the ERP, must be used to factor out non-cortical noise (under the

assumption that background systemic vascular effects are uncorrelated with the presentation

of a stimulus). We return to the contaminating effects of non-neural surface vasculature in

Section 3.1.

The interrelationship between size of the fNIRS channel (the distance between the emit-
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ters and detectors) and the depth of penetration of the light provides a clear constraint on

the spatial extent of cortical sampling by fNIRS. The region of cortex sampled by a fNIRS

channel is less than the distance between the emitter and detector because the banana-

shaped pathway passes through supra-cortical tissues to reach the cortex. Thus, the exact

area of cortex recorded from a fNIRS channel is difficult to quantify. As noted above, there

are intervening tissues (scalp, skull, cerebral spinal fluid) that vary in thickness across the

skull, rendering different path-lengths for fNIRS channels across the head. Moreover, the

detected absorption for each fNIRS channel is an average function of all absorbing molecules

in the entire path of photons from the emitter to the detector, with a maximum penetration

of approximately 15-18mm from the surface of the scalp given current IR safety standards.

Thus, fNIRS does not provide depth information and represents a point-projection of the

3D path of the photons in the banana-shaped pathway. The current best estimate of spatial

resolution is 2 cm (Cui et al., 2011), which is an order of magnitude coarser than fMRI.

Finally, while fNIRS shares with fMRI the property of being spatially unambiguous (i.e.,

oxygenation is being sampled from a region between the emitter and detector, rather than

some distant location), the spatial resolution of a fNIRS channel is much larger than the

neurally triggered hemodynamic response itself. We return to prospects for enhancing the

spatial resolution of fNIRS in Section 5.2.

One final consideration regarding spatial resolution of fNIRS is skull thickness. The

thickness of the skull is directly related to the amount of cortex that is being recorded

from in a given fNIRS channel. This is important not only because the skull is quite thin

in neonates (6 mm on average) and becomes thicker with age (10 mm by age 7), but also

because skull thickness varies across regions of the head within a given age (Beauchamp

et al., 2011), creating a confound when examining absolute changes in cortical activation

across ages or across hemispheres. This underlying anatomy should be taken into consid-

eration for studies that compare neural activity to a given stimulus across fNIRS channels

without normalizing these activations to a second stimulus. In the future, anatomical data

that compensate for this differential path length from fNIRS could help to prevent the

false attribution of hemispheric and regional differences (unless only relative changes in

activation comprise the dependent measure). In addition to variability in skull thickness,

it is important to determine the distance from the tips of the optical fibers on the scalp

to the depth of the cortical area that is being targeted in a given recording session. This

anatomical variability can only be resolved by a structural MRI, either from each infant or

based on age-appropriate templates (see Section 5.2).

Finally, the temporal resolution of fMRI is typically 0.5 Hz (i.e., a whole-brain sample

every 2 sec). This slow sample rate has proven to be sufficient, for most applications, be-

cause the underlying hemodynamic response is an order of magnitude slower. In contrast,

fNIRS is typically recorded at 10 Hz and higher sampling rates are possible because de-

tection of the optical response is not limited by the interaction between slice selection and

gradient encoding in fMRI. Thus, fNIRS has much better temporal resolution than fMRI

and in principle could provide a more accurate measure of the shape and timing of the

hemodynamic response. In practice, however, that potential has not yet been realized, in

part because of noise from non-cortical, surface-vascular responses (which does not affect

fMRI), and because infants cannot provide a sufficient number of stimulus blocks (or events)

to average out the noise. Moreover, phased-array head-coils have improved the sampling

rates of fMRI (Keil et al., 2013) so that the intrinsic superiority of fNIRS in the temporal

domain is not likely to be a significant advantage in the future.
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Figure 2

Left: A schematic of the likely path of photons in a single fNIRS channel, showing the
banana-shaped pathway from an emitter to a detector. Right: The spatial resolution of a fNIRS
channel on a standard brain template for a 6-month-old infant. Left panel from Strangman, Li &
Zhang (2013), reproduced with permission; right panel courtesy of Lauren Emberson, John
Richards, Richard Aslin.

2.3. Pros and Cons of fMRI and fNIRS for Studies of Infants

Although fMRI provides a rich picture (in pseudocolor) of the spatial distribution of esti-

mated neural activity from the deOxy-Hb BOLD signal, it suffers from several disadvantages

that are particularly severe for studies of human infants. First, MRI recordings require rigid

head stabilization; currently available algorithms can tolerate head movements of only a few

millimeters over a 5-10 min scan, resulting in elimination of scans that exceed this thresh-

old. Moreover, the head coil and associated mirror for viewing visual stimuli constrains the

angular size and proximity of visual displays, making it difficult to reliably present visual

stimuli to infants. Second, the MRI scanner produces substantial acoustic noise from the

gradients that, even with adequate hearing protection, can be distracting or induce startle

responses that limit the ability to hear subtle acoustic differences, or attend to non-auditory

stimuli. Third, safety issues inherent to any MR scan (e.g., heating of body tissues, espe-

cially if they come in contact with any ferrous metal, and damage to the auditory system

from inadequate hearing protection), while posing limited dangers, are more difficult to

mitigate in a non-verbal participant such as an infant. Despite taking special precautions

to deal with these safety concerns, it has proven to be very difficult to eliminate movement

artifacts in infants and very young children. Thus, the vast majority of fMRI studies with

infants are conducted while they are sleeping. This enables the successful collection of

structural MRI and fMRI recordings in this population without movement artifacts, but it

severely limits the kinds of stimuli and behavioral paradigms that can be used with infants

to study the neural correlates of cognitive development.

The foregoing disadvantages of fMRI are a counterpoint to the major advantages of

fNIRS. First, the fNIRS cap that holds the fiber-optic bundles to deliver near-IR light to

the emitters and gather near-IR light from the detectors can be lightweight and comfortable

to wear. Second, because this cap attaches the emitters and detectors to the scalp, the

fNIRS recordings do not require rigid head stabilization and therefore enable the infant

to be positioned to maximize attention to experimental stimuli or to engage in motor

responses that would not be feasible in the MRI scanner environment. Third, there is
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no acoustic noise from the fNIRS machine (in contrast to noisy MRI gradients), thereby

reducing distractions and maximizing the fidelity of auditory stimuli. Fourth, there are

no safety concerns because the intensity of the IR-light sources is well below the FDA

guidelines for damage to neural tissue. Thus, fNIRS studies can readily be conducted with

developmental and special populations who would not tolerate the constraints of the fMRI

environment.

The disadvantages of fNIRS, while substantial in the past, have largely been overcome,

and further improvements are on the horizon (see Section 5.2). Nevertheless, some disadvan-

tages remain. First, the spatial resolution of fNIRS is currently 2-3 cm, and as noted above,

the signal recorded from a given channel (an emitter-detector pair) samples a 3D volume

that is not precisely known and projects that volume onto a mid-channel location on the

surface of the scalp. Second, fNIRS does not itself provide co-registration with anatomical

images of the participant’s brain. Rather, either a separate structural MRI must be ob-

tained and the location of the emitters and detectors aligned with external skull landmarks,

or average structural MRI templates for age- or head size-appropriate infants can be used to

provide approximate co-registration using average skull landmarks (Lloyd-Fox et al., 2013).

