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ABSTRACT: Near-infrared spectroscopy (NIRS)

provides a unique method of monitoring infant brain

function by measuring the changes in the concentra-

tions of oxygenated and deoxygenated hemoglobin.

During the past 10 years, NIRS measurement of the

developing brain has rapidly expanded. In this article, a

brief discussion of the general principles of NIRS,

including its technical advantages and limitations, is fol-

lowed by a detailed review of the role played so far by

NIRS in the study of infant perception and cognition,

including language, and visual and auditory functions.

Results have highlighted, in particular, the developmen-

tal changes of cerebral asymmetry associated with

speech acquisition. Finally, suggestions for future stud-

ies of neurocognitive development using NIRS are pre-

sented. Although NIRS studies of the infant brain have

yet to fulfill their potential, a review of the work done

so far indicates that NIRS is likely to provide many

unique insights in the field of developmental neuro-

science. ' 2008 Wiley Periodicals, Inc. Develop Neurobiol 68: 712–

728, 2008
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INTRODUCTION

Since Jöbsis (1977) first demonstrated that measure-

ments of near-infrared (NIR) absorption could be

used to monitor the level of oxygenation of certain

chromophores in vivo, near-infrared spectroscopy

(NIRS) has evolved into an effective method for

noninvasive study of blood volume and oxygenation

in the brain. The introduction of multichannel NIRS

in the early 1990s led to the development of the tech-

nique as a means of measuring human cognitive func-

tions, sometimes referred to as functional NIRS

(Hoshi and Tamura, 1993; Kato et al., 1993; Vill-

ringer et al., 1993). NIRS has recently helped to

reveal the neurocognitive functions of the infant brain

(e.g. Peña et al., 2004; Taga et al., 2004), and

researchers in developmental cognitive neuroscience,

language acquisition, social cognition, and other

functional aspects of the brain development during

early childhood have become increasingly interested
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in this technique for its significant potential as a neu-

roimaging method. In this article, we review the cur-

rent role of NIRS and the discoveries made so far in

this rapidly expanding research field. We begin with

an overview of the general principles of NIRS, with

comments on its technical advantages and limitations,

and then discuss recent NIRS studies on infant cogni-

tion, including language, visual, and auditory func-

tions. We highlight, in particular, the progress made

of the study of cerebral lateralization during speech

processing.

GENERAL PRINCIPLES OF NIRS

It is well known that brain activity is associated with

regional changes in blood flow and oxygenation (Fox

and Raichle, 1986). Although the relationship

between neuronal activity and the vascular response

is not straightforward (Logothetis et al., 2001) and

not yet fully understood (see the Advantages and

Limitations of CW Optical Topography of the Brain

section), studies of hemodynamic behavior in the

brain are based on the assumption that an increase in

blood flow, which in turn increases the mean local

oxygenation, reflects an increase in neuronal activity.

Blood flow and blood volumes are correlated and

mostly interchangeable when estimating neural activity

with some reasonable assumptions (Villringer et al.,

1997; Hoshi et al., 2001; Strangman et al., 2002).

The in vivo NIRS technique discussed here

assesses brain function by determining changes in the

concentrations of oxygenated [HbO2] and deoxygen-

ated hemoglobin [Hb] in the circulating red blood

cells by measuring changes in the diffuse transmit-

tance of NIR light at an appropriate combination of

wavelengths. Their specific absorption coefficients

are illustrated in Figure 1. Because water is so preva-

lent in tissue, constituting around 80% of the human

brain for example, increasingly dominant absorption

by water at longer wavelengths limits practical in
vivo NIRS to shorter than about 1000 nm. The lower

limit on the wavelength is dictated by the overwhelm-

ing absorption by hemoglobin below about 650 nm.

Hemoglobin is the dominant and clinically most

interesting chromophore in the 650–1000 nm wave-

length range (van der Zee et al., 1992). The isobestic

point, where the specific absorption coefficients of

the two forms of hemoglobin are equal, is at around

800 nm. Simultaneous monitoring of the trans-

mittance changes at multiple wavelengths allows

changes in concentrations of [HbO2] and [Hb] to be

estimated. Increasing the number of measurement

wavelengths enables more accurate estimations of

changes in hemoglobin concentrations, with smaller

contributions from other chromophores such as cyto-

chrome also taken into account (Heekeren et al.,

1999). Further details of the principles of NIRS are

described elsewhere (Ferrari et al., 2004).

CONTINUOUS WAVE SYSTEMS

A variety of methods and instruments have been pro-

posed for NIRS on the intact brain. The most com-

mon and simplest method involves measuring the in-

tensity of diffusely reflected light with continuously

emitting sources. Instruments which acquire such

measurements are referred to as continuous wave

(CW) systems. Typically, NIR light is emitted at a

specific location on the surface of the scalp, while the

intensity of the highly scattered and attenuated light

that has passed through tissues close to the surface

(including the cerebral cortex, skull and scalp) is

measured at another location a few centimetres away

[Fig. 2(A)]. It has been shown that with sufficient

separation of source and detector fibers on the scalp,

a significant proportion of the detected signal inter-

rogates the cortical regions of the brain (Okada and

Delpy, 2003). Changes in the intensity at two or more

wavelengths can then be converted into changes in

concentrations of [HbO2] and [Hb] using the modified

Beer–Lambert law (Reynolds et al., 1988; Delpy and

Cope, 1997). If a single chromophore is uniformly

distributed within the interrogated medium, the modi-

fied Beer–Lambert law can be expressed as

A ¼ logeðI0=IÞ ¼ ðe � c � d � BÞ þ G ð1Þ

where A is the attenuation, I0 and I are the initial and

final intensities, e is the specific extinction coefficient

Figure 1 The NIR absorption spectra of oxygenated

hemoglobin [HbO2] and deoxygenated hemoglobin [Hb].
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of the chromophore (lmol�1 cm�1), c is the concen-

tration of the chromophore (lmol), d is the distance

between the source and detector fibers, B is a differ-

ential pathlength factor (DPF), and G is an unknown

term due to scattering losses. The DPF is the ratio of

the mean path traveled in the tissue by detected pho-

tons and the minimum path d. Although the DPF

can be measured using either a time- or frequency-

domain system, as described in the following section

(van der Zee et al., 1992), the DPF cannot be deter-

mined by a CW system. Nevertheless, a reasonable

estimate of B can be made, which is sufficient for

some applications (Ferrari et al., 1992). But even if B
is known or can be estimated accurately, G is still

unknown, and therefore absolute chromophore con-

centrations cannot be derived. However, if we con-

sider the changes in attenuation due to the changes in

the concentrations of [HbO2] and [Hb], we can elimi-

nate G as follows:

