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This study uses near-infrared spectroscopy in young infants in order
to elucidate the nature of functional cerebral processing for speech.
Previous imaging studies of infants’ speech perception revealed
left-lateralized responses to native language. However, it is unclear
if these activations were due to language per se rather than to
some low-level acoustic correlate of spoken language. Here we
compare native (L1) and non-native (L2) languages with 3 different
nonspeech conditions including emotional voices, monkey calls,
and phase scrambled sounds that provide more stringent controls.
Hemodynamic responses to these stimuli were measured in the
temporal areas of Japanese 4 month-olds. The results show clear
left-lateralized responses to speech, prominently to L1, as opposed
to various activation patterns in the nonspeech conditions.
Furthermore, implementing a new analysis method designed for
infants, we discovered a slower hemodynamic time course in
awake infants. Our results are largely explained by signal-driven
auditory processing. However, stronger activations to L1 than to L2
indicate a language-specific neural factor that modulates these
responses. This study is the first to discover a significantly higher
sensitivity to L1 in 4 month-olds and reveals a neural precursor of
the functional specialization for the higher cognitive network.
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Introduction

An increasing number of neuroimaging studies have docu-

mented that the human language system involves a large net-

work of perisylvian areas predominantly lateralized in the left

hemisphere (Branche et al. 1964; Ojeman et al. 1989; Hickok

and Poeppel 2000; Friederici 2002). Yet, the developmental

process underlying such cerebral specialization for language

remains controversial. This is primarily due to the technical

difficulties of applying brain imaging techniques to young

infants. The introduction of multichannel near-infrared spec-

troscopy (NIRS) 10 years ago provided a promising technique

in this emerging field of developmental neuroscience (for

a review, see Minagawa-Kawai et al. 2008). Studies using NIRS

have explored the development of the infant brain for several

cognitive abilities including social cognition (Grossmann et al.

2008; Lloyd-Fox et al. 2009; Minagawa-Kawai et al. 2009),

object recognition (Watanabe et al. 2008; Wilcox et al. 2008,

2009), and speech processing (Peña et al. 2003; Homae et al.

2006, 2007; Bortfeld et al. 2007, 2009; Minagawa-Kawai et al.

2007; Gervain et al. 2008; Nakano et al. 2009; Telkemeyer

et al. 2009). NIRS is noninvasive, portable, and scanner noise

free and has the advantage of providing reliable brain local-

ization of cerebral responses to sound stimuli, making it ideally

suitable for assessing lateralization in infants. In the present

study, we utilize NIRS to revisit the issue of brain lateralization

for speech and nonspeech sounds in 4-month-old infants.

Neuroimaging studies on speech processing in early infancy

are gradually emerging. Using NIRS, Peña et al. (2003) reported

that newborn infants’ brain responses were stronger in the left

temporal areas for sentences in the maternal language (L1)

than for the same stimuli played backward (BW). Left

dominance for L1 speech processing was also observed in

older infants aged 6--9 months by using both forward (FW)

speech and silent control together with visual stimuli (Bortfeld

et al. 2009). A functional magnetic resonance imaging (fMRI)

study of 3-month-old infants (Dehaene-Lambertz et al. 2002)

also reported dominance in the left temporal areas for both FW

and BW speech, with more activation for FW as compared with

BW speech only in the left angular gyrus. Sato, Hirabayashi et al.

(2006) extended these findings by using NIRS to compare brain

responses to L1 with those to a foreign language (L2) in

newborn infants. They found that exclusively in the L1

condition, activations were significantly stronger for FW than

for BW speech in the left temporal area. However, for these

newborn infants, there were no significant differences in

activation amplitudes between L1 and L2. It is likely that in the

course of language development, L1-specific cerebral responses

will emerge, but as yet, no study has investigated the difference

between L1 and L2 activations in older infants. Our study aims to

fill this gap in the literature.

