
r Human Brain Mapping 31:595–603 (2010) r

Hemodynamic Responses to Speech and Music in
Newborn Infants

Kalle Kotilahti,1,2* Ilkka Nissilä,1 Tiina Näsi,1,2 Lauri Lipiäinen,1
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Abstract: We used near-infrared spectroscopy (NIRS) to study responses to speech and music on the audi-
tory cortices of 13 healthy full-term newborn infants during natural sleep. The purpose of the study was to
investigate the lateralization of speech and music responses at this stage of development. NIRS data was
recorded from eight positions on both hemispheres simultaneously with electroencephalography, electroo-
culography, electrocardiography, pulse oximetry, and inclinometry. In 11 subjects, statistically significant (P
< 0.02) oxygenated (HbO2) and total hemoglobin (HbT) responses were recorded. Both stimulus types eli-
cited significant HbO2 and HbT responses on both hemispheres in five subjects. Six of the 11 subjects had
positive HbO2 and HbT responses to both stimulus types, whereas one subject had negative responses.
Mixed positive and negative responses were observed in four neonates. On both hemispheres, speech and
music responses were significantly correlated (r ¼ 0.64; P ¼ 0.018 on the left hemisphere (LH) and r ¼ 0.60;
P ¼ 0.029 on the right hemisphere (RH)). On the group level, the average response to the speech stimuli was
statistically significantly greater than zero in the LH, whereas responses on the RH or to the music stimuli
did not differ significantly from zero. This suggests a more coherent response to speech on the LH. How-
ever, significant differences in lateralization of the responses or mean response amplitudes of the two stimu-
lus types were not observed on the group level. Hum Brain Mapp 31:595–603, 2010. VC 2009Wiley-Liss, Inc.
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INTRODUCTION

Near-infrared spectroscopic imaging (NIRSI) is a nonin-
vasive technique for measuring the concentrations of oxy-
genated and deoxygenated hemoglobin (HbO2 and HbR)
in tissue. An interesting application of the method is the
study of hemodynamic responses to brain activation.
NIRSI measures local changes in the absorption of near-
infrared light which are affected by changes in the cerebral
blood volume (CBV) and oxygenation (StO2). It is com-
pletely noninvasive and does not use ionizing radiation.
Further, it does not interfere electromagnetically with
other neuroimaging modalities or require a shielded envi-
ronment. Thus, NIRSI can be performed during electroen-
cephalography (EEG), magnetoencephalography (MEG),
functional magnetic resonance imaging, or positron emis-
sion tomography without causing artifacts in the record-
ings. As NIRSI can be implemented in such a way that
bedside measurements are possible, it is an attractive
method for imaging and monitoring of newborn infants -
being safe, portable, and silent.

NIRS has been applied to activation studies of pre- and
full-term newborns, e.g., in the auditory [e.g., Chen et al.,
2002; Kotilahti et al., 2005; Nishida et al., 2008; Peña et al.,
2003; Zaramella et al., 2001], visual [e.g. Karen et al., 2008;
Kusaka et al., 2004; Taga et al., 2003], passive motor [e.g.,
Hintz et al., 2001; Isobe et al., 2001, Gibson et al., 2006], ol-
factory [Bartocci et al., 2000, 2001], and pain [Bartocci
et al., 2006] modalities. The method is undergoing rapid
development [see e.g., Zeff et al., 2007 for an adult visual
mapping study) and more advanced implementations in
the future are likely to have localization accuracy of 2–
3 mm in the parts of the cortex closest to the skin in neo-
nates [Heiskala et al., 2009]. With these advancements, the
use of NIRS in clinical practice as well as pediatric neuro-
science is likely to increase rapidly in the near future.
New 2–4 channel NIRS equipment are already commer-
cially available and introduced for monitoring of tissue ox-
ygenation during neonatal intensive care. Thus, it is
important to assess responses in healthy newborns to
understand the basic physiology of NIRS responses to rele-
vant stimuli, such as naturally occurring sounds.

Processing of auditory information like speech and
music is facilitated by the auditory system already at birth
compared to sounds like sinusoidal tones, which are not
specific to human communication and typically give
smaller cortical responses than speech and music sounds
[Huotilainen, 2006]. Brain research methods like NIRSI
and MEG, which measure cortical activity without remark-
able contribution from lower brain areas, are interesting
for the study of the developing cortex because measure-
ments with these methods highlight the functions of the
still-developing cortical regions in the light of the incom-
ing information from the lower brain areas. These meth-
ods, when used in the newborn period, can give insight
into the specialization of the auditory cortical areas, seen
in adults as robust speech-sound-specific areas in the left

and melody-harmony-specialized areas in the right tempo-
ral lobe.