DA ¼ Dc½HbO2� � e½HbO2� þ Dc½Hb� � e½Hb�f g � d � B
ð2Þ

If measurements of DA are made at two wavelengths

(e.g. 780 and 830 nm), then simultaneous equations

can be obtained which can be solved for Dc[HbO2]

and Dc[Hb], assuming an appropriate value for B.

These values can then be used to estimate changes in

blood volume and oxygenation. The limitations of

this approach are described by Obrig and Villringer

(2003).

Until the early 1990s, almost all NIRS systems

employed one or two measurement channels, which

were sufficient for acquiring global measurements.

The determination of spatial variations in tissue prop-

erties was facilitated by the development of the tech-

nique known as ‘‘optical topography’’ (Watanabe

et al., 1996) which uses arrays of multiple NIR sour-

ces (e.g. laser diodes) and detectors arranged over the

scalp surface [Figs. 2(A) and 3(A,B)]. The arrays ena-

ble a broad area of the cortical surface to be sampled

with a minimal numbers of optical fibers, and a two-

dimensional map of surface brain activity to be gen-

erated. To identify the source associated with a given

detected signal it is necessary to either illuminate

each source sequentially, or modulate each source at

a unique frequency, and then distinguish the signals

using lock-in amplifiers or a Fourier transform in

software. Measurements on all detectors can be

recorded at a rate of several Hz, enabling the time-

course of the typical hemodynamic response to func-

tional activation to be adequately sampled. Several

Figure 2 (A) Optical topography using an array of sour-

ces and detectors. Near-infrared light illuminates the brain

through the skin and skull, and is diffusely reflected back

toward the detectors. (B) Optical tomography using sources

and detectors distributed over the entire scalp. Diffusely

transmitted light, which has penetrated across the entire

thickness of the brain, is detected.

Figure 3 The NIRS measurements of (A) frontal activation in a 3-month-old infant using a Hita-

chi CW optical topography system, (B) temporal activation in a newborn infant using the UCL CW

optical topography system, and (C) 3D optical properties of a newborn infant brain with the UCL

time-resolved optical tomography system.
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CW optical topography systems have been produced

and employed for the study of infant brain function

(Chance et al., 1998; Hintz et al., 2001; Koizumi

et al., 2003).

TIME-DOMAIN AND FREQUENCY-
DOMAIN SPECTROSCOPY

Because NIR light does not travel through tissue in

straight lines, the exact volume of tissue interro-

gated by detected light using a CW system is not

known, and thus it is not possible to derive absolute

values of chromophore concentrations. To evaluate

the changes in chromophore concentration in nonar-

bitrary units, it is necessary to determine the aver-

age pathlength of the diffusely reflected light [i.e.

to determine an average value of d � B in Eq. (2)].

The pathlength of light can be recorded directly

with a time-domain system, which employs a

source of short (picosecond) laser pulses and a fast

time-resolved detector. The average flight time

multiplied by the speed of light in the tissue gives

the mean pathlength. A time-domain system was

first demonstrated for measurements on biological

tissue by Delpy et al. (1988), using a device known

as a streak camera. During the past decade, time-

correlated single-photon counting hardware has

become the technology of choice for time-domain

systems. This requires a fast photon counting detec-

tor, and a histogram of photon flight times across

the interrogated medium is acquired. The necessity

to detect individual photons inherently limits the

speed and dynamic range of time-domain systems,

which consequently require longer data acquisition

times than CW systems to attain a comparable sig-

nal to noise ratio (SNR). Nevertheless, the avail-

ability of time-of-flight information provides

greater information about the distribution of pho-

tons within tissue (leading to superior depth resolu-

tion), and also enables changes in absorption to be

distinguished from changes in scatter (Arridge and

Lionheart, 1998).

Alternatively, frequency-domain systems enable

the average pathlength to be determined using an in-

tensity modulated source and a device which meas-

ures the phase delay of the transmitted signal, as dem-

onstrated by Chance et al. (1990). Such systems do

not rely on photon counting, and therefore offer

greater SNR and dynamic range than time-domain

methods. However, they provide less equivalent tem-

poral information unless multiple frequencies are

employed, and operate less efficiently at very low

intensities (Nissilä et al., 2006). Optical topography

systems have been built based on both time-domain

(Quaresima et al., 2005) and frequency-domain

(Danen et al., 1998; Choi et al., 2004; Kotilahti et al.,

2005) technologies. Their disadvantage compared to

CW systems is their comparatively high cost, and

slower sampling rates (particularly for photon-count-

ing systems).

As well as identifying hemodynamic changes in

the brain, optical techniques have also observed sig-

nals varying over much smaller time intervals which

are considered to have a neuronal origin. The neuro-

nal signal exhibits a latency of around 10–100 ms,

and changes in scattering in neuronal tissue have

been proposed as a likely cause (Gratton et al., 2000;

Gratton and Fabiani, 2001; Sable et al., 2007; France-

schini and Boas, 2004). A commercial frequency-

domain optical topography system developed by ISS

(USA), called the ImagentTM, has been designed spe-

cifically to monitor these fast changes in optical prop-

erties in the brain associated with neuronal activity as

well as the much slower changes due to hemo-

dynamic activity (Choi et al., 2004).