Furthermore, although these early brain signals in the left

hemisphere for language and BW speech are intriguing, it is still

unclear how to relate these activations to language processing

per se. One of the plausible explanations for the left-dominant

responses to speech is the acoustic properties of the stimuli:

speech-containing segments such as consonants and vowels

may enhance leftward brain activations due to their rapid

acoustic transitions. Several studies (Zatorre and Belin 2001;

Boemio et al. 2005; Schönwiesner et al. 2005; Jamison et al.

2006) have revealed that the left hemisphere is preferentially

involved in processing rapid spectrotemporal changes, such as

the formant transitions in phonemes, whereas the right

hemisphere is more engaged in slow changes, such as those

in the prosody. Based on this view, a left lateralization in young

infants for language could be accounted for by the acoustic

properties of speech sounds that contain rapidly changing

linguistic segments. Another plausible explanation for stronger

activations to FW than to BW speech is the naturalness of the
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sounds: BW speech cannot be physically produced by a human

vocal tract, and so it is not biologically natural. Specifically, BW

speech differs from FW speech in low-level acoustic character-

istics: BW speech contains reversed envelope profiles that are

impossible to obtain from a vocal tract or any natural physical

system. The problem is that the difference between causally

possible and impossible physical sounds could be encoded

early in the auditory pathway. As highlighted by Galbraith et al.

(2004), brainstem-evoked responses differ between FW and

BW speech. Furthermore, based on an information theoretical

modeling study, Smith and Lewicki (2006) claimed that the

spectrotemporal properties of the cochlear code are optimal

for natural sounds and FW speech, but not for BW speech. If so,

differences in activation amplitude between FW and BW

speech, such as those found by Peña et al. (2003) and Sato,

Hirabayashi et al. (2006), might reflect low-level acoustic

properties, rather than language processing per se. Thus, using

BW alone as a control condition for low-level acoustic

properties is potentially problematic. Cerebral responses to

the FW stimuli also need further investigation, since it is

possible that the human brain responds to vocalizations rather

than to language per se. Although adult imaging studies have

consistently exhibited greater cerebral activations to human

vocalizations than to other animal calls such as monkeys and

birds (Fecteau et al. 2004; Hashimoto et al. 2006; von Kriegstein

et al. 2007), no study has examined whether this species-

specific trait exists at the beginning of human development.

Our principal aim is to elucidate the nature of language

lateralization and the effects of L1 versus L2 in young infants.

Building on previous studies, we focus on infants of 4 months

old to test L1 specificity in their brains. Nazzi et al. (2000)

reported that infants of 5 months old are able to behaviorally

discriminate any language from their L1 in contrast to

newborns who confuse L1 and L2 that have the same language

rhythms as each other. Because neural signatures tend to

appear earlier than behavioral manifestations (Gervain et al.

2008), we predicted that the emergence of L1 specificity in

listening to connected speech may exist at 4 months old. We

therefore measured left and right temporal activations to L1

(Japanese) and L2 (English) with NIRS. We examined the

possible factors that trigger strong activations by employing

rigorous control conditions. Instead of using BW speech, we

employed 3 different sound stimuli that vary in acoustic

properties and biological factors: 1) emotional sounds, which

are produced by a human vocal tract but lack the segmental/

fast variation structure of speech; 2) monkey vocalizations,

which are produced by a nonhuman vocal tract (Ghazanfar and

Rendall 2008); and 3) scrambled sounds that are totally artificial

nonvocalizations but are matched for energy and long-term

spectrum with the other 4 conditions. Using different kinds of

controls (see Table 1) elucidates the specificity of language

function in relation to acoustic properties of the stimuli,

species specificity, and vocalization specificity on left-dominant

brain activations.

Typically, a block design is used in NIRS for stimulus

presentation, whereby relatively large brain response can be

obtained (Bortfeld et al. 2007, 2009; Wilcox et al. 2008;

Minagawa-Kawai et al. 2009). However, in order to test all these

crucial different conditions with the same infant, it is necessary

for this study to use a fast event-related design (Zarahn et al.