Third, fNIRS can only record from the surface of the cortex (although sulci are clearly

within the range of accessible depths). Thus, brain regions more than 2cm from the surface

of the scalp are outside the range of fNIRS recordings, including many cortical areas in the

ventral temporal cortex (e.g., the fusiform gyrus) and all medial-brain structures (e.g., hip-

pocampus). Fourth, fNIRS recordings obtained from participants across different ages must

consider changes in skull thickness (affecting both the depth and the S/N of hemodynamic

responses) and signal degradation introduced by the presence of hair (particularly if the

hair is dense and highly pigmented). Finally, because fNIRS signals sample photons that

passed twice through the scalp, skull, and surface vasculature as they travel from emitter

to detector, changes in these signals are contaminated by these non-neural factors. Thus,

without taking precautions to reduce the effects of systemic vascular responses (e.g., due

to changes in blood pressure mediated by arousal), measurements of changes in cortical

oxygenation may be masked by these much larger non-neural, supra-cortical signals.

Two general strategies have been employed to deal with the contaminating effects of

these non-neural signals. First, one can use PCA to regress out the first or first + second

principal components across channels, under the assumption that these components repre-

sent the shared variance of the systemic vascular (i.e., non-neural) signals (Zhang et al.,

2005). While this analysis procedure certainly reduces the shared noise, it also reduces

any shared variance in the signal. Moreover, the assumption that systemic vascular noise

is uniformly distributed across the skull has been shown to be incorrect (Gagnon et al.,

2014). Thus, a second method for dealing with non-neural noise is to directly sample the

surface vascular signals using a channel with a small emitter-detector separation (e.g., 0.5

cm) at several locations on the skull. Then this surface-noise can be regressed out of signals

obtained from each 2-3 cm channel that samples from the cortex (Saager & Berger, 2005,

2008). Although this method has been verified in adults and via simulations on phantoms,

it has yet to be applied to infants. However, there is every reason to expect an improvement

in both S/N and spatial selectivity in fNIRS recordings from infants using this near-channel

regression technique (Saager, Telleri & Berger, 2011).
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3. QUESTIONS ASKED USING fMRI AND fNIRS

One of the most difficult questions confronted, but frequently overlooked, by infancy re-

searchers who use neuroimaging methods is what types of causal inferences can be drawn

about cognition from a change in brain state. We briefly review the complexities of making

correct causal inferences from fMRI and fNIRS data and then discuss why paradigms used

with infants pose additional constraints on our confidence in these inferences. To be clear,

these concerns can be overcome if careful attention is directed to using experimental designs

with proper controls.

3.1. Linking Hypotheses between Behavior and Hemodynamics

Researchers who study the neural correlates of cognition are deeply interested in the neural

properties – both structural and functional – that mediate a particular underlying cognitive

process. That process could involve any aspect of cognition that is studied with behavioral

methods, including perception, learning, memory, reasoning, problem solving, language

understanding, theory of mind, etc. In the case of fMRI and fNIRS, a single metric – a

hemodynamic signature of neural activation – is available to make inferences about any

(or all) of these cognitive processes. Thus, it is seductive to conclude that an increase in

activation in a particular region of the brain, triggered by a task that is known to involve a

cognitive process at the behavioral level, is indicative of neural activity that plays a causal

role in that cognitive process. But of course there are two other logical possibilities: (a)

the increase in activity is actually mediated by a different brain region that was either not

measured or was masked by noise or insufficient spatial resolution of the hemodynamic

signals, or (b) the brain region plays a causal role in the task, but the causal role is different

than the one inferred by the researcher.

The foregoing interpretive challenges, which stem from uncertainty about the linking hy-

pothesis between neural activation (c.f., hemodynamics) and cognitive process, raise a wide

variety of possible causal inferences about fMRI or fNIRS data gathered from infants. Most

linking hypotheses come from studies of adults that have revealed both spatial-selectivity

(i.e., activations to stimulus X in one brain region but not others) and stimulus-specificity

(i.e., activations to stimulus Y but not to stimulus Z). Given a wealth of information about

these two aspects of neural activation, with parametric manipulations of stimulus and task

variables as well as whole-brain analyses using fMRI, it is common to extend these linking

hypotheses from adults to the infant brain. However, fNIRS studies of infants are currently

limited to coverage of only a portion of the cortical surface, and the number of stimulus and

task variables examined to date in this literature is extremely sparse. Thus, it is incumbent

on infancy researchers to be cautious in assuming that the linking hypotheses accepted in

studies of adults seamlessly extend to studies of infants.

An example of a common prediction made in infant fNIRS studies is that activation in a

region of the infant brain to stimulus X that is similar in relative spatial location to a region

of the adult brain also known to be activated by stimulus X (e.g., speech stimuli that activate

the STS of the temporal lobe), indicates the presence of a processing mechanism similar

to that of adults. That is, the greater the activation of this developmentally homologous

brain region by stimulus X, the greater the specificity or maturity of the cognitive process

linked to this brain region. This modular linking hypothesis – that a brain region is tuned

to stimulus X – is subject to a variety of alternative accounts. For example, in the targeted

brain region, stimulus X may be more difficult to process than most other stimuli, leading to
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greater activation because of task difficulty rather than stimulus specialization, or processing

efficiency may improve with age or experience, thereby reducing activation in one brain

region, which in turn frees up resources in a complementary brain region that now shows

greater activation. Alternatively, activation may reflect a stimulus-general property (e.g.,

arousal or attention) that has a differential effect downstream from the brain region where

stimulus X is processed (e.g., a memory consolidation process) or upstream because of a

reduction of inhibition (e.g., a priming effect). Crucially, limited spatial coverage of the

brain with fNIRS – both locally because spatial resolution is coarse (2 cm) and globally

because deep brain regions are inaccessible – constrains the goal of achieving high spatial

selectivity. While some of these uncertainties could be resolved, in principle, if a large

number of repetitions of each stimulus or task variable were obtained, human infants are

not ideal subjects for achieving this goal given their limited attention and cooperation in a

single recording session (see next section). The foregoing discussion of linking hypotheses is

not unique to studies of infants, but in fact has implications for the use of any neuroimaging

method at any age.

In addition, there are measurement problems common to both fMRI and fNIRS when

attempting to study changes across age so that incorrect developmental conclusions are

avoided. First, the physical size of fMRI voxels and fNIRS channels is fixed by the instru-

ment rather than being scaled by brain size. Thus, each method includes a proportionately

larger brain region in smaller brains, thereby increasing the risk of failing to detect a small

region of activation in the infant brain. Second, the hemodynamic response function (HRF)

in the infant is smaller in amplitude and delayed in time-course compared to the adult

(see Figure 3). Thus, with the same S/N ratio, the infant hemodynamic response will be

less likely to be detected by the same stimulus condition in an event-related design than

in adults. Third, there appears to be a substantial developmental change in neurovascular

coupling during early infancy (Roche-Labarbe et al., 2012). One consequence of this change

could be greater variability in the hemodynamic response in infants both across brain areas

and across ages, including the occasional presence of a negative BOLD response. Given

current analysis methods especially in fMRI, this variability may result in false negatives

or underestimating the neural activity correlated with the HRF. Moreover, careful con-

trols and behavioral measures should be employed to ensure that age-related changes in

hemodynamics are due to neural activity and not circulatory development.

Event-related design:
Presentation of
single events (e.g.,
single stimuli of
different types),
often with uneven
temporal spacing, in
order to model
hemodynamic
responses to
individual stimuli.

