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Although brain development has been actively investigated in animals,
maturation of the cerebral cortex in human newborns is still poorly
understood. This study aimed at characterizing the cortical areas
participating in tactile processing in human neonates. Somatosensory-
evoked magnetic fields were recorded from 21 healthy full-term
newborns during natural sleep. Altogether, four cortical areas were
activated by tactile stimulation: the contra- and ipsilateral primary
(SI) and secondary (SII) somatosensory cortices. The contralateral SI
was activated first in all the newborns. This early activity was not
affected by the interstimulus interval or the sleep stage. The
contralateral SII activation at around 200 ms was prominent in quiet
sleep (QS) but attenuated in active sleep (AS). Activity in this area was
strongly depressed by a faster rate of stimulation. Ipsilateral activity
was seen in most subjects: more often in QS than AS. The ipsilateral
activity originated from SII in most babies, but in some the ipsilateral
SI was also activated. We conclude that both the contra- and ipsilateral
SI and SII can participate in the processing of somatosensory in-
formation in human neonates.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

The somatosensory system may be explored by means of evoked
responses recorded either with electroencephalography (EEG) or
magnetoencephalography (MEG). EEG detects the electrical poten-
tials on the scalp whereas MEG detects the extracranial magnetic
fields, both produced by currents generated in the cerebral cortex.
Both types of signal are directly related to neuronal electrical currents
and provide excellent temporal resolution. Although both techniques
are useful for localization of active cortical areas, MEG offers an
important advantage over EEG especially in neonates as it is not
affected by the fontanels and sutures of the skull (Flemming et al.,
2005; Okada et al., 1999a). The insensitivity to the intervening tissues
simplifies the interpretation ofMEGsignals and improves localization
of active cortical areas (Hämäläinen et al., 1993; Okada et al., 1999b).

Both MEG and EEG have been used to identify active cortical
areas in humans. In MEG studies of adults, somatosensory stimu-
lation has been shown to activate multiple cortical areas including
the contralateral primary somatosensory (SI) cortex at the posterior
bank of the central sulcus and bilateral secondary somatosensory
(SII) cortices on the upper lip of the Sylvian fissure (for a review,
see, e.g., Hari and Forss, 1999). Although the somatosensory
evoked potentials in newborns have been studied for decades with
EEG (e.g., Manil et al., 1967; Desmedt and Manil, 1970; Gibson
et al., 1992), the cortical networks activated by somatosensory
stimulation remain largely unknown. However, from topographical
maps recorded with multiple electrodes Karniski and colleagues
(1992) suggested both contra- and ipsilateral cortical activation to
unilateral median nerve stimulation. Recently, neonatal somato-
sensory evoked magnetic fields (SEFs) have been investigated in
three MEG studies (Pihko et al., 2004, 2005; Lauronen et al.,
2006). These studies have demonstrated the activation of the
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Table 1
Different conditions recorded in each baby

ISI 2 s 2 s 2 s 2 s 0.5 s 0.5 s 4 s 4 s

Sleep stage QS AS QS AS QS AS QS AS

Hemisphere Contra Contra Ipsi Ipsi Contra Contra Contra Contra

Baby 1 X X X X
Baby 2 X X X
Baby 3 X X X
Baby 4 X X X
Baby 5 X X X
Baby 6 X X X
Baby 7 X X X
Baby 8 X X X X
Baby 9 (⁎) (X) (X) (X)
Baby 10 X X X X
Baby 11 X X X X
Baby 12 X X X
Baby 13 X X X X X
Baby 14 X X X
Baby 15 X X X X
Baby 16 X X X X
Baby 17 X X X X
Baby 18 X X X X
Baby 19 X X X X
Baby 20 X X X X
Baby 21 X X X X X

⁎Excluded due to a problem with the head digitization, which hampered the
equivalent current dipole modeling.
(AS=active sleep; QS=quiet sleep; contra=contralateral stimulation;
ipsi= ipsilateral stimulation; ISI= interstimulus interval).
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contralateral SI after both median nerve and tactile stimulation, but
the cortical areas activated subsequent to SI have not been
unambiguously identified, although proposals have been made
(Pihko et al., 2005). Furthermore, the recording in these studies
was limited to the contralateral hemisphere.