1997; Friston et al. 1998). This enables us to increase the trial

repetition time and allows us to take a new approach to the

analysis of these data from the event-related paradigm for infant

NIRS. Specifically, we employed a general linear model (GLM)

approach (Friston et al. 1994, 1995), which uses a model of the

expected hemodynamic response function (HRF). However, it

is questionable whether the standard adult HRF model is valid

for infants as the brain physiology of 4 month-olds is quite

different to that of adults, and indeed infants show a phase

delay in their evoked hemodynamic responses (Schroeter et al.

2004; Shimada and Hiraki 2006). We therefore employed

a technique based on finite impulse response (FIR) functions

(Friston et al. 1995) in order to reconstruct the HRF of the

infants before engaging in GLM modeling.

Materials and Methods

Participants
We studied 12 full-term infants (4 girls and 8 boys) with normal birth

weights, belonging to monolingual Japanese families. At the time of

testing, which was conducted at the RIKEN Brain Science Institute

(BSI), their average age was 128 days (standard deviation [SD] = 13.3).

An additional 18 infants were tested, but they were excluded from the

final sample after consideration of artifacts in the data due to head

movements, fussiness, and hair obstruction (N = 10); refusal to wear the

NIRS holder (N = 4); poor positioning of the probe (N = 1); and sleeping

or drowsiness during testing (N = 3). We employed strict criteria to

determine our final data set because noise-free hemoglobin (Hb) signals

are necessary for a reliable GLM analysis. In accordance with our

criteria, first, we excluded all the blocks contaminated with motion

artifacts (for details, see Data Analyses); we also discarded whole blocks

obtained from sleeping infants. Then, only participants for whom at

least 8 blocks survived (of 12 blocks) without motion artifacts for each

of the 5 conditions were included in the final data set (see stimuli for

details of block and condition). This ensured that the final data set

contained more than 40 blocks for each infant. Our experimental

design, with its 5 conditions, resulted in a presentation time that was

longer time than is typically found in infant studies. As a result, there

were many participants who did not complete all the sessions or who

were unable to meet our strict criteria for inclusion in the data set as

documented above. Parents provided informed consent in compliance

with a protocol approved by the ethics committee of Riken, BSI (Wako

3rd-16-12 (10)).

NIRS Recording
This study used NIRS (ETG-4000, Hitachi Medical Co., Tokyo, Japan),

which measures the Hb concentration changes of the optical paths in

the brain between the nearest pairs of incident and detection probes

separated by 3 cm on the scalp surface (Watanabe et al. 1996;

Yamashita et al. 1996). This separation enables us to measure

hemodynamic changes in the brain 2.5--3 cm deep from the head

surface, which corresponds to the gray matter on the outer surface of

the brain (Fukui et al. 2003). The instrument emits 2 wavelengths

(ca. 695 and 830 nm) of continuous near-infrared lasers, modulated at

different frequencies depending on the channels and the wavelengths

and detected with the sharp frequency filters of lock-in amplifiers

(Watanabe et al. 1996).

Five incident and 4 detection probes arranged in a transformed 3 3 3

grid (12 channels, Fig. 1) were fitted on the temporal and frontal areas

Table 1
Stimulus type

Type Native
language

Linguistic
segment

Same
species

Vocally
produced

Sound

Language (L1) þ þ þ þ þ
Language (L2) � þ þ þ þ
Emotional voice � � þ þ þ
Monkey call � � � þ þ
Scrambled � � � � þ
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of each side of the head using the international 10--20 system.

Specifically, we placed the mid-bottom detector to T3 and T4 position

for each side and the nasion-to-inion line and the vertex-to-tragus line

were used either for the horizontal or the vertical axis (Fig. 1). Brain

regions corresponding to NIRS channels were estimated using the

virtual registration (Okamoto et al. 2004; Tsuzuki et al. 2007) by taking

the small head size of 4 month-olds into account.

Stimuli
The auditory stimuli comprised 5 conditions: native speech (Japanese),

non-native speech (British English), emotional voices, monkey calls

(Macaque), and scrambled controls. All speech stimuli were made of

a concatenation of short sentences recorded from film dialogues or

a speech database (Corpus of Spontaneous Japanese) (Maekawa et al.