Finally, although in principle fNIRS, with access to both Oxy-Hb and deOxy-Hb sig-

nals, could help disambiguate the reasons for a negative BOLD signal in fMRI, very few

infant fNIRS studies have reported reliable deOxy-Hb signals (which in adults are closely

correlated with the BOLD signal in fMRI). While it remains unclear why negative BOLD

signals have been found in some fMRI studies with young infants, a few possibilities have

been suggested: (a) the fact that most infant fMRI studies are conducted while they are

sleeping, which is known to alter the direction of the HRF in adults (Born et al., 2002), (b)

the canonical adult HRF, even when adjusted for a more sluggish time-course in infants,

can falsely lead to a negative BOLD response (Arichi et al., 2012), (c) infants may have

a level of resting-state functional activity that is both higher and differentially distributed

compared to adults, thereby leading to greater negative BOLD signals in certain cortical

areas (Nilsson et al., 2013), and (d) the aforementioned change in neurovascular coupling

in early infancy (Kehrer & Schöning, 2009; Kozberg et al., 2013). Further studies will

be required to determine whether these developmental differences in the HRF create sub-

stantial difficulties for interpreting the linkage between hemodynamic signals and cognitive
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Figure 3

Variations in the timecourse and amplitude of the hemodynamic response function (HRF)
between adults, infants, and pre-term infants as derived from fMRI in the somatosensory cortex.
Reproduced from Arichi et al. (2012), with permission.

processes.

3.2. Paradigms Used with Infants

As with any methodology, the design of an experimental paradigm is custom tailored to the

types of signals that can be obtained. For example, reaction time and ERPs afford msec

temporal resolution, and therefore paradigms using these measures can present hundreds

of discrete events within a single testing session. In contrast, fMRI and fNIRS rely on

the relatively sluggish hemodynamic response, and therefore have employed designs that

either use blocks of multiple stimuli or event-related single stimuli separated by a jittered

3-8 sec ISI. Clearly, the observed hemodynamic response in event-related designs is delayed

by several seconds compared to the onset and duration of elicited neural activity, and

so the number of stimulus events in fMRI or fNIRS studies is substantially fewer for a

given duration of a recording session. One result of this design conflict, given the limited

attention of infants, is that the effectiveness of signal-averaging is reduced because there

is less statistical power to eliminate the background noise that is uncorrelated with the

stimulus events.

Another challenge for interpreting hemodynamic signals is the mismatch between the

designs of fMRI or fNIRS paradigms and behavioral paradigms used to study infants. Neural

signals themselves have no obvious linkage to any underlying cognitive process unless they

are referenced to clear behavioral outcomes. Unfortunately, canonical behavioral paradigms

used with infants involve preference, discrimination, and violation of expectation paradigms
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(Aslin & Fiser, 2005), typically involving visual attention as the dependent measure, that

are not identical to blocked or event-related designs used with fMRI or fNIRS. For example,

in a behavioral habituation paradigm infants look at a visual stimulus until they meet a cri-

terion of looking-time decrement, and then view two types of test stimuli that are the same

or different compared to the habituation stimulus. In contrast, fMRI or fNIRS paradigms

assess discrimination with multiple interleaved blocks (or single events) that present one of

two different stimuli. The dependent measure is a difference in activation between fMRI

voxels or fNIRS channels that is correlated with the two different stimuli. Thus, discrimi-

nation in the behavioral paradigm is indexed by differential recovery of looking time after

a period of encoding (the habituation phase), whereas discrimination in the hemodynamic

paradigm is indexed by differential activation across a set of interleaved stimuli (without a

habituation phase). When behavioral and hemodynamic paradigms yield different results,

it is not clear if the discrepancy is due to the difference in paradigms or to a difference

in the sensitivity of the two measures (see Turk-Browne, Scholl & Chun, 2008). Thus, a

goal for future neuroimaging studies is to more closely match the designs with behavioral

paradigms (see Section 5.1).

4. DOMAIN-SPECIFIC FINDINGS ABOUT INFANT COGNITION

Although we often employ the unitary term brain, attempts to gain traction on the func-

tional properties of this organ have naturally led to hypotheses about modules or areas of

specialization, derived on anatomical and/or functional grounds. This research strategy en-

ables us to examine different neural mechanisms that underlie separable aspects of cognitive

processing in relative isolation from each other. For example, sensory and perceptual pro-

cessing has been extensively studied within particular modalities (e.g., audition or vision)

under the assumption that these unimodal sensory stimuli are processed independently of

other modalities, while holding constant the rest of the brain.

In the following sub-sections, we describe representative studies that span the range

from simple unimodal stimulus processing to complex object identification. We cover both

fMRI and fNIRS studies, with an emphasis on the latter because of the sparse literature

on the former due to the methodological constraints discussed earlier. In the final sub-

section, we discuss hypotheses about the changing cortical organization of the infant brain

as revealed by studies of resting state functional connectivity using fMRI and fNIRS.

4.1. Unimodal Perceptual Processing

The literature on using the hemodynamic response to study infant cognition has a pre-

ponderance of studies in the auditory modality for a simple, pragmatic reason: given the

requirement of rigid head stabilization for fMRI and the early difficulty of eliminating mo-

tion artifacts for fNIRS, it was far easier to present auditory stimuli to sleeping infants

than to grapple with presenting visual stimuli to awake infants. Moreover, the presenta-

tion of auditory stimuli can be continuous, even if the infant is not consistently attending

to them, whereas to ensure attention to visual stimuli the consistency (and/or variance)

of gaze must be established, typically with an eye-monitoring system (see Section 5.1).

These constraints in both the visual and auditory modalities have prevented the field from

successfully obtaining fMRI data from awake infants.

Most of the early fMRI and fNIRS studies of infants examined low-level perceptual pro-
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cessing, primarily because they were guided by clear, pre-existing hypotheses about what

kind of activations should be recorded from specific regions of the brain. For example, one

of the first fNIRS studies of infants (Meek et al., 1998) used flashing visual stimuli, with the

neural activation expected from occipital cortex. But the mere presence of a sluggish hemo-

dynamic response from occipital channels cannot rule out influences via feedback pathways

from other brain areas to early visual areas. A more definitive assay of feed-forward (i.e.,

sensory) activation in visual cortex consists of the signature contralateral hemi-field pattern

of activation that is well established in retintopic mapping studies using fMRI (see Wandell,

Dumoulin & Brewer, 2007). Such patterns of activation have been obtained using fNIRS in

adults (White & Culver, 2010), but to-date have not been obtained with infants (but see

Liao et al., 2012). The situation is even less clear with fMRI because of the necessity to

eliminate head motion and deliver visual stimuli with open eyelids (see Seghier, Lazeyras

& Huppi, 2006).

Similarly, in the auditory modality there are dozens of fNIRS studies using simple stimuli

(Kotilahti et al., 2005; Sakatani et al., 1999; Zaramella et al., 2001), but the hypotheses

about where in the brain one would expect to find focal activation is much less clear than

in the visual system (e.g., pathways from cochlea to cortex are much less lateralized than

in the visual system). Thus, activation to simple auditory stimuli elicits a rather diffuse

pattern of bilateral frontal and temporal activation (see Taga et al., 2007). The situation

is more clearcut in the few studies of infants using fMRI (Anderson et al., 2001; Altman et

al., 2001; Dehaene-Lambertz et al., 2002; Redcay et al., 2007), although these studies were

conducted on sleeping infants.

The situation in the somatosensory system has the potential to be much more straight-

forward than in the visual or auditory systems because of the completely contralateral pro-

jection from surface receptors to cortex. Using stimulation such as limb flexion or passive

manual movement, the literature is split between findings of contralateral neural activity,

consistent with adults (fNIRS: Kusaka et al., 2011; fMRI: Arichi et al., 2010) and bilateral

activation of somatosensory and motor cortices (fMRI; Erberich et al., 2006; Arichi et al.,

2012).

While on one hand the foregoing results are partially confirmatory of expectations based

on the organization of the adult brain, some studies suggest that activity elicited by a

given sensory stimulus is widespread across many areas of the infant brain. The mere

presence of widespread activation in the infant brain is not surprising as the raw (i.e.,

stimulus vs. rest) patterns of activation in most adult fMRI studies are also quite diffuse.