In adults, the key acoustic characteristics of speech, i.e.,
very fast transitions of spectral peak frequencies or for-
mants, short periods of noise with varying characteristics,
short periods of silence, etc., give rise to a lot of activity in
the left temporal areas, while the key acoustic characteris-
tics of melodic and harmonic music, i.e., the matching of
overtones of simultaneously presented fundamental
pitches, continuation of pitch levels across the whole musi-
cal piece, and long-lasting timbral qualities of sound, acti-
vate the right auditory areas [e.g., Tervaniemi and
Hugdahl, 2003]. The development of this specialization
during ontogenesis is still somewhat unclear. It has been
suggested that the left hemisphere (LH) dominates all
sound processing in neonates [Bradshaw and Nettleton,
1983], and that neonates already have specific structures
for processing speech-like sounds in the LH [Hellige, 1993;
Mehler and Dupoux, 1994], which would lead to stronger
responses to speech on the LH.

Several studies have investigated characteristics of the
lateralization of speech perception and whether the LH
dominance of language processing is already present in
neonatal brain or if it is developed during the early
infancy. Peña et al. [2003] found significant responses to
speech only in the LH in newborns. On the other hand,
Taga and Asakawa [2007] did not observe lateralized pat-
terns of activation in response to speech sounds in fully
attentive infants aged 2–4 months, and Homae et al. [2006]
found stronger responses on right hemisphere (RH) to
speech with pitch information in 3-month-old infants.
However, the fMRI study by Dehaene-Lambertz et al.
[2002] shows adult-like lateralization of responses to
speech sounds in 3-months-old infants. Further study is,
however, needed to clarify the issue especially in newborn
brain as most of the previous studies have been done with
2- to 4-month-old infants.

Our aim was to study the asymmetries in the processing
of natural speech in the cortical areas of newborn infants’
left and right temporal lobes using music as a counterpart
to the speech stimuli. The measurements were carried out
using NIRSI during natural sleep.

MATERIALS AND METHODS

Participants

We studied 13 (9 male) healthy full-term newborn
infants (gestational age from 37.3 to 42.3 weeks, mean 39.6
� 1.2 SD) during natural sleep. The ages of the infants
were from 1 to 4 postnatal days (mean 1.8 � 1.0 SD). The
study was approved by the Ethics Committee for Pedia-
trics, Adolescent Medicine and Psychiatry, Hospital Dis-
trict of Helsinki and Uusimaa and it is in compliance with
the Declaration of Helsinki. Written informed consent was
obtained from a parent before the subject was enrolled in
the study.
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Study Design

Auditory stimuli used in this study consisted of 5-s sam-
ples of speech and music. The speech samples were
extracted from the fairy tale ‘‘Little red riding hood’’ read in
Finnish by a Finnish actress using infant-directed intonation
with high variations in the intensity, pitch, and temporal
structure. The music samples were extracted from a piano
concerto by Mozart. The stimuli were presented via loud-
speakers placed at a distance of 1.5 m from the infant’s head,
and with a sound intensity of approximately 60 dB at the
level of the infant’s head. When compared across the 5-s
intervals, the speech and music samples contained approxi-
mately similar frequency characteristics.

Stimuli were ordered randomly using an optimal event-
related paradigm [Dale, 1999], so that each stimulus was fol-
lowed by a silent rest period of varying length (mean 15 s).
Samples of both stimulus types were presented up to 64 times
during an experiment. The stimuli were controlled with Pre-
sentationV

R

software (Version 9.30, www.neurobs.com).
Measurements were carried out in a quiet, dimly lit

room while the neonate was sleeping in the supine posi-
tion in the lap of a nurse. The neonatal sleep can roughly
be divided into two sleep stages, active sleep (AS) and
quiet sleep (QS), which are considered to be precursors of
adult sleep stages. AS resembles the adult REM sleep and
is somewhat restless, whereas QS is deeper and more rest-
ful. The arousal stages (awake, AS, and QS) were deter-
mined by the nurse during the measurement based on
muscular tension, breathing, eye movements, and behav-
ioral movements of the infant. The experiment was discon-
tinued if the infant woke up.