2004) by either female or male speakers. The emotional voices were

human vocalizations with no linguistic content, either with a positive

(e.g., admiration and laughing) or with a negative emotional valence

(e.g., crying and sigh). Monkey calls were similarly divided into those

with positive (e.g., coos, girneys, and harmonic arches) and those with

negative emotional valence (e.g., screams and shrill barks). The monkey

calls were taken from a sound library compiled by Marc D. Hauser

(Harvard University; stimuli recorded from the Island of Cayo Santiago,

Puerto Rico, USA). Spectral scrambling was applied to the 4 types of

stimuli above to make 4 matched scrambled controls (Japanese, English,

emotional voices, and monkey calls). Spectral scrambling sounds that

are totally unintelligible sounds consist of the random and independent

exchange of bands of spectra within a given stimulus. More precisely,

they were synthesized by processing all individual stimuli through

a gammatone filter bank with 64 channels. In each channel, the signal

was windowed with overlapping Hanning windows of 25-ms duration.

The windows were then shuffled randomly within a channel and

displaced within a time range of ±500 ms around its original temporal

position. The scrambled sounds were finally obtained by putting all

frequency channels back together. Thus, the average amplitude and

long-term power spectrum of scrambled controls is exactly the same as

for their original stimulus. All stimuli ranged from 700 to 1200 ms in

length and had equal energy (root mean square). These individual

stimuli were used to construct stimulus blocks that lasted 10 s on

average for each condition. One block contained a concatenation of

9--12 individual stimuli of the same type (short sentences in Japanese,

Monkey vocalizations, etc.) with 200-ms silence between each

stimulus. Finally, the blocks were assembled into sessions. One session

contained 4 blocks of each condition (20 blocks per session) that were

presented to the infants in a random order with a silence period (8--14 s)

between the blocks. All infants had at least 3 sessions, each of which

lasted for 6.5--6.8 min.

Procedures
NIRS recording was carried out inside a sound-attenuated room. After

measuring the infants’ head size, experimenters positioned the probe

pads onto the infants’ head (Fig. 1). Infants, seated on their mothers’ lap,

listened to the stimuli that were presented via a loudspeaker (ca. 65-dB

sound pressure level). To reduce motion artifacts and restlessness, one

of the experimenters entertained the infants with silent toys. During

the session, both the mother and experimenter listened to other

sounds through headphones to prevent any influence from the stimuli

on their behavior.

Data Analyses
The concentrations of oxygenated (oxy-) and deoxygenated (deoxy-)

Hb were calculated from changes in absorption at 695 and 830 nm.

Although some NIRS studies employed objective methods for artifact

rejection, including principle component analysis (e.g., Bortfeld et al.

2007) and wavelet analysis (Sato, Tanaka et al. 2006), others have

detected movement-induced artifacts by means of visual inspection

(e.g., Taga et al. 2003). In this study, we employed the latter method,

and the segments of data with motion artifacts were digitally marked by

visually assessing the Hb signals and video recordings. Motion artifacts

were characterized by sharp and abnormal changes in Hb concen-

trations. This characterization of motion artifacts was used to define

‘‘subruns,’’ that is, continuous stretches of artifact-free data. A subrun

that lasted for at least 60 s (i.e., 3 trials on average) was deemed valid,

whereas one that lasted less than 60 s was considered to be influenced

by artifacts. Because artifact trials could affect the shape and amplitude

level of Hb changes in adjacent valid trials, our strict criterion helps us

to provide a reliable analysis of the time course of Hb changes using

GLM. We employed 2-step processes to analyze the oxy-Hb concen-

trations using a generalized linear model (GLM) approach. The first

analysis collapsed all 5 conditions and was aimed at discovering the

time course of the HRF for the infants’ brain to auditory stimuli. The

second analysis used a time-shifted adult HRF model determined by the

first analysis in order to analyze the brain responses to each of the 5

conditions. In both analyses, we introduced sin and cos functions of

periods 1, 2, and 4 min as regressors of no interest for each of the runs,

in order to model long-term trends in signal strength. Each of the

subruns had its own boxcar regressor, in order to model the potential

shift in baseline concentration level after each movement artifact.