In adult paradigms where subtle stimulus contrasts are used with multiple fNIRS epochs

or fMRI scanning runs, regression methods with stringent activation thresholds can yield

focal patterns of activation. However, a number of findings suggest that this widespread

activation is a developmentally relevant phenomenon. First, fNIRS paradigms even with

high-density arrays (e.g., 94 channels) have revealed widespread patterns of activation in

occipital, occipitotemporal, and frontal areas in infants between birth and 3 months of

age, for both simple visual and auditory stimuli (Taga et al., 2003; Watanabe et al., 2008;

Watanabe, Homae & Taga, 2010; Taga, Watanabe & Homae, 2011). Second, in preterm

infants, activation in the occipital cortex is less robust, and at times absent (Lee et al.,

2012), and the extent of activation increases with age in visual (Born et al., 2000) and even

somatosensory studies (unilateral activation in preterm infants vs. bilateral activation in

term infants; Arichi et al., 2012). Studies with comparatively older infants also suggest that

activation to basic sensory stimuli may extend beyond the corresponding sensory cortex and
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may be widely distributed in the infant brain; infants between 3-7 months of age exhibit

significant hemodynamic responses to acoustic stimuli not just in temporal cortices, but in

occipital and frontal regions and the basal ganglia (Taga, Watanabe & Homae, 2011; Blasi

et al., 2011). Finally, Taga, Watanabe & Homae (2011) examined the temporal (phase)

relations between activations in different areas: channels both anterior and posterior to the

temporal channels showed longer lags, suggesting gradients of hemodynamic activity away

from primary auditory areas. Taken together, these findings raise the possibility that the

infant brain, even in response to basic sensory stimuli, is not as specialized as in adults,

and undergoes considerable developmental reorganization.

4.2. Multisensory Processing

When examining stimuli composed of elements from more than one modality, it would be

ideal to compare hemodynamic activity to such multimodal (e.g., audio-visual) stimuli to

their unimodal components (auditory alone, visual alone). This would allow us to under-

stand if, and how, hemodynamic responses to multimodal stimuli are more than just the

linear combination of evoked activity in each modality alone. An early study of multimodal

processing in infants (Bortfeld, Wruck & Boas, 2007) examined hemodynamic activity for

speech stimuli, either by themselves, or accompanied by visual stimuli. Six- to 9-month-old

infants viewed either visual-only (animated 3D objects) or audio-visual (animations accom-

panied by speech) in a blocked design. While fNIRS channels over occipital cortex were

activated equivalently for both V and A+V conditions, temporal cortex activity varied by

condition: there was significant activation in the temporal cortex in the A+V condition,

but a significant deactivation in the V condition. A similar deactivation in channels over

temporal cortex to A+V stimuli compared to V stimuli was observed in 3-month-olds by

Watanabe et al. (2013), using a dense, 94-channel recording system. The stimuli were

videos of a colorful mobile with bells and little objects, with or without the sounds of the

bells ringing. Thus, over the first 6 postnatal months, infants exhibit deactivation of the

temporal cortex in the presence of unimodal visual input, a pattern of cortical activation

not found in adults.

Three possibilities could account for the pattern of deactivation observed in temporal

cortex when auditory stimuli are presented in combination with visual stimuli. First, al-

though infants show clear unimodal activations to V stimuli and to A stimuli in occipital

and temporal cortex, respectively, they may preferentially direct their attention to the vi-

sual stimuli in the A+V combination because of an inability to attend to both A and V

stimuli at the same time, and the resulting V bias may lead to a decrease in processing of

the A stimulus. Second, the combined A+V stimulus may be processed by different cortical

areas than the A and V components when they are presented alone (i.e., the compound is

treated as a new stimulus), and differentially reduce activation in unimodal areas. Third,

unimodal presentation might lead to deactivation in other cortical areas due to resource

stealing that results from exceeding the metabolic capacity of the primary cortical area for

each unimodal component. The results of the high-density study by Watanabe et al. (2013)

suggest that neither the second nor the third possibilities are likely: unique multi-modal

processing areas for A+V compounds were not evident, and there was greater activation

in occipital areas to the A+V stimulus than to the V stimulus, suggesting that resource

stealing was not triggered by inadequate metabolic capacity in the occipital cortex. This

last finding provides further evidence for qualitative changes in how unimodal stimuli, clas-
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sically processed only by corresponding unimodal pathways, may be distributed to a much

wider array of cortical areas in infants than in adults. One possible reason for this more

diffuse activation in early development is that the slow time-course of the hemodynamic

response may include large-scale reverberant (feedback) connections between cortical areas

that become more finely tuned, both spatially and temporally, with postnatal experience.

4.3. Language Processing

Early studies examining the pattern of neural activity in infants to speech stimuli using

both fNIRS and fMRI were directed to the question of cortical selectivity (i.e., lateral-

ization) and to functional specialization (i.e., speech vs. nonspeech: Peña et al., 2003;

Dehaene-Lambertz, Dehaene & Hertz-Pannier, 2002). Subsequent studies have addressed

three questions: (a) what are the acoustic properties of speech that engender language-like

processing, (b) how does speech processing interact with other cognitive capacities such as

memory and attention, and (c) what are early learning mechanisms that might underlie the

extraction of linguistic structure present in the speech input?

A number of studies have reported that there is a left hemisphere (LH) specializa-

tion for speech in newborns using fNIRS (Peña et al., 2003) and in 2- to 3-month-olds

using fMRI (Dehaene-Lambertz, Dehaene & Hertz-Pannier, 2002; but see Taga, Homae &

Watanabe, 2007). Preferential LH-activation (temporal and frontal areas) early in infancy

conforms to a similar pattern in adults and may suggest either an innate processing bias

for speech signals in the LH or an innate LH-bias that captures fundamental properties

of speech during prenatal exposure to maternal vocalizations. Similarly, Bortfeld, Fava &

Boas (2009) found a predominantly left-lateralized increase in Oxy-Hb to an audio-visual

stimulus (speech+abstract animations), compared to an animation-only visual stimulus in

6-month-olds. Moreover, Redcay, Haist & Courchesne (2008) found that sleeping 21-month-

olds in an fMRI study recruited additional neural regions (e.g., frontal) when listening to

forward vs. backward speech. One possible interpretation of these results is that as the

language system becomes more sophisticated and infants move from receptive-only to both

understanding and producing speech, they may engage a more elaborated network of corti-

cal areas as they process linguistic stimuli. Another possibility is that, similar to the broad

and developmentally-variable cortical activation seen in response to even simple perceptual

stimuli, infants might exhibit experience-based development of the neural systems engaged

in language comprehension.

Since prenatal infants have access to suprasegmental levels of speech information (e.g.,

prosody) and not segmental information (e.g., phonemes), one might expect that infants

rely on slowly varying word- and phrase-level information rather than the rapidly-changing

acoustic cues that characterize consonants to distinguish forward from backward speech

sentences (see Peña et al., 2003). However, other lines of research have suggested that it is

the right hemisphere (RH) that is specialized for processing slowly-modulated information

(see Poeppel, 2003; Hickok & Poeppel, 2007, for a comprehensive review). Indeed, recent

fNIRS studies with newborns (Arimitsu et al., 2011; Telkemeyer et al., 2009) and 3- and

6-month-olds (Telkemeyer et al., 2011) find greater RH-activation for changes in prosody.

How does one reconcile these differences? Part of the answer might lie in the precise

placement of probes on the scalp. For example, Arimitsu et al. (2011) found that, although

processing of rapidly modulated units (phonemes) is bilateral in temporal areas, it is asym-

metric in inferior parietal areas, with greater activation in the LH. A recent study of preterm
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infants of around 30-weeks gestational age suggests a weak, left-dominant processing of syl-

lables in posterior temporal regions (Mahmoudzadeh et al., 2013).