In this study, we aimed at identifying the cortical generators
underlying the neonatal SEFs elicited by tactile stimulation of the
contra- and ipsilateral index fingers. Cortical activity was recorded
from the right hemisphere when the babies were in natural sleep. In
addition, the effect of the stimulus rate on the responses was
studied in order to gain further understanding of the functional
properties of the cortical generators of the SEFs, and to specify the
most appropriate stimulus rate for further neonatal SEF studies.

Materials and methods

Subjects

The subjects were 21 full-term healthy newborns (11 females and
10 males). The babies were recruited from the maternity ward of
the Helsinki University Central Hospital. The MEG was recorded
1–6 days after birth, with a postmenstrual age between 37 and
42 weeks. The 1-min Apgar score was 10 in one, 9 in fifteen, 8 in
three, 7 in one and 5 in one baby (with 5 min follow-up scores of 8
and 10 in the last two babies, respectively). The body weight varied
between 2622 g and 4350 g, the head circumference between 34 cm
and 37.5 cm and the body length between 46 cm and 54 cm. All the
babies were healthy and their measures were considered adequate
for gestational age. The study protocol was approved by the Ethics
Committee of the Hospital District of Helsinki and Uusimaa. In
each case a parent signed an informed consent form.

Stimulus

The tactile stimulus was given by a thin plastic membrane
surrounded by a harder outer shell. An air puff delivered through a
plastic tube (Somatosensory Stimulus Generator, 4-D NeuroIma-
ging Inc., San Diego, USA) expanded the membrane, which then
gently tapped on the skin of the newborn's index finger (for more
details of the stimulation method, see Pihko et al., 2004). In 11
babies, the contralateral index finger was stimulated with three
different ISIs, 0.5, 2 and 4 s, in separate runs. The order of the runs
was individually selected depending on the duration of the sleep
stages. In the remaining 10 babies, the ISI was constantly 2 s, and
the contra- and ipsilateral index fingers were stimulated one at a
time in separate runs in individually selected order. For details of
the number of subjects recorded in each condition see Table 1.

Data acquisition

EEG was recorded for sleep stage monitoring with silver-silver
chloride disposable electrodes placed at F4, P4 and Cz or P3. The
reference electrode was on the left mastoid and the ground on the
forehead. Electro-oculography (EOG) was recorded from two elec-
trodes, one above the left and the other below the right eye canthi.
MEG was simultaneously recorded with a whole-head helmet-shaped
sensor array consisting of 306 independent sensors: 204 gradiometers
and 102 magnetometers (Vectorview, Elekta Neuromag Oy, Helsinki,
Finland). BothEEG andMEGwere band-pass filtered at 0.03–257Hz.
The sampling rate was 987 Hz. The recording took place in a mag-
netically shielded room (ETS; LindgrenEuroshieldOy, Eura, Finland).
Procedure

Prior to the measurement, the three EEG and the two EOG
electrodes were attached, along with the ground and the reference
electrodes. A cloth cap was then applied over the electrodes. An
individual Cartesian coordinate system was defined with a three-
dimensional digitizer. The preauricular points determined the x-axis,
which pointed to the right. The nasion established the y-axis pointing
towards it. The z-axis pointed upwards. Four position indicator coils
were attached on the cloth cap. The coil positions were determined
with the digitizer. When necessary the baby was fed. In neonates,
only one hemisphere can be studied at a time, due to the large size of
the adult helmet. Thus, the device was tilted into supine position and
the baby was placed so that the right hemisphere was downwards
close to the sensors. In order to study both contra- and ipsilateral
activation, the stimulation was applied first to the contralateral (left)
hand and then changed to the ipsilateral (right) hand. One or two
researchers were in the room with the baby. The researcher held the
stimulator on the baby's index finger, observed the baby's behavior
and coded his/her alertness (eyes open/closed) and the behavioral
sleep stage onto special trigger channels linked to the raw data file.
The complete session with each baby lasted approximately 2 h. The
stimulation and the recordings started when the baby was asleep and
finished when the baby awoke. The babies were not sedated.