Finally, the artifact samples were silenced during the analysis, that is,

they were assigned a weight of zero in the regression. Details of these 2

analyses are further described below.

Results

Estimation of the Infant HRF

We measured oxy- and deoxy-Hb changes from the bilateral

temporal areas to the sound stimuli (Fig. 1). Using prepro-

cessed Hb data, we reconstructed the infant’s HRF using a FIR

function approach (Friston et al. 1995). For each infant, each

channel of oxy-Hb data was submitted to a GLM analysis with

20 FIR regressors: each regressor was a 1-s rectangular pulse

synchronous with stimulus onset and time shifted, respectively,

by 0, 1, 2, etc. We then extracted the 20-b coefficients for each

FIR component and averaged these across infants as shown in

Figure 2A. The 2 channels with the maximum number of FIR

components whose bs are significantly different from zero

across infants correspond to the left and right auditory areas

(CH21 on the left side and CH9 on the right side). The average

curve from these 2 channels (Fig. 2B) shows an initial dip

followed by an increase in Hb, which appears time shifted

compared with an adult response. We fitted this curve to the

predictions from a time-shifted adult HRF. The best fit was found

with a 2.8-s delay and accounted for 97.4% of the variance. The

same analysis was performed for deoxy-Hb, where we found

a 3.4-s delay accounted for 95.8% of the variance. In the

subsequent analyses, we used the adult standard HRF model

time shifted by 2.8 s as our infant HRF model.

Figure 1. Probe arrangement to attach to the bilateral temporal areas. Black circles
on the brain indicate channel positions. Red probes are emitters, and blue ones are
detectors. Black circles are NIRS channels between one emitter and detector.
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Brain Responses to Speech and Nonspeech Stimuli

We performed 2 analyses with a progressively refined level of

detail. In the first analysis, all 5 stimulus types were grouped

together in a single sound condition. In the second analysis, we

declared 5 conditions: Japanese, English, emotion, monkey, and

scramble. All these analyses used GLM modeling of the oxy-Hb

signal for each condition, channel, and infant separately, using

regressors of a boxcar, time locked to each stimulus onset in

a given condition, and convolved with the infant HRF model.

The regression coefficients (b) for each condition, channel, and

each infant were then tested against zero (t-test across infants)

and corrected for multiple comparisons across channels by

using the false discovery rate method. The resulting t-tests,

uncorrected and corrected, are shown in Table 2. The global

sound condition significantly activated the bilateral auditory

areas. All of the 5 stimuli activated various regions including the

superior temporal gyrus (STG) and inferior frontal gyrus as

indicated by a map of across-infant significant bs for each

condition (Fig. 3). Although activation patterns around the

perisylvian areas were similar for speech and nonspeech vocal

sounds, activation levels were higher in the left side for the

speech condition in contrast to the larger and broader

activation in the right side for the nonspeech vocal condition.

Separate analysis for each condition revealed various activa-

tions in the two hemispheres (Table 2). While a strong

response was only found in the right auditory/STG for the

emotional vocalization, significant channels were restricted to

the left side for the Japanese, English, and scrambled sounds

conditions. The monkey calls broadly activated bilateral

temporal areas, including the anterior STG. In order to compare

brain activations for native and non-native languages, analysis of

variance with factors of laterality and language was performed

(Fig. 4). The results revealed significant main effects of laterality

(F1,44 = 4.41, P = 0.047) and language (F1,44 = 5.46, P = 0.029).

Discussion

This study examined the developmental specificity of language

processing in infants’ brains by using a carefully controlled set

of stimuli as well as a new analysis method for infant data. The

results revealed localized brain activations with larger left-

lateralized responses to speech as opposed to bilateral or

rightward activation for various control stimuli in the early

infant developing brain. Our data provide new evidence in at

least 3 respects: 1) they reveal functional asymmetries for

speech and other nonspeech vocalizations such as emotional

voices in young infants; 2) they demonstrate neurophysiolog-

ical evidence for language-specific neural plasticity in 4 month-

olds by comparing the brain responses to L1 and L2; and 3)

they uncover a slower hemodynamic time course in awake

infants’ brains compared with that of adults.