Language acquisition is not just about rote memorization of speech input, but crucially

depends on the ability to understand and to generate novel utterances. Studies with adults

(e.g. Saffran, Newport & Aslin, 1996; Endress & Bonatti, 2007) and infants (e.g. Marcus

et al., 1999; Gómez, 2002; Marchetto & Bonatti, 2013) have demonstrated that humans are

capable of extracting relevant language-like structures from brief exposure to speech. Several

fNIRS studies have provided converging evidence that even the neonate brain responds to

rudimentary structure in the input, such as the presence of adjacent repetitions of syllables.

Gervain et al. (2008) presented newborns with blocks of trisyllabic sequences, separated by

silence, that were either of the form ABB (e.g., /mubaba/) or ABC (e.g., /mubage/), and

found greater fNIRS activation for the ABB blocks compared to the ABC blocks. Moreover,

this effect was greater in the left than the right hemisphere. A follow-up study by Gervain,

Berent & Werker (2012) showed that newborns also had differential fNIRS activations to

late vs. early repetitions (i.e., ABB vs. AAB sequences). Wagner et al. (2011) examined

developmental changes in the processing of such repetition grammars, and found that while

7-month-olds showed a greater fNIRS response to ABB over ABC blocks, 9-month-olds

showed a greater response to ABC over ABB blocks. One interesting speculation about why

infants might show this developmental shift from greater activation to repetition to greater

activation to non-repetition is that repetition is both useful for learning and prevalent in

early maternal speech directed to infants. In contrast, repetition of phonemes and syllables

is much less common in maternal speech as infants acquire their native language, and a

recent behavioral study by Gerken et al. (in press) provides evidence that 9-month-olds

treat repetitions as unexpected.

4.4. Social Cognition

One of the reasons that studies of language have been a focus of research on infant cognition

is that only humans naturally acquire such a complex system of reference and communi-

cation. Another domain that serves a crucial function in human development is the social

interaction among parents and offspring. For immature infants who must rely on their

parents for survival, recognition of classes of social agents (e.g., members of your species)

as well as recognition of individual social agents (e.g., parents, siblings) is a species-specific

ability that has its roots even in newborns (Goren, Sarty & Wu, 1975; Farroni et al., 2005,

e.g., preferences for upright over inverted or scrambled faces:). The classic demonstrations

of regions of the ventral temporal cortex specialized for the processing of individual faces

(the Fusiform Face Area: Kanwisher, McDermott & Chun, 1997) and regions of the lateral

occipital-temporal cortex specialized for the processing of configurations of face-like features

(the Occipital Face area: Gauthier et al., 2000) raised the prospect that these two neural

areas were specialized by evolutionary pressures and not by postnatal exposure to faces.

Unfortunately, understanding the origins of the FFA and OFA have been stymied by the

inability to gather fMRI data from (awake) children younger than age 4 years (see Cantlon

et al., 2011, for the earliest evidence of the FFA), and by the inability of fNIRS to capture

data from the FFA because of its distance from the skull. Results from studies of the

OFA using fNIRS are mixed. While there is some converging evidence for right posterior

temporal areas being involved in face processing, several studies do find significant bilateral

activations.
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Otsuka et al. (2007) found that upright faces elicited significant elevations of Oxy-

Hb and Total-Hb in the right lateral cortex in 5- to 8-month-olds. Further, Total-Hb was

significantly higher for upright faces compared to inverted faces in the right lateral channels.

This RH-dominance for face processing was seen in subsequent experiments, although the

effect was found to be more robust in older, 7- to 8-month-old infants, compared to 5- to 6-

month-olds. Kobayashi et al. (2011) successfully implemented a NIRS adaptation paradigm

and found an increased hemodynamic response to blocks of different faces compared to

blocks of the same face, in bilateral temporal areas. The fNIRS adaptation paradigm was

also used to show viewpoint-invariance and size-invariance in face perception (Kobayashi

et al., 2012), and again adaptation effects were found bilaterally.

The neural correlates of social cognition have been further explored using fNIRS in

three other domains: eye-gaze, emotion expression, and voice recognition. Grossmann et al.

(2008) found that right posterior temporal and left fronto-polar cortices were preferentially

activated for the socially more relevant, mutual-gaze face, compared to a face with an

averted gaze in 4-month-olds. These results were replicated in a subsequent study with

5-month-olds, where again a left prefrontal channel showed enhanced activation for an

image of a face with direct gaze compared to averted gaze (Grossmann, Parise & Friederici,

2010). These results are consistent with fMRI evidence from adults of a third face region

in the superior temporal sulcus that is specialized for eye-gaze (Liu, Harris & Kanwisher,

2009). Another aspect of eye-gaze – positive contrast polarity (black eyes on a white scleral

background) – has been studied in 5- to 6-month-olds (Ichikawa et al., 2013). They found

converging evidence for the importance of positive contrast polarity, with greater Oxy-Hb

over RH temporal areas.

Face recognition has been studied by Nakato et al. (2011), who examined the processing

of one’s own mother versus a stranger, and happy and angry faces, respectively, in 7-month-

olds. For the own mother versus stranger comparison, the right temporal channels showed

increased activation for both own mother (Oxy-Hb and Total-Hb), and for the stranger

(Total-Hb only), thus again replicating the RH-advantage for faces. However, the own

mother also significantly activated the left temporal channels. Similarly, left temporal

channels also showed increased activation for happy, but not angry faces (Nakato et al.,

2011). It is possible that bilateral activations observed in fNIRS studies of faces might

reflect the processing of multiple aspects of faces, including their affect and/or familiarity.

The paralinguistic vocal qualities correlated with specific individuals also carry impor-

tant information about social agents. Recent fMRI studies have examined infant neural

engagement for emotional speech (Graham, Fisher & Pfeifer, 2013) and non-speech vocal-

izations (Blasi et al., 2011). Blasi et al. (2011) found that non-speech vocal sounds selectively

modulated activity in the anterior temporal cortex compared to non-vocal environmental

sounds. Both Blasi et al. (2011) and Graham, Fisher & Pfeifer (2013) found that regions of

the infant brain are differentially engaged during the presence of emotional vocalizations.

While these studies implicate different regions of the infant brain in this process, the studies

both find that negative emotions (sad and angry) elicit increased activation.

In the Grossmann, Parise & Friederici (2010) fNIRS study mentioned earlier, 5-month-

old infants showed enhanced activation for their own name over others’ names in a left-

frontal channel adjacent to the location where activation to direct-gaze was greater than

activation to indirect-gaze. Similar areas also showed preferential activation for social as-

pects of visual stimuli. Posterior temporal activation in the LH was found in 5-month-olds

for dynamic social stimuli (videos of faces) compared to dynamic, non-social stimuli (videos
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of moving, mechanical toys; Lloyd-Fox et al., 2009). In 12-month-old infants, Minagawa-

Kawai et al. (2009) found greater activation for a video of the infants’ mother’s face when

it was smiling, compared to when it had a neutral expression, in a centrally placed channel

over the orbito-frontal cortex.

Finally, it is widely acknowledged that Autism Spectrum Disorders (ASD) include differ-

ences in the processing of social stimuli, including disinterest in face stimuli and insensitivity

to gaze cues. Although currently ASD can be reliably clinically diagnosed only beyond the

second year of life, researchers are increasingly turning to studying infant siblings of indi-

viduals clinically diagnosed with ASD, as this population is at high risk for autism, showing

over a 15-fold increase in the likelihood of a positive clinical outcome (e.g., Ozonoff et al.,

2011). In addition to collecting behavioral measures that might correlate with later devel-

opment of autism, a few studies have begun using fNIRS to investigate cortical differences

between at-risk infants and low-risk or typically developing infants in the first year of life

(Lloyd-Fox et al., 2013; Fox et al., 2013; Keehn et al., 2013; see also Redcay & Courch-

esne, 2008, for a study of neural engagement during speech processing in 2-3 year olds with

autism). Keehn et al. (2013) raises the intriguing prospect that focal activation in key re-

gions of the brain are less relevant to mediating the symptoms of ASD than imbalances in

the maturation of functional connectivity among the network of regions subserving social

cognition (see Section 4.7).