Analysis

The data were averaged off-line according to the sleep stages
(according to Prechtl, 1974). EEG, EOG and behavioral codingwere
used to determine the sleep stage. The sleep stage was characterized



Fig. 1. Multidipole model of the contralateral responses in quiet sleep with
an interstimulus interval of 2 s. (A) SEFs from a set of gradiometer channels
over the right hemisphere in one baby, showing the M60 and M200
deflections. (B) The top part illustrates the source waveforms of the M60 and
M200 ECDs; the goodness-of-fit (GOF) value is shown at the bottom. The
two dipole model explains well the data derived from the contralateral
hemisphere. (C) The isofield contour map of the M60 is projected on a
sphere. The M60 ECD (depicted by an arrow) is horizontally oriented and
points anteriorly. (D) The isofield contour map of the M200 ECD after
removing the activity of the M60 ECD. The M200 ECD is vertically
oriented, pointing superiorly, and its location is inferior to that of the M60
ECD. The contour step is 60 fT/cm, the dashed lines indicate magnetic flux
exiting the head and the solid lines magnetic flux entering the head.
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as quiet sleep (QS) when the baby had his/her eyes closed and a
regular respiration pattern, EEG showed high voltage low frequency
activity or trace alternant and there were no saccadic eye
movements in EOG. In active sleep (AS), the baby had his/her eyes
closed and had an irregular respiration pattern. Low-voltage high-
frequency signals were seen in EEG and saccadic eye movements in
EOG. Periods with non-reliable sleep staging and periods with
movement artifacts were left out of analysis (for more details of the
protocol, see Pihko et al., 2004). Themean for averaged responses in
each session was 250. A spatiotemporal signal space separation
method (Taulu and Simola, 2006) served to remove artifacts inMEG
in 14 babies. Vector projection removed the cardiac artifact in 2
babies.

The onset of the first response was visually determined from 10
to 14 superimposed gradiometer channel pairs overlying the
somatosensory areas (e.g., Fig. 1), as the time when its amplitude
exceeded the noise level. The equivalent current dipole (ECD)
model was calculated to estimate the location, strength and orien-
tation of the current source. A spherical head model was applied for
the analysis. The x-, y- and z-coordinates of the center of the sphere
in the head coordinate system were 0, 0 and 30 mm. On average, 19
channel triplets (range 16–23) over the area of interest represented
the magnetic field pattern. A time period of 100 ms before the
stimulus was used as the baseline for determining the amplitude of
various components. The signals were digitally low-pass filtered at
90 Hz prior to the analysis. The ECD with the strongest dipole
moment determined the peak latency of each deflection. The first
ECD, modeled at the peak of the early deflection, was removed from
the averaged data before determination of the second ECD.
Thereafter, a two-dipole model was constructed to study how well
the two ECDs accounted for the whole data. The average goodness-
of-fit (GOF, expresses the percentage of the data explained by the
ECD) for all dipoles was 88% (SD 7.7%). The GOF values of the
dipoles accepted for further analysis exceeded 65%. The source
orientations were compared in the y–z plane. The orientation of the
y-axis was considered 0 degrees and that of the z-axis 90 degrees.

A two-way analysis of variance (ANOVA) was used to study
the differences in the dipole strengths between the sleep stages and
between the different ISIs in QS. The strength of the ECDs that
could not be modeled with a dipole model was considered zero.
Post hoc comparisons were performed with Newman–Keuls test.
Peak latencies, ECD source locations and orientations were
evaluated with paired, two-tailed t-tests. Statistical significance
was considered when Pb0.05.