Before we focus on the left dominance in speech processing,

we first review the results of the nonspeech conditions. For the

emotion condition, a significant activation was observed only in

the right temporal area. This rightward temporal activation is

consistent with many adult imaging studies on vocal emotions

(Meyer et al. 2002, 2004; Wildgruber et al. 2002; Wiethoff et al.

2008). So far, only a few studies have examined the neural basis

of the perception of emotional prosody in infants. For instance,

7 month-olds showed different electrophysiological responses

to different emotional voices, with a greater negative compo-

nent to angry voices (Grossmann et al. 2005). Although no

previous study has revealed the specific brain region associated

with emotion processing in young infants, our study demon-

strated a trend for the right dominance in processing emotional

prosody in 4 month-olds. Our results for the nonspeech

conditions for infants generally replicate previous imaging

studies with adults. However, we consider it likely that these

activations chiefly reflect processing the acoustic properties in

the different stimulus conditions. More concretely, sound

streams with segmental features or fast spectral changes may

enhance activations in the left hemisphere, whereas prosodic

pitch contours may enhance activations in the right hemi-

sphere and that this is responsible for the left/right dominance

for the different stimuli (Zatorre and Belin 2001; Poeppel 2003;

Zatorre and Gandour 2008). We observed that the emotional

voices that have slow prosodic changes and fewer linguistic

segments evoked rightward activations, while the scrambled

sounds with a lot of rapidly changing segments elicited

significant leftward activations.

Further to the acoustic factor, our control stimuli enabled us

to distinguish 2 additional factors: species specificity and

vocalization. In response to the monkey vocalizations, human

4 month-olds showed strong and broad activations in the

Figure 2. (A) FIR results in 24 channels for all the conditions. Dashed line indicates
the canonical HRF. (B) Time course of Hb changes elicited by the FIR analyses.
Dashed line indicates the canonical HRF. Zero point in the time line is a stimulus
onset.
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bilateral temporal areas. Exclusively for this condition, there

were significant activations around the bilateral anterior STG.

These results are consistent with those of adult fMRI studies

examining perception of animal calls (Fecteau et al. 2004;

Hashimoto et al. 2006; von Kriegstein et al. 2007). However,

human adults typically show weaker brain responses to animal

calls than to human vocalizations. Our finding, showing large

responses to monkey calls, indicates that 4 month-olds are still

sensitive to vocalizations of other species, which is character-

ized by higher pitch and resonance (Ghazanfar and Rendall

2008). This is congruent with their early visual abilities to

discriminate monkey faces in 6 month-olds (Pascalis et al.

2002). Furthermore, recent behavioral results (Vouloumanos

et al. 2010) revealed newborns’ preferences to both human

speech and monkey calls that sounded like human vocalization.

These initial abilities may be gradually narrowed during

development within the first year of life (Pascalis et al. 2002),

as infants tune their sensitivity to conspecific stimuli or their

ambient environment such as L1. In contrast to brain responses

to vocalizations including monkey calls, artificial scrambled

sounds showed only one significant channel (Table 2). Even

though vocal versus scrambled conditions have identical long-

term spectrum, artificial nonvocal sounds induced fewer

activations than the vocal sounds did. This suggests that 4

month-olds’ brains are more responsive to biologically natural

sounds than to unnatural sounds. This neuronal evidence may

explain weaker brain activations for BW speech in the previous

imaging studies (Peña et al. 2003; Sato, Hirabayashi et al. 2006).

The results are also consistent with infants’ behavioral responses

showing a preference for speech sounds than for their analogous

artificial tones from birth to 6.5 month-old (Vouloumanos and

Werker 2004, 2007). Finally, it should be noted that these data

from the control stimuli should be taken with careful consider-

ation because although each of these stimuli elicited a different

pattern of significant activations, we lacked the power to

demonstrate that these patterns of activations were statistically

different from one another.