OPTICALTOMOGRAPHY

If a sufficient number of sources and detectors are

placed around the head it is feasible to generate

cross-sectional or three-dimensional (3D) images of

the optical properties of the brain [Figs. 2(B) and

3(C)] (see review by Gibson et al., 2005b). This

approach, known as optical tomography, requires so-

phisticated image reconstruction algorithms to con-

vert the transmittance measurements into 3D images.

A 32-channel time-domain system at UCL has been

used to reconstruct 3D images of the whole infant

brain, which has revealed an incidence of intraven-

tricular hemorrhage (Hebden et al., 2002), changes in

blood volume, and oxygenation induced by small

alterations in ventilator settings (Hebden et al., 2004),

and the first 3D optical images of the entire neonatal

head during motor evoked response (Gibson et al.,

2005a). However, optical tomography is far from rou-

tine use, mainly because of its slow acquisition and

reconstruction speed, and high cost. Optical tomogra-

phy of the entire brain is also limited to newborn

infants, since the attenuation of light across a larger

head is too great to sample the inner regions of the

brain. Because of the high attenuation, data acquisi-

tion is relatively slow, and imaging of evoked

response requires averaging over several activations

(Gibson et al., 2005a).

In the remaining sections, we particularly focus on

the optical topography (surface recording) studies
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using CW, because of its advantages as mentioned

earlier, and because most of the developmental stud-

ies with NIRS have so far been conducted with CW.

ADVANTAGES AND LIMITATIONS OF CW
OPTICALTOPOGRAPHY OF THE BRAIN

Spatial and Temporal Resolution

The typical temporal resolution of optical topography

systems is technically a few Hz. However, because of

the slow hemodynamic response to neural activation,

the temporal resolution is effectively around 0.3–0.5

Hz. Spatial resolution can be characterized in terms

of lateral (parallel to the brain surface) and depth res-

olutions. Both are strongly dependent on the arrange-

ment of source and detector fibers on the scalp. Finer

sampling of the surface obviously can be achieved by

increasing the density of sources and detectors,

although the resolution below the surface will be lim-

ited ultimately by the spread of photons within the

tissue (Yamamoto et al., 2002). Sensitivity to activa-

tion occurring deeper below the surface can be

increased by acquiring measurements with greater

source-detector separation. Good depth resolution

can therefore be achieved by acquiring data with a

range of source-detector separations over the same

surface area. Using simple linear back-projection

schemes, spatial resolution for optical topography

would depend on the size and shape of the so-called

photon measurement density function (Arridge,

1995), which is the shape of a probabilistic photon-

sampling volume. The use of model-based algorithms

incorporating a priori structural information may sig-

nificantly enhance spatial resolution. However, it has

been suggested that the diffuse light reflection

between white and gray matters limits the depth reso-

lution even if source-detector distance is increased in

adults, while the lower density of the white matter in

neonates enables information from deeper regions to

be obtained (Fukui et al., 2003). Overall the spatial

resolution of CW NIRS is better than electroencepha-

lography (EEG) but inferior to functional magnetic

resonance imaging (fMRI).

A method has been developed for probabilistically

registering NIRS data onto the Montreal Neurological

Institute coordinate space without using anatomical

MR images (Okamoto et al., 2004; Tsuzuki et al.,

2007). It enables recorded brain regions to be identi-

fied by employing the landmarks of the international

10–20 system. Currently it is only applicable to adult

brains.

Hemodynamic Information

NIRS provides sensitivity to both [HbO2] and [Hb]

(and consequently also to total hemoglobin), whereas

BOLD fMRI is only sensitive to changes in [Hb]. In

fact, in vivo NIRS has revealed that an absence of a

BOLD signal does not always indicate a lack of brain

activation (Fujiwara et al., 2004; Seiyama et al.,

2004). An increase in the local arterial blood flow

causes an increase in [HbO2] and a decrease in [Hb],

whereas an increase in oxygen consumption produces

a decrease in [HbO2] and an increase in [Hb]. Previ-

ous NIRS studies have indicated that the overall

effect of these opposing mechanisms is different in

infants from that in adults, possibly because of the

immaturity of the vascular regulation. Whereas brain

activation in adults in many cases leads to a localized

increase in [HbO2] and a decrease in [Hb] (Villringer

et al., 1993; but see also Sakatani et al., 1998), some

infant data are consistent with a net increase in both

[HbO2] and [Hb] (e.g. Meek et al., 1998; Sakatani

et al., 1999). One study on awake infants suggests

that this variation in response may be attributable to

differences in attention and level of consciousness

(Taga et al., 2003). Another contributing factor is the

higher sensitivity of NIRS to capillary signals than to

larger deeper vessels. NIRS measures Hb in capilla-

ries, venules, and arterioles (Yamamoto and Kato,

2002) smaller than 1 mm in diameter (Liu et al.,

1995), unless larger vessels are directly beneath one

or more of the optical fiber probe pairs. Thus the

downstream signals in larger draining vessels in areas

remote from the activation do not show up in the

NIRS signal while they do in BOLD, especially in a

block-design paradigm.

Comparison with Other Methods

NIRS methods offer several significant advantages

over fMRI. The SNR and temporal resolution of

NIRS is considerably better than fMRI (Strangman

et al., 2002). Optical topography using flexible opti-

cal fibers can accommodate almost any head position

and posture, and can tolerate a degree of head move-

ment. However, fMRI requires the infant head to be

held stationary for long periods so that infants are of-

ten sedated. Consequently fMRI is not normally the

primary choice for studies on the developing brain

(but see also Dehaene-Lambertz et al., 2002, 2006).