Results

Responses after contralateral stimulation

SEFs were successfully recorded and analyzed from the right
hemisphere in 19 babies in QS and 11 babies in AS after stimulation
of the left index finger (contralateral hand) with the 2-s ISI (Table 1).
The number of babies in each condition was less than 21 because not
all babies slept through both sleep stages in all stimulus conditions.
One baby was excluded from the analysis due to a problem with the
head digitization, hampering the dipole fitting.

In QS, the response generally consisted of two separate deflec-
tions (for a representative newborn, see Fig. 1). The first deflection,
M60, started to rise from the baseline at mean 32.4 (SD 5.1) ms and
peaked at 59.9 (9.9) ms. It could be modeled with an ECD in all 19
babies. The second prominent deflection, M200, peaking at 224.3
(34.1) ms, was visually detected in all 19 babies, but could not be
modeled with an ECD in one. The data could be well explained with
the two ECDs as shown in Fig. 1. In eight babies, an additional
deflection of opposite polarity to M60 was visually detected around



Table 2
Latencies, source strengths and source orientations of M60 and M200 ECDs
with the 2-s ISI

nM nV/nD Peak latency
(ms)

Strength
(nAm)

Orientation
(degrees)

QS M60 19 19/19 59.9 (9.9) 11.3 (6.3) 10.1 (20.3)
QS M200 19 19/18 224.3 (34.1) 11.6 (4.8) 80.8 (28.1)
AS M60 11 10/10 61.1 (9.6) 9.7 (4.5) 12.7 (25.3)
AS M200 11 10/5 216.8 (42.1) 7.6 (3.4) 92.8 (57.6)

Averages with standard deviations in brackets. nM indicates the number of
babies recorded in each condition; nV the number in whom the response was
visually detected; and nD the number of babies whose response could be
modeled with a dipole model. (QS=quiet sleep; AS=active sleep;
ECD=equivalent current dipole).
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120 ms; however, the field pattern was not dipolar and the response
was left out of further analyses. Because this response could not be
reliably modeled with an ECD, it was not removed from the data
before determining the M200 response.

In AS, the first deflection started to rise at 31.8 (3.5) ms. It peaked
at 61.1 (9.6) ms and could be modeled with an ECD in all but one of
the 11 babies, whereas M200 could only be modeled in five babies.
The latency of M60 did not differ between the sleep stages. The
latency of M200 could not be statistically compared between the
sleep stages because of the low prevalence of responses in AS. As in
QS a deflection around 120 ms that was visually detected in seven
babies was excluded from further analyses. The source strengths
differed between the sleep stages [ANOVA (n=10) main effect:
F(1,9)=11.09; Pb0.01]. In the post hoc comparisons, the M200
significantly decreased in AS (post hoc: Pb0.05), whereas the
change in the strengths of M60 was insignificant. The latencies and
the ECD strengths of the M60 and M200 are presented in Table 2.

Both the M60 and the M200 had dipolar field patterns (Fig. 1).
The first ECD pointed anteriorly [mean angle in the y–z plane, QS:
10.1 (20.3) degrees; AS: 12.7 (25.3) degrees], whereas the current
source underlying the M200 was directed superiorly [QS: 80.8
(28.1) degrees; AS: 92.8 (57.6) degrees] in both sleep stages (Figs. 1
and 2, Table 2). In QS, the average difference [72 (33) degrees] in the
orientation in the y–z plane betweenM60 andM200 was significant.
[t-test: Pb0.001 (n=18)]. The number of babies (five) in whom
M200 was recorded in ASwas inadequate for statistical comparison.