In comparison to the nonspeech stimuli, the speech stimuli

evoked greater left-lateralized activation and produced more

Table 2
Significant levels in different conditions

Conditions Brain region Channel Side b SE t P (unc) P (FDR)

All sounds Auditory 9 R 0.07 0.08 4.87 0.0003 0.008
All sounds Auditory 21 L 0.07 0.09 3.53 0.004 0.046
Vocal pSTG/SMG 6 R 0.05 0.07 3 0.01 0.065
Vocal Auditory 9 R 0.1 0.11 5.11 0.0002 0.005
Vocal Auditory 21 L 0.1 0.13 3.28 0.006 0.065
JP Precentral 16 L 0.06 0.08 3.49 0.004 0.033
JP pSTG/SMG 19 L 0.09 0.12 3.68 0.003 0.033
JP Auditory 21 L 0.15 0.16 7.03 0.00001 0.0002
ENG pSTG/SMG 19 L 0.06 0.09 2.97 0.01 0.131
ENG Auditory 21 L 0.08 0.11 3.64 0.003 0.075
EM Auditory 9 R 0.11 0.14 3.61 0.003 0.078
MN IFG/aSTG 7 R 0.05 0.07 3.07 0.009 0.036
MN pSTG/SMG 6 R 0.09 0.12 3.29 0.006 0.029
MN Auditory 9 R 0.09 0.11 4.99 0.0003 0.005
MN IFG/aSTG 18 L 0.07 0.09 4.5 0.001 0.005
MN pSTG/SMG 19 L 0.12 0.15 4.07 0.001 0.008
MN Auditory 21 L 0.11 0.14 4.5 0.001 0.005
SC Auditory 21 L 0.1 0.14 3.4 0.005 0.116

JP 5 Japanese, ENG 5 English, EM 5 emotional voices, MN 5 monkey calls, SC 5 scrambled

sounds, SE 5 standard error, FDR 5 false discovery rate, IFG 5 inferior frontal gyrus, SMG 5

supramarginal gyrus, pSTG 5 posterior part of superior temporal gyrus, aSTG 5 anterior part of

STG, R 5 right, L 5 left, unc 5 uncorrected.

Figure 3. Brain activations in different 5 conditions for 24 channels in the left and
right side. P values are corrected for multiple comparisons.

Figure 4. Different brain activation levels for native (L1) and foreign (L2) languages
in the left and right auditory areas.
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significant statistical results. Speech stimuli in native and non-

native languages activated the left temporal areas. Like

nonspeech stimuli, these activations can also be interpreted

to be acoustically driven since speech has rapid temporal

features with many consonants and vowels. Four-month-old

infants are in their preverbal period during which they cannot

process detailed lexical items or syntactic structures. There-

fore, in the present study, it is likely that the asymmetries

observed in the young infants are chiefly driven by the acoustic

properties of the stimuli (Zatorre and Belin 2001; Boemio et al.

2005; Schönwiesner et al. 2005; Jamison et al. 2006), and this

acoustical sound processing may be based on the generic

auditory system in human infants. Interestingly, a recent NIRS

study revealed that hemispheric activations in infants were

a function of temporal properties (fast vs. slow) of nonspeech

(Telkemeyer et al. 2009), similar to that in adults (Boemio et al.

2005). However, our results demonstrated neural correlates

beyond such a stimulus-driven hypothesis by providing

evidence of the linguistic factors that affect the development

of brain function in infants. Furthermore, both the languages

activated the left temporal area, but there was a significant

difference in the magnitude of activation between them. The

response in the left STG to L1 was significantly greater than

that to L2. This means that 4 months of exposure to L1, which

is a language-specific factor, enhanced the neural recruitment

to process the maternal language. Furthermore, as mentioned

earlier, infants begin to discriminate any other language from

L1 around this age (Bosch and Sebastian-Galles 1997; Nazzi

et al. 2000). Our study has revealed a cerebral basis underlying

this behavioral development. This basis is considered to be

more intricately structured in the brains of 4-month-old infants

than in that of newborn infants, which showed no differences

in responses to L1 and L2 (Sato, Hirabayashi et al. 2006). It is

assumed that while discriminating between languages, 4-

month-old infants cannot process fine linguistic content such

as lexical items but are capable of processing general sound

structures, such as prosody specific to L1 (Mehler et al. 1988;