Whereas optical techniques can be conducted in

silence, an MRI scanner is a very noisy environment,

which makes fMRI studies of language or auditory

responses very difficult, and may even present a risk

of inducing hearing loss with the repeated exposure

716 Minagawa-Kawai et al.
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to the loud scanner noise unless ears are properly pro-

tected. Other advantages of NIRS over fMRI include

its portability, lower cost and compatibility with other

electrical or magnetic monitoring systems and thera-

peutic devices (e.g. hearing aids and cochlear

implants).

Although EEG shares some of the same advan-

tages as optical methods over fMRI, such as portabil-

ity, silent operation, and tolerance of posture, its abil-

ity to localize the focus of activity is generally poorer

than NIRS. Magnetoencephalography (MEG) is far

superior to EEG in this respect. However, its require-

ment for strict fixation of the subject’s head relative

to the sensor assembly often necessitates sedation of

the infant. Both EEG and MEG are so good at resolv-

ing millisecond neural events, that only well-

synchronized responses in a predetermined latency

range can be detected. NIRS as well as fMRI, on the

other hand, can be used when no clear synchrony is

assumed, as in a block-design paradigm in which

brain activation is recorded under two or more dis-

tinct conditions, each lasting more than several sec-

onds. Depending on the stimuli, these two groups of

methods may generate different results. For example,

in a change detection task, the evoked response to

phonemic changes was left-lateralized both with

MEG and NIRS (Mori et al., 2004). However, the

response to intonational changes was lateralized to

the right with NIRS, whereas that observed with

MEG was not, suggesting that while the early (*200

ms latency) mismatch response is bilateral, the later,

less-synchronized response phase is more correlated

with function (detection of prosodic change rather

than physical frequency change).

Limitations of Optical Topography

Although NIRS represents a potentially powerful tool

for infant developmental studies, it has several signif-

icant limitations. It offers poorer spatial resolution

and depth sensitivity than either fMRI or MEG. Typi-

cal depth sensitivity of most optical topography sys-

tems is about 25–30 mm, although this depends on

many factors including the source-detector separa-

tion, the source power, detector sensitivity, the opti-

cal properties of the skin/skull layers, and the degree

of white matter myelination (Fukui et al., 2003).

Optical topography is unsuited for probing deeper

regions of the brain. This is a considerable disadvant-

age for some cognitive studies which involve deep

regions such as the basal ganglia in relation to lan-

guage/grammar, or amygdala in relation to emotion

and memory processing. These regions may be

accessed via 3D optical tomography for young

infants, although with a much reduced temporal reso-

lution. Lateral localization of signals also involves a

high degree of uncertainty. For a single CW measure-

ment with a given source-detector pair, it is impossi-

ble to distinguish between a moderate change in a

localized small volume and a smaller change occur-

ring in a larger volume of tissue. However, CW meas-

urements made with an array of fibers with a combina-

tion of different source-detector separations improves

the differentiation to a certain degree (Kawaguchi

et al., 2004).

Because hemodynamic changes measured from

the scalp surface include systemic vascular effects

not only from inside but also from outside the brain,

it is important to use experimental tasks that do not

evoke any large systemic vascular changes, unless

they are monitored independently (e.g. heart rate,

blood pressure, and skin circulation). Another poten-

tial problem is blood volume changes in the scalp and

within the muscles beneath the optical probes. Vocal-

ization, for instance, affects the state of temporal

muscles, and it is necessary to avoid a vocal produc-

tion task during measurement of the anterior temporal

area (Watanabe et al., 1998).

There are additional problems to be solved, such

as development of an optimal means of attaching

arrays of optical fibers to the infant head. NIRS also

suffers from a lack of a standard method for data

analysis. Infant hemodynamic physiology in the brain

is poorly understood and one should be cautious

about applying the same model established from adult

fMRI analyses to infant NIRS (Schroeter et al.,

2004). Discussions of further technological or meth-

odological issues related to NIRS of infants can be

found elsewhere (Hebden, 2003; Aslin and Mehler,

2005).

FUNCTIONAL CEREBRAL
LATERALIZATION IN SPEECH
PROCESSING

Language enables humans to convey complex and

abstract meanings through a linear sequence of

speech sounds. It has been debated whether this abil-

ity is based on particular brain ‘‘modules’’ for lan-

guage (Fodor, 1985). Although strict modularity for

language does not seem plausible, it is evident that

language and speech processing largely rely on speci-

alized neuronal networks in the perisylvian area,

especially in the left hemisphere.

Speech processing in adults involves a series of

steps starting from acoustic analysis and integration

Optical Imaging of Infant Brain 717
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of segmental (phonemic) and suprasegmental (pro-

sodic) features (e.g. intonation, stress), followed by

lexical access and syntactic integration, right up to

semantic interpretation. Certain acoustic properties of

speech (e.g. temporal vs. spectral information) as

well as language properties (e.g. native vs. nonnative

speech patterns) determine the pattern of neural

recruitment, including left vs. right dominance (Best

and Avery, 1999; Dehaene-Lambertz et al., 2005;

Gandour et al., 2002; Poeppel, 2003; Shtyrov et al.,

2005). In general, phonemes of one’s native language

are processed predominantly in the left side of the au-

ditory area, whereas suprasegments (nonlexical pros-

ody) are preferentially processed in the right side.

NIRS allows the functional lateralization in response

to auditory speech stimuli to be assessed in children

as well as in adults (Minagawa-Kawai et al., 2002;

Furuya and Mori, 2003; Sato et al., 2003). In their

change detection paradigm, stimulus A (e.g. word or

syllable) is repeatedly presented for 10–20 s as a

baseline habituation block, followed by a target block

where contrast stimulus B and baseline stimulus A

are pseudo-randomly presented for 10–20 s. By alter-

nating these blocks in tandem several times, the

responses that are evoked by the stimulus changes in

the target block can be detected in the temporal audi-

tory area including Wernicke’s area. Employing this

paradigm, Furuya and Mori (2003) measured changes

in total-Hb in response to phonemic contrast /itta/ vs.