The source origin of the M60 corresponded to the approximate
location of the SI area both in AS and QS. The source of the M200
response was more inferior {mean difference 16 mm [Pb0.0001
(n=18)]} as well as more lateral {mean difference 7 mm [Pb0.01
Fig. 2. Somatosensory evoked responses to contra- and ipsilateral stimula-
tion in quiet (QS) and active (AS) sleep with an interstimulus interval of 2 s.
(A) The top part shows the SEFs in QS from a set of gradiometer channels
over the right hemisphere in one baby. The M60, pointed out with a line in
the waveform graph on the left, has been subtracted from the data before
modelling the M200. At the bottom, the isofield contour maps of the M60
and M200 are projected on spheres, showing the field patterns, as well as the
ECD (depicted with an arrow) orientations and approximate locations. (B) In
AS, corresponding responses, M60 and M200, were present. The ECDs
underlying these responses were similar in terms of orientation and location
than in QS; however, the M200 response and its ECD are smaller than in QS
(the size of the arrow depicting the ECD is proportional to its strength).
(C) A late ipsilateral response in QS is seen after stimulation of the right
index finger. The location of its ECD coheres with that of theM200 in QS and
AS. The contour step is 30 fT/cm, the red lines indicate magnetic flux exiting
the head and the blue lines magnetic flux entering the head.



Fig. 4. Source strengths with standard deviations of theM60 (white) andM200
(black) responseswith the three ISIs inQS. TheM200 is significantly attenuated
with the 0.5-s ISI compared with the longer ISIs. ⁎ Pb0.05, ⁎⁎ Pb0.001.
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(n=18)]} (Fig. 3) than the M60 source. The location of the M200 in
AS corresponded to that in QS, but could not be statistically com-
pared because of the low number of babies displaying M200 in AS.

Responses after ipsilateral stimulation

Cortical activity from the right hemisphere was also recorded after
stimulation of the right index finger (ipsilateral hand) in ten babies:
eight in QS and six inAS (Table 1). In QS, an early response at around
80 ms was visually detected in two babies and could be modeled in
one baby at 77 ms. The source origin was similar to that of the M60
seen after stimulation of the contralateral hand. The underlying
current pointed posteriorly. A more prominent later response was
visually detected in QS in seven out of eight babies. In five babies,
it could be modeled with an ECD peaking at 215.2 (46.1) ms. In
one baby, the underlying current orientation and source location
corresponded with those of the contralateral M60, while in the other
four the superiorly oriented dipole and more inferior location were
more similar to the source of the contralateral M200 (Fig. 2). In only
one baby were no ipsilateral responses detected in QS. In AS, no
responses corresponding to the M60 or M200 were detected.
However, similarly to contralateral stimulation, a 120-ms response
was seen in five out of six babies, but since the response was not
amenable for dipole modeling in four subjects, it was left out from
further analyses.

Effect of ISI on the contralateral responses

In QS, nine out of 11 babies received stimuli on the contra-
lateral hand with ISI of 0.5 s, ten with the 2-s ISI and all 11 with
the 4-s ISI. In AS, the number of babies was two, four and eight,
respectively (Table 1). Thus, the ISI-effect could be statistically
evaluated for QS only.

The source strengths of the responses were affected by the ISI
[ANOVA (n=8) main effect: F(2,14)=11.67; Pb0.002] (Fig. 4). A
Fig. 3. ECD locations of contralateral M60 andM200 (18 subjects, ISI 2 s) in
the coronal plane. The black triangles represent the M60 responses and the
white squares the M200 responses. The z-value indicates the inferior-
superior and the x-value the medio-lateral location. The M200 responses are
located significantly more inferiorly and more laterally than the M60
responses. Part of the variance in the locations is due to the varying sizes and
shapes of the newborns' heads.
two-way interaction for the ISI and the response (M60 and M200)
[F(2,14)=6.94; Pb0.01] indicated that the main effect for ISI
could be explained by the significantly smaller strength of the
M200 in the 0.5-s condition compared with both the 2-s ISI (post
hoc: Pb0.05) and 4-s ISI (Pb0.001) conditions. The difference in
the strengths of the M200 was not significant between the 2- and
the 4-s conditions. The M60 strength was not significantly affected
by the ISI. Latencies of M60 and M200 were not affected by the
ISI, nor were the locations or current dipole orientations.
Discussion