Instrumentation

The NIRSI study was carried out using a 16-channel fre-
quency-domain (FD) instrument [Nissilä et al., 2002, 2005]
developed at Helsinki University of Technology. The
measurements were performed simultaneously above both
auditory cortices on the temporal lobes. From each of the
two auditory areas, data were collected from eight loca-
tions (Fig. 1a) with two source-detector distances (SDDs)
of 15 and 25 mm.

The data were recorded using light from two laser
diodes modulated at 100 MHz with wavelengths of 692
and 832 nm. Optical fibers were used to deliver the near-
infrared light to the skin surface and from the skin to the
detectors. An adjustable and adaptable fiber-coupling hel-
met was applied to ensure a safe and comfortable interface
between the instrument and the infant (Fig. 1b). The am-
plitude and the phase of the modulation of the measured
optical signals were calculated with a lock-in amplifier
and sampled at approximately 12.5 Hz.

The amplitude and phase values were calibrated before
further data analysis using a three-step procedure that is
explained in detail in Tarvainen et al. [2005] and Nissilä
et al. [2005]. The first step is to determine the effects of de-

tector gain adjustment on the measured amplitude and
phase of the output of each detector. The second step
determines the differences in attenuation and phase shift
because of differences in the physical lengths and contacts
in each channel of the instrument. The third step of cali-
bration involves the measurement of a reference object
with one source and one detector channel, providing the
zero point of phase. The calibration procedure is carried
out for each wavelength used in the study.

The optical power on the surface of the tissue was at
most 5 mW, which is enough to exceed the maximum per-
missible exposure (MPE) for eyes if the beam is collimated
(IEC 60825 standard). However, the light coming out of an
optical fiber such as used in this study is not collimated
and the geometry of the fiber-coupling helmet was such
that the MPE could not have been exceeded on subject’s
eyes at any time. In addition, the instrumentation was
built in such a way that the laser radiation is shut down
automatically if the fiber-coupling helmet is detached. The
light intensity on the brain surface during the measure-
ment was approximately 5% of that under midday sun-
light on a sunny day in midsummer [Kiguchi et al., 2007].

Electrooculography (EOG), electrocardiography, and
four channels of scalp EEG, respiratory impedance, arterial
oxygen saturation and subject movements were recorded
simultaneously during the NIRSI measurements with an
anesthesia monitor (AS/3 Anesthesia Monitor, Datex-
Ohmeda, Finland). The respiratory impedance was meas-
ured between EEG-reference and ECG electrodes. The

Figure 1.

(a) Source (cross) and detector (circle) positions on the left and

RH. (b) The measurement setup. Black optical fibers and fiber

bundles are attached on top of the auditory cortices. The incli-

nometer is visible on top of the forehead. [Color figure can be

viewed in the online issue, which is available at www.

interscience.wiley.com.]
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arterial oxygen saturation was measured with a pulse oxi-
metry sensor (FlexSat, Datex-Ohmeda, Finland), which
was attached to the right foot of the infant. The move-
ments of the infant were monitored using an inclinometer
attached on the forehead (Fig. 1b).

Data Analysis

To reduce the effect of drift and slow oscillations due to
background physiology and optode contact variation, the
signals were de-trended by dividing them with the low-
pass filtered (�3 dB cutoff frequency at 0.02 Hz) versions.
After de-trending, the amplitude signal was lowpass fil-
tered (�3 dB cutoff frequency at 0.5 Hz) to reduce high-
frequency oscillations such as those induced by the pulsa-
tion of the heart. After filtering, the signals were down-
sampled to a frequency of 1 Hz.

Optical path lengths were calculated for all source-detec-
tor pairs for the nine subjects with successfully calibrated
phase measurements. The mean differential path length
factors (DPFs) for both wavelengths and SDDs were calcu-
lated by dividing the optical path lengths with the corre-
sponding SDDs. DPFs averaged over subjects with
calibrated phase values are shown in Table I.