/itte/ and prosodic contrast /itta/ vs. /itta?/. The

results for the right-handed subjects showed that peak

values of total-Hb changes in the auditory area for the

phonemic contrast were higher on the left side,

whereas those for the prosodic contrast were higher

on the right side (see Fig. 4). Individual assessment

revealed that 85% of the right-handed subjects

showed leftward dominance for the phonemic con-

trast. The non-right handers showed no significant lat-

eralization differences as a group (see Fig. 5). These

results were consistent with previous imaging studies

using fMRI, positron emission tomography (PET),

and MEG (Näätänen et al., 1997; Tervaniemi et al.,

2000; Zevin and McCandliss, 2005). Note that the

side of the language dominant hemisphere thus

assessed for receptive speech may not always corre-

spond to the Wada test, especially in non–right-

handed subjects. This is probably due to the larger

demand for the speech production function (or Bro-

ca’s area) by the Wada test, and to the lateralization

difference between Broca’s and Wernicke’s areas in

some of the subjects, as suggested by Binder et al.

(1996). Since the assessment of the hemispheric later-

ality depends on various experimental factors such as

task design, stimulus properties, attentional demands,

and the component of the brain responses being

examined (Rinne et al., 1999; Hertrich et al., 2002;

Shtyrov et al., 2005), the neuroimaging literature is

sometimes contradictory in terms of the left-side

superiority in speech processing (for review, see

Dehaene-Lambertz & Gliga, 2004; Scott and Johns-

rude, 2003; Tervaniemi and Hugdahl, 2003). Other

reported paradigms for assessing hemispheric domi-

nance for language with NIRS include word fluency

(Watanabe et al., 1998; Matsuo et al., 2000; Watson

et al., 2004; Quaresima et al., 2005) and word presen-

tation tasks (Kennan et al., 2002). These active tasks,

in contrast to the passive auditory task, are obviously

not applicable to infants.

Whether or not particular phonemes are analyzed

as part of language in the left auditory area depends if

they are in the repertoire of the listener’s native lan-

guage (Näätänen et al., 1997). Using Japanese long

and short vowel contrast as stimuli, Minagawa-Kawai

et al. (2005b) showed that phoneme-specific res-

ponses were predominantly observed in the left audi-

tory area for native Japanese participants (see Fig. 6)

but not for late-bilingual Korean subjects, although

their behavioral scores for identification and discrimi-

nation tests were almost indistinguishable. This find-

ing shows that neurophysiological measures have a

high potential for detecting cortical activities spe-

cific to language. In addition to the phonetic level of

speech processing, semantic and syntactic levels

have also been examined (see Sato et al., 1999;

Noguchi et al., 2002; Horovitz and Gore, 2004). In

the auditory studies related to cerebral lateralization,

total-Hb has been used as the indicator of local cere-

bral activation. However, as discussed in Minagawa-

Kawai et al. (2007), the choice of indicator may

depend on various factors such as the cortex areas

studied, age, task demand, and individual vascular

responsiveness.

LANGUAGE DISCRIMINATION
CAPACITY IN INFANTS

Newborn infants are able to discriminate between

speech and backward speech, and also between their

mother tongue (L1) and foreign languages (L2) if

these languages possess different language rhythm

(i.e. stress-timed as in English and German; syllable-

timed as in French and Spanish) (Mehler et al.,

1988). After 4 months of exposure to their L1, infants

can discriminate L1 from any other L2 (Bosch and

Sebastian-Galles, 1997; Nazzi et al., 2000). In

discriminating these languages, infants seem to use
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prosodic cues, because they can still discriminate

even if the stimuli are low-pass filtered at 400 Hz

(Mehler et al., 1988).

For almost a decade after the discovery of new-

borns’ ability to discriminate language (Mehler et al.,

1988), there had been no easy method to monitor

infants’ cortical activities associated with this. Peña

et al. (2003) added a new and important line of evi-

dence for the earliest functional lateralization of the

brain in response to receptive speech. They presented

forward L1 speech and its backward version to neo-

nates who were less than 5 days old. Neonates

showed larger neural activations (total-Hb changes)

in the left temporal area in response to the forward

speech than to the backward speech and silence.

Because the backward speech included exactly the

same long-term spectral properties as those of the

Figure 4 (A) The estimated locations of the sampled regions on an adult subject. The positions

of the optical probes were measured with a 3D digitizer arm. The recording sites were identified by

superimposing the above coordinate onto the left and right parasagittal MRI images for each sub-

ject. Posterior is to the center of the two images. The lateral posterior borders of the Heschl gyri are

indicated by the filled circles labeled ‘‘A.’’ Channels labeled ‘‘L’’ and ‘‘R’’ are the left and right au-

ditory channels, respectively, whose recordings are shown in the lower panels. (B) The averaged

Hb concentration changes in response to the phonemic contrast and pitch (prosodic) contrasts. The

target blocks are indicated by arrows. Data were adopted from Furuya and Mori (2003).