This study presents new evidence on the cortical generators
underlying the neonatal SEFs. As in our earlier studies, the source
location of the M60 corresponded to the contralateral SI cortex
(Pihko et al., 2005; Lauronen et al., 2006). The M200 originated
from a source inferior and lateral to the M60 source, suggesting its
generation at the SII. In adults, the orientations of the ECDs at the
SI and the SII are often nearly orthogonal: the SI ECD is oriented
horizontally and the SII ECD vertically, consistent with currents
perpendicular to the central sulcus and Sylvian fissure, respectively
(Hari et al., 1983, 1993; Karhu et al., 1991). Similarly, the neonatal
M60 was generated by a horizontal, anteriorly pointing source,
while the M200 ECD was vertical and pointed superiorly. These
results indicate that both the connections to and the neurons at the
SII are sufficiently developed to produce a detectable SEF response
at full-term birth. No responses from the contralateral SI with
underlying currents pointing posteriorly were seen within the first
100 ms, supporting the results from our earlier study concerning
the immaturity of somatosensory processing in neonates (Lauronen
et al., 2006). Thus, although both SI and SII can be activated by
tactile stimulation, the activation pattern is different from the
mature adult responses. The immature SI activation pattern remains
at least until 6 months of age (Lauronen et al., 2006).

In addition to the contralateral responses that were present in all
subjects, there was ipsilateral activation of SI as well as SII in some
babies. In two out of the eight babies in whom ipsilateral hand was
stimulated in QS, activity was found at the ipsilateral SI. In subdural
SEP recordings, ipsilateral activation of primary somatosensory
areas is seen in some adult subjects (Allison et al., 1989; Noachtar et
al., 1997). This ipsilateral activity – that is often significantly weaker
than the contralateral activity when present (Allison et al., 1989;
Noachtar et al., 1997) – is not generally detectable in adults with
MEG (e.g., Hari et al., 1984; Hari and Forss, 1999); however, in a
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minority of subjects, ipsilateral SEFs from SI are seen after electrical
stimulation of the median nerve at latencies around 50–100 ms
(Korvenoja et al., 1995; Kanno et al., 2003) and after tactile
stimulation at 60 ms (Zhu et al., 2007). In some cases, ipsilateral
sensorimotor activation has been shown to result from tactile
contamination of the contralateral hand (Hari and Imada, 1999),
which does not necessarily exclude true activation of ipsilateral
cortex in well-designed measurement settings. With fMRI, positive
blood oxygenation level-dependent (BOLD) responses have been
detected in area 2 and negative BOLD responses in area 3b to
ipsilateral stimulation in adults, contrary to a positive BOLD
response seen in both areas after contralateral stimuli (Hlushchuk
and Hari, 2006). In sedated newborns, BOLD changes in fMRI have
been studied after unilateral passive finger extension-flexion stimuli
activating cutaneous and proprioceptive receptors. Responses in SI
area did not significantly differ between contra- and ipsilateral
hemispheres, supposedly indicating immature cortical lateralization
of somatosensory processing (Erberich et al., 2006). Although
ipsilateral responses localized at SI were also seen in our study, they
were not constantly detected and had longer latencies than the
contralateral responses, thus differing significantly from the
contralateral responses. This temporal difference between the
contra- and ipsilateral SI responses would most likely be unnoticed
by fMRI due to poorer temporal resolution. Furthermore, since the
stimulation technique in the fMRI study was more robust than the
local tactile stimulus of our study, in the fMRI study a more
extensive cortical area was most likely activated. Nevertheless, both
results indicate that at birth the ipsilateral SI can be activated by
somatosensory stimulus.

In addition to the ipsilateral SI activation, a late ipsilateral
response in QS could be modeled in four out of eight babies with an
ECD. The ECD corresponded better with the contralateral M200
than the M60 in terms of latency, source location and source orien-
tation, suggesting a generator at the ipsilateral SII. Bilateral SII
activation after unilateral somatosensory stimulation is also
commonly detected in adult MEG studies (e.g., Hari et al., 1983;
Hari et al., 1984; Hari and Forss, 1999). As in our study with
newborns, the ECD modeling of the ipsilateral SII responses in
adults is often more difficult than modeling of the contralateral SII
responses, due to a smaller response and lower signal-to-noise ratio
(e.g.,Wikström et al., 1997). To our knowledge, activation of the
ipsilateral SII has not been previously reported in babies or infants.