4.5. Object and Number Processing

Two other topics of substantial and longstanding interest in infant cognition involve studies

of object and number perception. Since the classic work of Piaget on object permanence,

and one of the very first fNIRS studies on that topic (Baird et al., 2002), the literature on

the neural mechanisms of object recognition has focused on the inferotemporal cortex (IT)

in non-human primates (Wang, Tanaka & Tanifuji, 1996).

The infant’s understanding that an object exists despite being temporarily out-of-sight

requires that the characteristics of that object have been stored in short-term memory

and matched with the test object that is currently in view. Behavioral evidence of object

permanence has been reported for infants as young as 2-3 months of age (e.g. Aguiar &

Baillargeon, 1999), but the properties of the object that enable this ability vary with age

and experience. For example, infants use shape to recognize a briefly occluded object before

they use color (see Wilcox, 1999).

In a series of experiments building on these behavioral findings, Wilcox and colleagues

have used fNIRS to measure activation in visual and anterior temporal cortex in 6.5-month-

old infants as they viewed dynamic events depicting an object that repeatedly passed back

and forth behind an occluder. For example, if a red sphere with silver stars moves from left

to right and briefly disappears behind an occluder, its reappearance on the right side of the

occluder implies that a single object has moved from left to right. But if the red sphere

with silver stars transforms into a green cube with black dots after passing behind the

occluder, then more than a single object should be inferred (with the red sphere remaining

behind the occluder). This process of perceiving one or two objects is called individuation.

Wilcox et al. (2008) varied the color, shape, or texture of the object after it reappeared

from behind the occluder. Using fNIRS channels over temporal cortex in 6.5-month-olds,

Wilcox reported that a change of shape or texture led to increased activation in temporal

cortex, but color did not, thereby providing converging evidence for previous behavioral
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findings (e.g., Wilcox & Chapa, 2004).

Color is not used in object individuation until 9 months of age, unless it is predictive

of the function of an object in a pre-test phase (Wilcox & Chapa, 2004; Wilcox, Woods &

Chapa, 2008). Wilcox et al. (2014) found increased activation of anterior temporal cortex

when infants individuated objects based on this color priming manipulation, again adding

support to the hypothesized role of anterior temporal cortex in object individuation. This

neural signature for object individuation has also been found in similar studies examining

the role of spatio-temporal discontinuity in object individuation (Wilcox et al., 2009; Wilcox,

Haslup & Boas, 2010). Taken together, these results provide robust evidence that anterior

temporal cortex is engaged in the process of object individuation.

Object individuation is closely related to the ability to compute exact numerosities, such

as the difference between one and two objects regardless of their shape, color, or texture.

Classic behavioral work by Wynn (1992) showed that 5-month-olds could compute small

numerosities in the range of 1-3 when one or more objects were briefly occluded. Based

on extensive evidence from patients with deficits in counting, single-unit recordings, and

fMRI studies of children as young as 4 years of age (Cantlon et al., 2011), the interparietal

sulcus (IPS) of the right hemisphere was been strongly implicated in numerical judgments.

Hyde et al. (2010) used fNIRS to target the IPS in 6-month-old infants as they viewed

visual displays containing sets of objects differing either in numerosity or shape. They

found a significant increase in activity in the right IPS but not the left IPS for the change

in numerosity but not the change in shape, suggesting that the right IPS has attained some

of the functional specialization for numerosity present in older children and adults.

4.6. Learning and Memory

As discussed in the domain of language processing, an important aspect of extracting struc-

ture from linguistic stimuli involves a form of automatic (implicit) learning. Every be-

havioral paradigm requires some rudimentary form of learning, even if the task is simply

to discriminate the current stimulus from another stimulus presented just a few seconds

earlier. Similarly, the oddball paradigm used when recording ERPs relies on the ability

of infrequently presented stimuli to elicit a discrepancy in the average waveform compared

to more frequently presented stimuli. Nakano et al. (2008) adapted a variant of this ha-

bituation paradigm to study discrimination learning in infancy using high-density fNIRS.

They compared activation patterns in 3-month-old sleeping infants who were exposed to

auditory stimuli varying in pitch. One pitch predicted the upcoming presentation of a hu-

man voice, whereas the other pitch predicted silence. An enhanced Oxy-Hb response over

bilateral temporo-parietal regions was present for the pitch that predicted the human voice,

compared to the non-predictive pitch.

In a subsequent study, Nakano et al. (2009) habituated 3-month-old infants to four

identical blocks of a single repeating speech stimulus (e.g., the syllable /ba/), followed by

either an identical (no change) block or a block with a different repeating stimulus (e.g., the

syllable /pa/). As in many behavioral studies of speech discrimination using the habituation

and recovery-to-novelty paradigm, they found a decrease across successive blocks for some

prefrontal channels (but not for temporal channels), as well as recovery of activation in

some prefrontal channels to the novel post-habituation test stimulus (e.g., from /ba/ to

/pa/). These results suggest that frontal regions are involved in differential activation to

repeated (familiar) and novel stimuli.
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Despite extensive behavioral evidence for the development of short-term memory (Blaser

& Kaldy, 2010) and working memory (Ross-Sheehy, Oakes & Luck, 2004) in infants,

paradigms that provide more sophisticated assessments of memory than simple habitua-

tion for understanding the neural correlates of memory are just being explored. Benavides-

Varela, Gómez & Mehler (2011) presented newborns with multiple repetitions of a single

2-syllable word (e.g., /pelu/) for 6 min, and then after a 2-min period of silence they

heard either the same word or a different word. Results indicated that the previously-heard

word elicited a larger Oxy-Hb response than the novel word in bilateral temporo-parietal

and anterior areas. A subsequent study suggested that infants’ encoding of the word-forms

depended primarily on the vowels, and not the consonants (Benavides-Varela et al., 2012),

consistent with previous behavioral research.

4.7. Resting State and Cortical Organization

By far the most common cognitive task studied in infancy using fMRI is no task at all:

neural activity during rest has been investigated by numerous groups starting in the fetus

(Thomason et al., 2013) and continuing through the first two postnatal years (e.g., Gao et al.,

2011). While this literature follows in the footsteps of an interest in the “default mode” or

“resting state” network in adults (e.g., Fox et al., 2006), the fact that most fMRI studies

assess the resting state (or neural activity while sleeping) is largely the result of pragmatic

constraints on collecting fMRI from infants (i.e., the need for rigid head restraint). In both

infants and adults, recording fMRI during rest or sleep reveals that activity is correlated

across regions of the brain at low frequencies (0.01-0.1Hz, or periods of 100-10 sec).

While correlated, large-scale neural activity exists at this temporal scale and is similar

across individuals, it is unclear what a resting state network is. Two major theories are

that it (a) is the neural correlate of the cognitive state that participants are engaging

in while they are resting (e.g., recalling autobiographical memory or planning; Buckner,

Andrews-Hanna & Schacter, 2008), or (b) reflects the endogenous cortical connectivity of

the functional brain. The latter is the dominant perspective in the field of developmental

cognitive neuroscience and is supported by the developmental trajectory of resting state

networks which appear to differentiate in the first few postnatal years (Gao et al., 2011)

and to be disrupted by early white matter injury (Smyser et al., 2013). However, a divergent

finding in adults suggests that there is no direct relationship between structural connectivity

(assessed using diffusion tensor imaging, DTI) and functional connectivity (Damoiseaux &

Greicius, 2009).