Nazzi et al. 2000). Accordingly, an increased neural signature

for L1 may indicate the facilitation of acoustical sound

processing of L1, including its segmental and suprasegmental

properties, which is necessary to integrate phonemic, lexical,

and grammatical structures in the later stages of language

acquisition. In this regard, this enhanced left-dominant

activation may be considered a neural precursor for L1-

specific language acquisition. In the course of language

acquisition, this neural precursor remains in the left temporal

area (Bortfeld et al. 2009) and may develop further. However,

in older infants, the neural network is expected to be more

developed for higher order speech processing beyond

phonetic processing.

Because we used an event-related paradigm, our analytical

approach was based on the GLM, which is widely used in fMRI

as well as in NIRS studies (Schroeter et al. 2004; Shimada and

Hiraki 2006; Wartenburger et al. 2007; Watanabe et al. 2010).

Although most of the NIRS studies employ an averaging

approach by obtaining averaged Hb values for different

conditions (Peña et al. 2003; Homae et al. 2006), GLM is also

a reliable and sophisticated method that is suitable for data

obtained from an event-related paradigm. Indeed, a recent NIRS

study (Watanabe et al. 2010) used averaging and GLM

approaches for their analysis and reported equivalent results.

However, one issue to be further explored for GLM concerns

the model to be used for infant data. Specifically, the GLM

approach requires a model of the HRF suited to infants. Yet, the

standard HRF model used in fMRI analyses with GLM is suited

to the adult vascular system. It is unclear that one can apply the

same model to infants’ data whose vascular system may be less

mature and whose peak response has been reported to be

slower than that of adults (Schroeter et al. 2004; Shimada and

Hiraki 2006). Here, we reconstructed infant’s hemodynamic

responses with a technique based on FIR (Friston et al. 2005;

Schilbach et al. 2008) and estimated the peak latency by

pooling all the sound conditions together. We found a response

remarkably close to that of the adult, but delayed by approx-

imately 3 s. If we had used an HRF model without a delay, the

peak latency of the hemodynamic responses would have unfairly

influenced the brain activation levels. Such a delayed time course

could be partly derived from immature vascular regulation and

myelination in infants (Chugani et al. 1987). However, another

possible reason for the delay could be attentional shifts due to

the particular paradigm we used: in our study, the infant’s

attention was captured by visual stimuli (i.e., silent toys), so that it

could have taken them a few seconds to notice the sounds

played to them, inducing a delay in auditory-related activation.

Since no clear details have been provided for the infant’s vascular

mechanism in relation to neural activities, more physiological

studies are required for a conclusive explanation. However, our

method provides a principled way to determine the model for

GLM in infants instead of using the canonical HRF, or arbitrary

windows of analysis for infants’ neuroimaging, given that

variations in age, stimuli, tasks, and wakefulness may influence

the response latency (Meek et al. 1998; Taga et al. 2003; Shimada

and Hiraki 2006; Minagawa-Kawai et al. 2008).

By examining hemodynamic responses in 4 month-olds to

speech and various nonspeech sounds, the current NIRS study

clearly showed a left-lateralized cerebral basis for speech

processing. Although these activation patterns could be mostly

explained by signal-driven hypotheses of brain lateralization,

we revealed a linguistic factor that may contribute to the

activation of the language network on the left side and that

provides a parsimonious explanation. Moreover, we have

provided data relevant to the brain physiology in young infants

by showing slow latency of functional hemodynamic responses.

Overall, this study illustrated that 4 month-olds’ neural

development is at a stage where their processing of speech is

based on an interaction between generic auditory systems and

learning mechanisms that start to extract regularities regarding

their native language.
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