To minimize the influence of external light from the
room, changes in the modulation amplitude of the optical
signal were used in place of changes in the attenuation of
the light in the tissue in the analysis. The amplitudes were
transformed into concentration changes of oxygenated,
deoxygenated, and total hemoglobin (HbO2, HbR, and
HbT, respectively) using the modified Beer-Lambert law.
The measured optical path lengths were used in the calcu-
lation of modified Beer-Lambert law for the nine infants
with calibrated phase values. For the four neonates with-
out calibrated phase values, the mean DPF values meas-
ured in this study were used (Table I). Head movements
were detected from the inclinometer data and used to
reject motion artefacts from the NIRSI data. In addition, an
individually selected peak-to-peak threshold between 7
and 18 lM was used to reject those stimulation epochs
that contained abrupt changes or spikes in the amplitude
signal as they were most likely to be caused by motion
artefacts or contact changes.

The statistical analysis of the hemodynamic responses
was based on the general linear model (GLM), which
models HbO2, HbR, and HbT concentration time series
based on the stimulus timings and a hemodynamic
response function (HRF) [e.g., Kiebel et al., 2003]. The pre-
dictor for the HRFs was a two parameter gamma-based
function. The first temporal derivative of the HRF was
included to allow a change in the latency of the response
[e.g., Smith, 2004]. The predictor was convolved with stim-
ulus vectors (a delta function indicating the onset of the
stimulus) and fitted to the concentration time series in the
least-squares sense. The GLM produced beta parameters
which represent the area-under-the-curve (AUC) of the

HRFs corresponding to the responses evoked by the differ-
ent stimuli (the AUC of the predictor of the HRF was
scaled to unity).

The AUCs of the HbO2, HbR, and HbT concentration
changes between 0 and 20s with respect to the stimulus
onset were considered as the magnitudes of the corre-
sponding hemodynamic response and tested for statistical
significance with a two-tailed Student’s t-test. The multiple
comparison problem was considered by calculating the
Dubey/Armitage-Parmar correction [e.g., Sankoh et al.,
1997], which takes into account the spatial correlation
between the measurement channels. The mean spatial cor-
relations between channels on a hemisphere were 0.72 for
HbO2, 0.59 for HbR, and 0.69 for HbT. Thus, the signifi-
cance level of 0.05 was corrected to 0.02 for HbO2, 0.03 for
HbR, and 0.02 for HbT.

Maximal HbO2, HbR, and HbT amplitude and AUC val-
ues (the channel with the largest response was chosen
here), as well as the time from stimulus onset to the maxi-
mal value (time-to-peak (TTP) of the fitted response) were
also determined for hemodynamic responses with magni-
tudes that differ significantly from zero.

The lateralization of the responses was studied by calcu-
lating the laterality index LI ¼ (L – R)/(L þ R)
[Minagawa-Kawai et al., 2007], where L is the maximal
HbT AUC on the LH and R is the maximal HbT AUC on
the RH. Thus, an LI value below zero represents right-
hemisphere dominance and LI above zero left-hemisphere
dominance.

RESULTS

Statistically significant (P < 0.02) hemodynamic
responses (HbT AUC) were recorded in 11 infants. Five of
the infants had statistically significant HbT responses for
both stimulus conditions on both hemispheres.

The HbO2 and HbT concentrations increased in response
to auditory stimulation (‘‘positive responses’’) in six neo-
nates. In one neonate, however, HbO2 and HbT concentra-
tions decreased significantly in response to both stimuli
(‘‘negative responses’’). Four neonates had mixed
responses (positive and negative HbO2 and HbT responses
depending on the hemisphere and the stimulus condition).
Maximal HbT response AUCs for both stimuli and

TABLE I. Differential path length factors (mean 6 SE)

for both source-detector distances and wavelengths

averaged over nine neonates and all

source-detector pairs

Wavelength

692 nm 832 nm

Source-detector distance
15 mm 4.35 � 0.16 3.64 � 0.19
25 mm 4.56 � 0.17 3.96 � 0.14
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hemispheres for all subjects, and the numbers of subjects
showing significant responses to each stimulus type and
on each hemisphere are shown in Table II and illustrated
in Figure 2.

Pearson’s correlation coefficient between the maximal
music and speech responses (HbT AUC of the channel
giving the largest response magnitude) in all neonates was
0.64 (P ¼ 0.018) on LH and 0.60 (P ¼ 0.029) on RH. In the
neonates with consistent uniform responses (only positive
or only negative responses for both conditions), the corre-
sponding coefficients were 0.89 (P ¼ 0.0011, N ¼ 9) and
0.84 (P ¼ 0.0012, N ¼ 11).