DTI: Diffusion
Tensor Imaging. An
MRI-based method
that estimates
white-matter fiber
tracts using diffusion
of water molecules.

Resting state networks in newborns, defined by temporally correlated fluctuations in

neural activity across cortical regions during sleep, are quite different from adults (Frans-

son, 2005). The default mode network in adults is characterized by strong inter- and

intra-hemispheric correlations that encompass a number of higher-level or associative cor-

tical regions (e.g., PCC, MPFC, MTL including the hippocampus, parietal cortex). This

network is not present in infants, at least not including this breadth of regions and in both

hemispheres. Instead, the infant resting state is dominated by correlated activity in sensori-

motor regions (Smyser et al., 2010; Fransson et al., 2007, 2009, 2011). These regions exhibit

very restricted and local connectivity within hemispheres (i.e., encompassing adjacent vox-

els within the same lobe or basic cortical structure) and, in some cases, the homologous

region in the other hemisphere (homotopic regions; Smyser et al., 2010). Thus, the infant

resting state is characterized by multiple networks mostly in basic sensorimotor regions and
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restricted to a single cortical region within and across hemispheres. Indeed, increases in age

are associated with increased long-range and interhemispheric functional connectivity (Gao

et al., 2011). Smyser et al. (2010) noted that there is greater homologous interhemispheric

correlation in regions closer to the midline, suggesting that immaturity of white matter

tracts traveling long distances limit the spatial extent of the resting state network in early

infancy (see also Lee et al., 2013; Thomason et al., 2013).

While the majority of resting state studies have been conducted with fMRI, a recent

combined fNIRS-fMRI study provided evidence that the resting state networks identified

using fMRI can be detected using fNIRS in adults (Sasai et al., 2012). Moreover, three high-

density fNIRS studies have provided estimates of functional connectivity among nearly 100

channels arranged around the circumference of the infant skull (Homae et al., 2010; Sasai

et al., 2011; Taga, Watanabe & Homae, 2011). These studies provide clear evidence of

changes in resting state connectivity (during sleep) between newborns, 3-month-olds, and

6-month-olds (i.e., an increase in interhemispheric correlation), as well as changes from the

resting state when infants are awake and presented with auditory stimuli.

Finally, changes in resting state functional connectivity have been observed in infants at

risk for poor developmental outcomes associated with preterm birth (Smyser et al., 2013)

even at term equivalence and without major health complications associated with prema-

turity (e.g., white matter injury; Damaraju et al., 2010; Smyser et al., 2010). Since preterm

infants are at-risk for poorer developmental outcomes, there are differences in resting state

networks that parallel findings from adults with neuropsychiatric disorders (Greicius, 2012).

This is an important finding in two aspects: first, it deepens our understanding of the role

and function of the resting state network, and second, it has the potential to provide a

neurobiomarker for infants likely to exhibit poor developmental outcomes.

5. OPEN QUESTIONS AND FUTURE DIRECTIONS

Two broad conclusions that emerge from our review of the literature on fMRI and fNIRS

recordings from infants are (a) the difficulty associated with obtaining reliable fMRI data

from awake infants, and (b) the encouraging prospects for fNIRS to reveal important aspects

of the neural mechanisms underlying infant cognition. We conclude by considering a variety

of new approaches that could enable fNIRS to become an even more powerful tool in the

search for a better understanding of cognitive development.

5.1. New kinds of questions and new designs

Just as in the first decade of research using fMRI with adults, the first decade of research

using fNIRS with infants struggled to establish robust paradigms, overcome technical prob-

lems, and create a suite of statistical packages that are open-source and validated across

labs. For example, in adults the hemodynamic response is approximately linear in the tem-

poral domain (Boynton et al., 1996). Thus, it is possible to present discrete stimulus events

at intervals shorter than the 10-sec impulse response function and still detect reliable, albeit

smaller amplitude, hemodynamic responses (Dale & Buckner, 1997). It is now common to

use such brief stimulus presentations in an event-related design, with randomly jittered in-

terstimulus intervals, to accelerate the data-collection process compared to blocked designs

that require the hemodynamic response to return to baseline before each stimulus event.

Although standard in the fMRI literature, these event-related designs are still quite rare
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In the past five years, there has been substantial interest in creating Brain Computer Interfaces (BCI)

that enable a user to control an external device, such as a computer keyboard or a cursor. Although much

of this interest stems from the desire to enable individuals with disabilities to interact with a computer or

other device (e.g., a wheelchair), there is also a basic science question that focuses on how various features

of signals from the brain can be brought under user control. Typical BCI systems rely on fast neural signals

such as the EEG, but because their spatial resolution and source localization are underspecified, newer

BCI systems have attempted to use fNIRS (Sitaram, Caria & Birbaumer, 2009) or fNIRS in conjunction

with EEG (Fazli et al., 2012). Because infants initially have immature motor systems, the use of fNIRS as

a BCI method to enable activation of visual displays, much like reaching to a touchscreen, could provide

the infant with visual-motor experiences that are under their control months before they master their own

motor movements.

in the fNIRS literature, in part because of spurious (i.e., non-neural) vascular noise that

reduces the S/N ratio of the neurovascular signal of interest (e.g., from cortex). Because

of artifacts created by motion, hair, and optical probe design, infant fNIRS studies began

with block designs, sleeping newborns, and simple stimulus vs. no-stimulus contrasts. The

field has now progressed beyond these constraints to include older infants, and like fMRI,

to employ event-related paradigms (Plichta et al., 2007), thereby enabling more complex

multi-factorial designs within the time limits of a typical infant experiment (e.g., 5-15 min-

utes).

Three relatively new experimental designs that have been used in the adult/child fMRI

literature are now ready to be implemented in the infant fNIRS literature. The first design

employs computational models to isolate brain regions that are correlated with the model’s

predictions. For example, den Ouden et al. (2010) used model predictions about the rate

of learning to seek average fMRI time-course data consistent with these predictions, and

Summerfield et al. (2008) compared estimates of repetition-based familiarity to estimates of

expectation errors to determine whether these estimation processes share the same neural

substrate. A particularly intriguing application of this model-based fMRI approach, de-

scribed by Park & Friston (2013), involves constraining the types of functional connectivity

present during the resting state. This approach could be applied to functional connectiv-

ity analyses in infants, thereby charting the progression of developmental changes in the

strength of functional interactions among various brain regions.

The second design employs moment-to-moment predictions about a cognitive process

(e.g., variations in attention) as indexed by detailed behavioral measures such as visual

fixations assessed with an eye-tracker or value decisions made in a rating task (Büchel et al.,

1998). Given that visual attention in infants under some conditions is characterized by a U-

shaped function (Kidd, Piantadosi & Aslin, 2012), one could use fNIRS to examine cortical

areas whose activation is modulated by the predicted quadratic function or alternatively

are segregated into separate familiarity and novelty sub-regions (see Kafkas & Montaldi,

2014).

A third design employs continuous stimuli (e.g., a movie) within which discrete events

are embedded at intermittent intervals (Hasson, Malach & Heeger, 2009). These events

are irregular, as in an event-related design, but there is no contrast with the absence of a

stimulus or with a second type of stimulus. A key advantage of this continuous stimulus
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design for use with infants is that the movie serves to engage their attention for long periods

of time that otherwise would be interrupted by a no stimulus baseline. The fact that fMRI

data collected from children as young as 4 years of age using such continuous stimulus

designs match data from traditional block designs (Cantlon & Li, 2013) suggest that they

could be particularly useful in extending the time (and amount) of data collected in fNIRS

studies with infants.