Figure 5 Laterality indices in phonemic and prosodic con-

ditions for right handers and non-right handers. Laterality

index (LI) was calculated by the formula LI ¼ (L � R)/(L +

R), where L and R is the maximum values of total Hb changes

in the left and right auditory area. Data were adopted from Fur-

uya and Mori (2003).
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forward speech, it can be concluded that newborn

infants already have sensitivity to some temporal

characteristics of the speech stimuli. The differential

responses of the left temporal area to certain proper-

ties of speech a few days after birth could be related

to the language faculty unique to humans. An fMRI

study performed on 3-month-olds showed similar

results (Dehaene-Lambertz et al., 2002). However, as

has already been mentioned elsewhere (Minagawa-

Kawai and Mori, 2004), one should be careful in

interpreting these results as entirely linguistic,

because the specific properties that activated the left

temporal area have not been fully elucidated. They

may not be specific to language processing, at least

not in their entirety, for three reasons. First, young

infants seem to discriminate language differences or

prosodic structures of languages by using general au-

ditory mechanisms shared by other animals. Tamarin

monkeys and rodents discriminate language differen-

ces and forward vs. backward speech as young infants

do (Ramus et al., 2000; Toro et al., 2003). Second, in

both NIRS and fMRI studies, activations observed

during reversed speech were weak but they were also

left-dominant. Third, sentences including segmental

features (i.e. rapidly changing segments) are more

likely to be processed dominantly on the left, whereas

prosodic sentences without segments are on the right

(Poeppel, 2003; Perkins et al., 1996). The second and

the third points may suggest that the laterality of

infants’ brain activation could be determined chiefly

by the acoustic properties of stimuli, irrespective of

their linguistic content. Namely, rapidly or tempo-

rally changing sounds could induce a left-dominant

response, and slowly or spectrally changing sounds

could evoke a right-dominant response. This hypothe-

sis is partly supported by a NIRS study (Homae et al.,

2006), which shows relative right dominant responses

to prosodic speech compared to flattened speech with

the same segment information in 3-month-old infants.

Other factors such as familiarity and attention may

also contribute to the lateralized pattern of activations

in newborns.

Language processing in the first year of life com-

prises various cognitive aspects including analysis of

acoustic features, perception of phonemic and proso-

dic units, and rule extraction. Only by untangling

these interdependent factors with appropriate analyti-

cal approaches can one elucidate the cerebral bases of

language. In fact, recently there has been a sudden

growth of interest in infant/child NIRS studies related

to speech development (e.g. Sato et al., 2003; Gervain

and Mehler, 2006; Homae et al., 2006, 2007; Bortfeld

et al., 2007; Minagawa-Kawai et al., 2007; Taga and

Asakawa, 2007; Wartenburger et al., 2007), some of

which examine phonemic and prosodic factors as

discussed in the next section.

DEVELOPMENTAL CEREBRAL
LATERALIZATION AND SPEECH
PROCESSING IN INFANTS

Behavioral studies have consistently shown that new-

born infants can discriminate between almost any of

the phonemic contrasts in the world languages, but

lose this initial ability within the first year of life,

while their phoneme discrimination becomes attuned

to the phonemic repertoires of their mother tongue

(Werker and Tees, 1984). Does the same language

network persistently underlie this developmental pro-

cess before and after the attunement? Although func-

tional laterality in speech processing in infants has

been examined by dichotic listening tests with high

intensity sucking and EEG, the results were not con-

sistent (Molfese and Hess, 1978; Novak et al., 1989;

Simos et al., 1997). By measuring localized Hb

increases in the temporal auditory area, NIRS has

detected functional lateralization associated with

speech. Sato et al. (2003) assessed lateralization for

speech in infants and children from 7-month-old to 5-

year-old by using a phonemic contrast (/iita/ vs. /itte/)

and a prosodic contrast (/itta/ vs. /itta?/) in the change

detection paradigm used in an adult study (Furuya

and Mori, 2003). While infants in the youngest age

groups (7–10-month-old) did not show any signifi-

cant differences in the response laterality between the

two conditions, 11–12-month-olds showed a signifi-

cant lateralization similar to adults, i.e., the phonemic

change evoked a left-dominant response and the

prosodic contrast a right-dominant response.

Using a similar change detection paradigm, Mina-

gawa-Kawai et al. (2007) further extended these

results by comparing neural responses to Japanese

long and short vowels. A pseudo-word /mama/ was

contrasted with another whose second syllable either

carried a linguistically significant difference in vowel

length (across-category condition) or a nonlinguistic

difference (within-category condition), yet with the

same physical durational difference. Infants showed

different patterns of activation in the course of devel-

opment depending on the linguistic nature of the

contrasts. A larger response to the across-category

changes than to the within-category changes occurred

transiently in the 6- to 7-month-old group, which dis-

appeared afterwards, and then reappeared for final

stabilization after 12 months [Fig. 7(A)]. In contrast,

left-dominant responses appeared only after 12

months, as shown in Figure 7(B). In other words, the
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combination of the phoneme specificity and the left

dominance typical of the native adult responses

appeared only in the groups older than 12 months.

Because the earlier transient phoneme sensitivity was

not lateralized, it must be sustained by a different

neural network than the one that develops later. Dur-

ing the first year of life, infants may resort to general

auditory mechanisms for linguistic discrimination in

the brain. However, as they continue to be exposed

to their L1, the neural processing of the contrast is

then switched over to a more linguistic circuit,

which presumably is more attuned to L1 after 12

months. It is assumed that this timing of leftward lat-

eralization reflects the neural process where certain

linguistic sounds are integrated into phonological

frameworks.

One question raised by the above finding is how

neural recruitment changes for L2 phoneme process-

ing. Infant ERP revealed that the sensitivity of 12-

month-olds to a L2 vowel is weaker than that of

6-month-olds (Cheour et al., 1998). However no con-

sistent results were reported with regards to cerebral

lateralization. In a longitudinal NIRS study compar-

ing the total-Hb changes to the L1 Japanese phonemic

contrast [i] vs. [&] and the L2 Korean contrast [&]

vs. [u] in pseudo-word contexts, it was revealed that

the responses from the temporal area at the age of 8

months were lateralized to the left-side only for the

L1 phonemic contrast (Minagawa-Kawai et al.,

2005c), while the same subjects at the age of 4

months did not show any lateralized responses. This

finding in addition to that on the durational contrasts,

suggests that the development of lateralization differs

depending on the phonemic type (i.e. spectral differ-

ence vs. durational difference and vowel types). More

importantly, this study showed longitudinal develop-

mental changes of functional asymmetries in the tem-

poral cortex specific to the native language.