For statistically significant positive (HbO2 and HbT)
responses, the mean peak for HbO2, HbR, and HbT con-
centration changes were 0.81 � 0.08 lM, –0.29 � 0.04 lM,
and 0.89 � 0.10 lM (mean � SE) respectively and their
latencies were 13.2 � 0.6 s, 12.3 � 0.6 s, and 13.2 � 0.5 s
(mean � SE) with respect to stimulus onset. See Table III
for more detailed information on the average values
regarding hemispheres and stimulus conditions. Time
courses of hemodynamic responses (HbO2 and HbR) aver-
aged for both hemispheres over neonates and measure-
ment channels with significant responses are presented in
Figure 3. The response magnitudes (HbT AUCs) averaged
over all the subjects with significant positive responses are
presented in Figure 4.

Locations of maximal significant HbT AUCs (from the
channel giving the largest response) are presented in Fig-
ure 5. On the RH, more significant responses were
detected with the short SDD than with the long SDD. On
the LH, numbers of significant responses were equal for

TABLE II. Individual maximal HbTAUCs (lMs) for neonates with significant responses (*P < 0.02 and **P < 0.001),

average HbTAUCs and total numbers of responses over neonates with significant responses for left and right

hemispheres (LH and RH) and for speech and music stimuli (S and M)

Subject

LH RH

S M S-M S M S-M

1 3.27* –4.57* 7.84** 7.10** –4.29* 11.39**
2
3 6.78** –4.42* 11.20** –3.93* –10.30** 6.37*
4 6.27* 8.43* 8.00*
5 4.54* 6.06* 10.81* 5.09* 5.72*
6 16.81* 20.80* 12.42* –13.69*
7 5.64* 10.94* –5.30* 14.43** 19.57** –5.14*
8 1.30* 7.59* –6.29* 5.81** 7.61*
9 –6.92* 10.47* 6.92*
10 7.64* 4.26*
11 –1.62* –2.49*
12
13 3.23* –5.83* –4.13*
Average 4.27* 3.30 4.25 3.38
Numbers of neonates with

significant responses
9 7 4 10 7 8

6 6

The difference between the maximal speech and music responses (S-M) is shown for each subject, if it is significant in two-tailed
Student’s t-test.

Figure 2.

Maximal speech (gray) and music (white) HbT AUCs on the LH

and RH for all 13 neonates. The error bars indicate the standard

error of the AUC. Subjects with a significant difference between

the stimulus conditions are marked with asterisks (*P < 0.02

and **P < 0.001).
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both SDDs. Also, significant responses were found to be
more posterior on the LH than on the RH.

For neonates with significant responses (N ¼ 11), the lat-
erality index was �0.15 � 1.70 (mean � SD) for speech
and –1.25 � 4.99 for music. The LIs did not statistically
significantly differ from zero or from each other in
Student’s t-test.

DISCUSSION

No statistically significant lateralization was found using
LIs of speech and music responses as criteria. This result
is in line with the results by Minagawa-Kawai et al. [2007],
who observed a significant leftward lateralization of pho-
nemic-specific NIRS responses only in infants >1 year of
age.

When considering the results on a group level, however,
the speech response in the LH was the only statistically
significant response (Table II). This finding may suggest a

stronger or more uniform involvement of the LH for the
speech stimulus in general in the newborn period. This is
in line with the findings of Pena et al. [2003] and supports
the theory that neonates have specific structures for proc-
essing speech-like sounds in the LH [Mehler and Dupoux,
1994].

The explanation for the negative responses to the stimuli
used, i.e., decrease of HbO2 and HbT concentrations dur-
ing and after sound stimulation might be a reduced activ-
ity in the probed area [Raichle and Mintun, 2006].
However, this is unlikely since the auditory areas are
‘‘hard-wired’’ and receive little activity from the lower
brain areas. A more plausible explanation is the so-called
blood stealing effect, in which the areas surrounding the
activated area receive reduced blood flow compared to
baseline. If this is the case, the negative responses may be
a result of activity deeper in the brain or in areas that
were close to but not inside the area measured with NIRSI.
Thus, strong activity in the auditory cortex would cause

TABLE III. Mean maximal HbO2, HbR, and HbT peak values, TTPs and AUCs (mean 6 SE) for neonates with

positive significant responses (P < 0.02 HbO2 and HbT, P < 0.03 for HbR)

Stim.