A final prospect for the future is for fNIRS to become robust enough that it can be

implemented on a behaving infant. Atsumori et al. (2010) and Piper et al. (2014) describe

such a mobile fNIRS apparatus and their success in extracting reliable multi-channel fNIRS

signals from adults in the context of locomotor activity without the presence of intractable

motion artifacts. Safaie et al. (2013) describe a wireless version that combines both fNIRS

and EEG. If further technical developments enable a similarly robust system for use with

infants, it could be used in the future to gather neural correlates of cognition during active

behavioral tasks such as reaching, crawling, and walking.

5.2. New instrumentation and new methods of analysis

The initial decade of fNIRS studies relied primarily on simple statistical analyses rather

than the GLM-based regression analyses typical of fMRI studies. A suite of standardized

analysis tools (HOMER 2.0) has been available for several years to perform these non-GLM

analyses, including Principle Components Analysis (PCA) to eliminate between-channel

correlations indicative of surface vascular noise1. Several recent fNIRS studies with infants

have employed adaptations of standard GLM statistical packages (e.g., Minagawa-Kawai

et al., 2011; Southgate et al., 2014), including an fNIRS version of the SPM package (Ye

et al., 2010). A recent comprehensive review of these statistical packages by Tak & Ye

(2014) charts their history of use, pros and cons, and prospects for the future of fNIRS

analyses of infant data.

A glaring weakness of most fNIRS studies is the absence of a map of estimated functional

activity onto the underlying brain anatomy of each participant. This spatial mapping

is one of the powerful aspects of fMRI and only requires a brief anatomical scan before

or after the functional scan. While there are certainly distortions in taking a particular

anatomical scan and transforming it to a standard brain, these distortions are relatively

small in adults because the average brain template is proportionally quite similar. Based

on recent anatomical scans from infants (Sanchez, Richards & Almli, 2012), it is clear that

transforming the infant brain to adult templates results in large errors because the growth

of the cortex is not uniform between birth and adolescence. Thus, age- or headsize-specific

brain templates (see Figure 4) are required to localize the fNIRS channels over similar

anatomical areas across development (see Akiyama et al., 2013, for 6-month-olds2, and

Lloyd-Fox et al., submitted, and Sanchez, Richards & Almli, 2012; for a wide range of ages

starting at 2 weeks3). On the other hand, the spatial resolution of fNIRS is an order of

magnitude less than fMRI, so it has been argued that variability in fNIRS channel placement

does not require subject-specific anatomy, at least in adults, but only approximate channel

1HemOdynaMic Evoked Response (HOMER) NIRS data analysis GUI at:
http://www.nmr.mgh.harvard.edu/DOT/resources/homer/documentation.htm
2Typical 6-month-old head templates/atlas at: http://ilabs.washington.edu/6-m-templates-atlas
3Neurodevelopmental MRI Database at:
http://jerlab.psych.sc.edu/NeurodevelopmentalMRIDatabase/
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It has been known since the late 1990s that rather than injecting continuous near-IR illumination into

the brain and measuring the attenuation at the surface due to absorption by Oxy-Hb and deOxy-Hb, it is

feasible to measure the time-of-flight of photons as they travel into the brain and back to the detector. This

time-of-flight signal varies with the predicted absorption properties of Oxy-Hb and deOxy-Hb depending on

the wavelength of the picosecond pulse that delivers the photons to the brain. As summarized in a recent

comprehensive review by Torricelli et al. (2014), the time-of-flight approach has three distinct advantages

over the continuous wave fNIRS systems now in use with infants. First, because the pulse of photons is so

brief and the speed of photons in the media is so fast, there is essentially no possibility of motion artifacts.

Second, the canonical banana-shaped pathway through which the majority of photons travel in a continuous

wave system does not apply because some photos will return to the surface of the scalp coincident with the

entering photons. This allows a much higher density of channels on the scalp. Third, the detector that

records the returning photons can be temporally gated so that only photons that travel to at least a depth

of X mm will be sampled. This means that a depth-dependent signal can be obtained if the timing of the

gated detector is systematically varied.

Figure 4

Spatial co-registration of fNIRS channels with age- and head-size appropriate MR templates
courtesy of John Richards and Sarah Lloyd-Fox (to appear in Lloyd-Fox et al, submitted).

placement based on skull landmarks (e.g., the 10-20 system used with EEG; see Ferradal

et al., 2014). A recent review by Tsuzuki & Dan (2014) provides guidelines for how to

evaluate the need for co-registration of fNIRS to the underlying brain anatomy, particularly

as it applies to studies of infants.

Another approach to understanding brain function using fMRI – multivariate pattern

analysis (MVPA) – has not yet been applied to fNIRS data. The basic idea underlying

MVPA is that local clusters of voxels may not provide aggregate activations that differ for

two stimulus conditions, but the detailed pattern of voxel activations within a local cluster

could differ reliably between the two stimulus conditions. Thus, rather than smoothing

across clusters of voxels and transforming voxels to an average brain template (which also

introduces blur in the spatial location of activation), the raw voxel activations are entered

into a regression analysis or a machine-learning algorithm (Norman et al., 2006) to determine

for a given set of data how well one can predict which stimulus was present based on the

pattern of voxel activations. This is typically done by withholding some of the data, training

the classifier so that it finds the voxel activations that best predict the stimulus, and then
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asking whether this same classifier performs above chance on the withheld data (Tong &

Pratte, 2012). As noted by Turk-Browne (2013), the MVPA approach is limited to seeking

a reliable classifier in a local sub-region, and therefore is unable to determine whether

the failure of a classifier is because a given brain region has insufficient information for

classification, or because the functional connectivity of that brain region with other brain

regions is insufficient. Thus, an exciting goal for the future is to meld the MVPA approach

with estimates of resting-state and stimulus-driven functional connectivity.

In conclusion, the field of infant cognition using fNIRS is ripe for extensive deployment

of event-related and continuous-presentation designs, for the use of anatomical atlases to

determine the precise placement of recording channels, for studies of functional connectiv-

ity (while asleep or awake), and the application of MVPA methods to gather distributed

activations that predict specific cognitive processes. As with any technique, fNIRS is only

as informative as the questions asked and the designs employed to answer them, but the

prospects are encouraging that a greater level of sophistication will push the field of infant

fNIRS forward in new and interesting ways.

SUMMARY POINTS

1. Recording fMRI signals from infants is extremely challenging because of the need to

reduce head motion. Thus, developmental fMRI studies are conducted with sleeping

subjects. However, this requirement is eliminated by having fNIRS signals recorded

from optical fibers attached to the scalp, but fNIRS is limited to recordings from

the cortical surface and not from deeper brain structures.

2. The fNIRS signal is contaminated by non-neural vascular noise and infant studies

are typically completed in 5-15 minutes to accommodate infant attention spans.

This requires the use of experimental designs and corrections to the fNIRS signal

that reduce the effects of these impediments to estimating neural activations that

are correlated with infant cognition.

3. Both fMRI and fNIRS require linking hypotheses between the recorded hemody-

namic signal and the underlying cognitive process. These assumptions should be

clearly defined in order to avoid making unwarranted inferences about brain mech-

anisms correlated with cognitive development, especially given substantial develop-

mental differences in task difficulty and effectiveness of task instructions.

4. The majority of fMRI and fNIRS studies in infants are confirmatory of standard

findings in the field of adult cognitive neuroscience rather than establishing novel

principles by which the immature brain is qualitatively different from the adult

brain. In fact, most infant studies target a single age rather than charting the

development of the neural correlates of a cognitive process across age.

5. Technical improvements in the methods of gathering fNIRS data from infants are

poised to reveal new insights about functional brain development. These improve-

ments include the extensive use of event-related designs, more sophisticated statis-

tical analyses, broad scale estimates of functional connectivity, and the implemen-

tation of time-of-flight NIRS systems that have much higher spatial resolution.
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