FRONTAL ACTIVATION IN RESPONSE
TO SPEECH

In contrast to the auditory areas described earlier,

which involved both lower sensory function and

higher cognition, the frontal lobe is chiefly related to

higher cognitive processes. It plays a critical role in

human executive functions involving memory, atten-

tion, language, and in the integration of information

from various brain areas. While the auditory system

is relatively mature at birth, as revealed by myelina-

tion (Ray et al., 2005), NIRS (Zaramella et al., 2001),

and MEG (Huotilainen et al., 2003), the maturation

of the frontal lobe is slower than any other brain areas

(Yakovlev and Lecours, 1967). However, frontal acti-

vation in neonates has been observed by NIRS. In

Figure 7 (A) Averaged values of the total Hb changes in

the left auditory area (L) in response to the across- and

within-phonemic changes of the stimuli. *p < 0.05 for the

difference between the responses in the across- and within-

sessions. (B) Laterality index in different age groups. Left

dominance is observed in the older age groups. *p < 0.05.

Data were adopted from Minagawa-Kawai et al. (2007).

Figure 6 The averaged Hb concentration changes in

response to across-category condition in an adult. Four

channels around the temporal areas (left and right) are

shown. Data were adopted from Minagawa-Kawai et al.

(2007).
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response to music, newborns’ frontal lobe showed

activation with increased [HbO2] (Sakatani et al.,

1999; Chen et al., 2002). Saito et al. (2007a) found a

larger increase in [HbO2] in the frontal area in

response to infant-directed speech than to adult-

directed speech. Infant-directed speech tends to have

richer prosodic expressions with exaggerated pitch

contours, which is presumed to facilitate infants’

speech acquisition. The difference in the prosodic

feature likely affected the activation level in the fron-

tal area, because the same group (Saito et al., 2007b)

reported a larger [HbO2] response to prosodic speech

than to monotonous speech. Richness in the prosodic

structure may catch infants’ attention, contributing to

the enhanced frontal activation.

In the change detection paradigm mentioned in the

previous section, activation foci around the frontal

area are often observed together with the temporal

area in infants as young as 2–3 months or older (Sato

et al., 2003; Minagawa-Kawai et al., 2007). This

brain response may reflect novelty detection of the

stimuli or attention (Näätänen, 2003). However, the

frontal activation may also be related to language per
se, because speech evokes stronger frontal responses

than nonspeech for 6-month-olds, as shown in a simi-

lar paradigm with MEG (Imada et al., 2006). Infant

fMRI studies revealed activation in Broca’s area by a

passive verbal memory task in infants as young as

3 months of age (Dehaene-Lambertz et al., 2006).

Because of the limited time available to study infants

during MEG or fMRI, there has been insufficient data

so far to reveal the detailed nature of the function of

the frontal area in speech development. Since Broca’s

area is involved in critical language processes such as

rule learning and speech production (Friederici,

2006), more work of an analytical nature on the roles

of the frontal area is obviously desirable. NIRS pro-

vides a potentially powerful tool which should enable

suitable investigations of the developing brain to be

conducted.

OTHER COGNITIVE STUDIES
USING NIRS

Reports on NIRS studies that investigate visual per-

ception and cognition in infants are relatively sparse.

This is partly due to the difficulty in presenting stable

visual stimuli, and in retaining infants’ attention on

them during measurement. Localized [HbO2] changes

in the occipital area in young infants (3 days – 12

weeks) have been recorded using checkerboard stim-

uli (Meek et al., 1998). Simultaneous measurement of

the occipital and frontal areas for 2–4-month-olds

showed occipital activation accompanied by a slight

[HbO2] increase in the frontal area (Taga et al.,

2003). Cortical activations in face processing have

also been revealed in the occipital area (Csibra et al.,

2004; Blasi et al., 2007). In addition to these neural

correlates to lower sensory function, Otsuka et al.

(2007) revealed functional cerebral localization dur-

ing an attempt to explore the effects of face inversion

in infants. Meanwhile, 5–8-month-olds exhibited

larger responses to upright faces than to inverted

faces in [HbO2] and total-Hb in the right temporal

area, showing a similar interhemispheric pattern to

adults (Otsuka et al., 2007). In response to video clips

of their own and unfamiliar mothers/infants in differ-

ent emotional states (positive vs. negative), mothers

and 9–13-month-olds showed similar patterns of neu-

ral recruitment in the prefrontal cortex (Minagawa-

Kawai et al., 2005a). In infants, the presentation of

their mother’s face with a ‘‘positive emotion’’ evoked

larger [HbO2] changes in the anterior part of the

orbito frontal cortex than any other conditions. This

suggests that infants are able to read emotions based

on their social knowledge. In studying face process-

ing with NIRS, careful choice of measurement areas

depending on the purpose of the experiment is

required, since CW NIRS has difficultly measuring

the fusiform gyrus deep in the brain, which are

critically involved in face perception. NIRS studies

of the prefrontal cortex to examine the effects of

eye gaze or emotional faces in the context of social

cognition might be promising and would be of great

interest.

A large number of behavioral studies have

revealed remarkable knowledge about young infants’

processing of objects (e.g. Baillargeon et al., 1985;

Spelke et al., 1992). Understanding what infants

know about objects is valuable, because it tells us

about their conceptual knowledge and how they pro-

cess visual patterns such as shapes and colors. The

neuronal activity underlying object processing in

infants has begun to be explored recently using EEG

(Csibra et al., 2000; Kaufman et al., 2003, 2005).