Peak value (lM) Time-to-peak (s) AUC (lMs)

LH RH LH RH LH RH

HbO2 S 0.63 � 0.10 0.88 � 0.11 12.2 � 1.1 13.1 � 1.1 5.04 � 0.94 7.66 � 1.22
M 1.00 � 0.25 0.89 � 0.27 14.1 � 0.6 14.3 � 1.3 10.33 � 1.11 9.22 � 1.88

HbR S –0.22 � 0.05 –0.25 � 0.05 11.8 � 1.1 11.0 � 1.6 –1.88 � 0.52 –2.32 � 0.52
M –0.43 � 0.10 –0.39 � 0.10 12.9 � 1.0 13.5 � 1.0 –3.49 � 0.74 –3.94 � 1.07

HbT S 0.62 � 0.16 0.99 � 0.09 11.9 � 1.0 12.9 � 1.1 5.46 � 1.37 9.24 � 1.10
M 1.11 � 0.32 1.01 � 0.24 13.8 � 0.5 15.1 � 1.1 11.35 � 3.31 9.34 � 2.40

Figure 3.

Time courses of the oxygenated (black)

and deoxygenated (gray) hemoglobin

concentration changes relative to the

stimuli (speech, solid line; music,

dashed line) averaged over neonates

with significant (P < 0.02/0.03) positive

and negative responses. The gray rec-

tangle indicates the time period when

the stimulus was presented and the

errorbars correspond to the standard

error of the mean.
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an increase in HbO2 and HbT in the auditory cortex and a
smaller decrease in HbO2 and HbT concentrations in the
neighboring areas. It has been suggested that the regula-
tion of CBF is still under development in neonates, which
may partly explain the frequent occurrence of ‘‘negative’’
responses in studies of the neonate.

We found that the speech and music stimuli, equalized
in duration and frequency content, elicited clear and sig-
nificant responses in healthy neonates. In five neonates of
13 responses for speech stimulus were stronger in both
hemispheres, whereas in three neonates responses for
music stimulus were stronger in both hemispheres (Table
II). There was no significant difference between the mean
response amplitudes of the two stimulus types at group
level (Table III), which suggests that speech and music
elicit approximately the same amount of brain activity in
the newborn period.

Maximal significant responses were found to be more pos-
terior on the LH than on the RH. This is consistent with au-
ditory MEG responses in adults, which are about 10 mm
more anterior in the right than LH [Elberling et al., 1982;
Nakasato et al., 1995]. This suggests that NIRSI can yield
useful spatial information in functional measurements.

No significant differences were seen between responses
measured in active and quiet sleep, although such differ-
ences have been previously reported using simpler sinu-
soidal beep stimuli [Kotilahti et al., 2005]. It is possible
that the large intersubject variation in responses to speech
and music, and variation in responses between individual
stimuli hide differences in responses between sleep stages.

This study demonstrates high variability in brain
responses between newborn infants using simple non-
quantitative NIRS measurements. A part of the variability
may be due to anatomical and physiological differences
between hemispheres and individuals. Quantitative recon-
structions of hemoglobin concentration changes using a

dense optode grid and a model based reconstruction algo-
rithm with anatomical a priori information [e.g., Heiskala
et al., 2009] is likely to allow more sensitive lateralisation
studies.

CONCLUSION

In this study, no significant consistent lateralization of
speech or music responses appeared at group level. Both
hemispheres could be activated by speech as well as
by music stimuli, consistent with findings on adults
[Tervaniemi and Hugdahl, 2003]. The responses were not
significant in all newborns for both stimuli on both

Figure 4.

The HbT AUCs for speech (gray) and music (white) responses

averaged over the subjects with significant (P < 0.02) positive

responses (eight subjects). Values are shown for only the long

SDD. The errorbars indicate the standard deviations. [Color fig-

ure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

Figure 5.

Variations in the locations of maximal significant HbT AUCs

over all neonates for each detector location on both hemi-

spheres for each stimulus condition separately and both condi-

tions summed. The diameter of the marker indicates number of

maximal responses at that measurement site. [Color figure can

be viewed in the online issue, which is available at www.

interscience.wiley.com.]
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hemispheres, suggesting individual variations in hemody-
namic responses in healthy newborns.

The significant group level responses to speech stimulus
on LH suggests that newborns may have stronger or more
developed speech and language related brain activation in
the LH compared to the RH, or compared to music related
activation. This suggests that the typical speech lateraliza-
tion to the LH has already started in the newborn, but it is
not yet fully developed.
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