With NIRS, infant object observation and memory

(Baird et al., 2002; Wilcox et al., 2005) as well as

object vs. action observation (Shimada and Hiraki,

2006) have been examined. One set of EEG studies

showed that oscillations in the gamma band (*40

Hz) appear to be one possible neural marker of object

retention (Kaufman et al., 2003, 2005). Since c-band

oscillation was found to correlate with the BOLD

responses obtained using fMRI (Foucher et al., 2003;

Fiebach et al., 2005), coregistration of NIRS and ERP

in exploring c-band oscillation would provide a rich

source of information on object processing in devel-
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oping brain. In summary, NIRS provides a powerful

complementary tool to existing neuroimaging and

behavioral studies in visual cognition, social cogni-

tion, and conceptual knowledge (Spelke and Kinzler,

2007), revealing neural development.

Apart from the studies of higher cognitive domains

that we have focused on earlier, NIRS has also been

used to explore the sensory-motor functions, includ-

ing the olfactory function (Bartocci et al., 2000,

2001), pain (Slater et al., 2006), passive motor move-

ments (e.g. Hintz et al., 2001; Isobe et al., 2001), and

occipital responses to photostimulation during sleep

(e.g. Hoshi et al., 2000; Kusaka et al., 2004). Further-

more, a great amount of clinical research has been

devoted to investigating cerebral circulation in infants

and exploring potential clinical applications (for

review, see Nicklin et al., 2003; Greisen, 2006).

These include the measurement of the fetal brain

(Peebles and Wyatt, 1993; D’Antona et al., 1997),

assessment of hypoxia (Brazy et al., 1985), and peri-

natal asphyxia (Meek et al., 1999). These studies

have played a major role in the development of NIRS

technology as a tool for understanding the normal

and damaged infant brain.

CONCLUSIONS AND FUTURE
PERSPECTIVES

Functional optical imaging of the developing brain

has rapidly expanded during the past 10 years.

Although there is still room for improvement on vari-

ous technical issues, a considerable amount of new

information on the early cerebral developmental

processes of cognition has already been acquired.

The investigation of cerebral hemodynamic responses

with NIRS offers a means of directly comparing

infant and adult cognitive brain functions, the latter

of which have been studied mostly with fMRI and

PET. NIRS can thus fill the knowledge gap for cogni-

tive neuroscience.

In the field of speech acquisition, the significant

potential of NIRS has already been demonstrated in

studies of the acquisition of phonemic and prosodic

contrasts. It would be possible to link these findings

to a larger framework of the neural substrates of lan-

guage development. For this to happen, we consider

the following four directions to be of importance.

First, one should be able to estimate the connec-

tion or pathways in the brain for particular cognitive

processing, in addition to functional localization of

the infant brain. An infant fMRI study using presenta-

tion of repeated sentences suggests a plausible neural

pathway based on an early activation in the Heschl’s

gyrus, followed by activation in the posterior tempo-

ral and the inferior frontal gyrus (Broca’s area)

(Dehaene-Lambertz et al., 2006). However, to our

knowledge no NIRS studies have formally investi-

gated connections or the time course of activations

between different areas. In this article, neural

responses from the auditory and the frontal cortex

were described separately, as many studies examined

them independently. However observations of devel-

opmental changes in connectivity between the frontal

and temporal areas, for instance, would be of great in-

terest for language research. As shown earlier, NIRS

provides a powerful tool for early longitudinal meas-

urements (Minagawa-Kawai et al., 2005c).

Second, NIRS would benefit from simultaneous

recording with EEG in order to elucidate correlations

between optical signals and electrophysiological

changes. Although such a relationship is well docu-

mented in invasive NIRS with an exposed brain (e.g.

Rector et al., 1997), only weak correlation has been

found for noninvasive NIRS and cortical EEG (Hoshi

et al., 1998; Steinbrink et al., 2001). Adult and infant

ERP studies have revealed electrophysiological com-

ponents or gamma- or theta-band oscillations that are

specific to certain perceptual or cognitive processes

such as N400 in relation to semantics and familiarity

(e.g. face perception) and E-LAN (early left anterior

negativity) in relation to syntactic processing. Identi-

fication of the brain regions for each EEG component

using NIRS would greatly facilitate interpretation of

ERP in infants.

Third, performing relevant behavioral measure-

ment compatible with NIRS recording is important.

Simultaneous use of an eye tracking camera to facili-

tate looking time measurements or for behavioral

coding, for example, is desirable. In many cases, tra-

ditional behavioral measurements of infant speech

involve head turning which could cause motion arti-

facts in NIRS data. Thus a novel experimental para-

digm is required in this field. With properly balanced

conditions during NIRS sessions, behavioral testing

before or after NIRS recording should be also consid-

ered. In testing sleeping babies, monitoring their

sleep stages such as quiet sleep and active sleep is

desirable.

Fourth, it is important to obtain adult data with the

same or similar paradigms used for infant studies.

NIRS studies of functional neuronal activity show

differences between adults and infants in some cases,

which may be because of the different hemodynamic

physiology resulting from the infant’s immature vas-

cular regulation. At present, however, direct compari-

son of optical signals between infants and adults is

not so simple because of the inherent differences in
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light scattering and absorbing properties of the brain,

due to the immature myelination and/or larger vol-

ume of white matter in infants. Nevertheless, adult

NIRS and/or fMRI data is in many cases essential in

interpreting infant data.

The points raised above are crucial for gaining an

understanding of fundamental neural systems from

the level of action potentials (electrophysiological

activity) to human behavior, and associated develop-

mental changes. Additionally, on-going technological

development of time-domain and frequency-domain

NIRS is likely to improve the sensitivity and quantita-

tion of infant NIRS measurements. In the past decade,

the significant potential of NIRS as a tool to assess

infant neuronal development in vivo has been demon-

strated, and during the next decade it could help to

yield unique insights in developmental neuroscience.

NIRS studies of infants’ cognitive function have just

begun. If we consider that most of the research

described earlier was not even possible 5 years ago,

we can expect that within the next 5 years NIRS

should reveal many unique and surprising discoveries

about the infant brain, which remains mysterious and

elusive at present.
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