The two main responses from the contralateral SI and SII had
different ISI dependencies in QS. The source strength of the M200,
from the SII, was significantly reduced and even vanished in three
babies with the shortest ISI of 0.5 s compared with the longer ISIs,
whereas the M60, from the SI, was not significantly affected. The
effect of ISI on SEFs has not been previously investigated in
newborns or older infants, and the SEP studies concerning ISI have
not considered the cortical generators (Desmedt and Manil, 1970;
Araki et al., 1999). However, in adults the SEFs from the SI and
SII have different ISI dependencies (Hari et al., 1990, 1993; Forss
et al., 1994; Wikström et al., 1996; Hamada et al., 2003). The first
SI response after electrical stimulation, N20m, is not significantly
diminished by shortening of the ISI from 4 s to 0.5 s. In contrast,
the subsequent SI responses, P35m and P60m, and particularly the
SII responses are diminished with the shorter ISIs (Hari et al.,
1993; Forss et al., 1994; Forss et al., 1995; Wikström et al., 1996;
Hamada et al., 2003). After tactile stimulation, the first prominent
cortical response seen at around 50 ms in adults diminishes with
shortening of the ISI in a similar manner as the P35m, which it
resembles also in terms of current orientation (Mertens and
Lütkenhöner, 2000). In addition, a later response peaking at 70–
100 ms has been found to be more affected by ISI, but its cortical
origin was not determined (Mertens and Lütkenhöner, 2000). The
ISI dependencies of the M60 and the M200 in newborns thus share
some common features with the adult SEFs from the SI and the SII,
respectively. Different experimental conditions (e.g., type of
stimulus and state of vigilance) complicate comparison between
the present study and these adult studies as discussed below.

In the present study, we used tactile stimulation of the index
finger, which has some advantages over the conventional electrical
median nerve stimulation. Tactile stimulation resembles a short-
lasting natural touch activating the cortical somatosensory area 3b.
In addition, with tactile stimulation artifacts caused by electric
stimulation of the small hand, inevitably very close to the MEG
sensors, can be avoided. In adults, the first prominent response after
tactile stimulation is at around 50 ms, generated by a posteriorly
pointing source (Mertens and Lütkenhöner, 2000; Hlushchuk et al.,
2004; Lauronen et al., 2006). An earlier response at about 30mswith
anterior orientation of currents is weaker and not always detected
(Lauronen et al., 2006). In newborns, the two types of stimuli differ
similarly: the first response at 30 ms seen after electrical stimulation
of the median nerve is not seen after tactile stimulation of the index
finger (Lauronen et al., 2006). The M60 is the first clear response
after tactile stimulation. A late response,M200 can be seen after both
electric and tactile stimulation in neonates (Pihko et al., 2005).

Development of SEP from infancy to adulthood has been
investigated by several authors and the neonatal N1 has been
shown to mature to the adult N20 (e.g., Desmedt et al., 1976;
Willis et al., 1984). However, only few have studied the effect of
ISI on SEPs in newborns or older infants (Desmedt and Manil,
1970; Araki et al., 1999), although it has been proposed that a
longer ISI is needed for reliable recording of evoked potentials in
young infants (Desmedt and Manil, 1970; George and Taylor
1991). For example, the N20 and P23 are most attenuated by short
ISI in the group of infants aged 0 to 6 months compared with older
infants (Araki et al., 1999). Desmedt and Manil (1970) investigated
the late SEP components peaking after 200 ms in newborns and
found their enhancement in QS even at an ISI of 8 s compared to a
4-s ISI, at least in some individuals. The studies on the develop-
ment of SEFs are few (Gondo et al., 2001; Lauronen et al., 2006)
and the effect of the ISI on SEFs has not been previously inves-
tigated in newborns or children. In the present study, we compared
the effect of ISI on SEFs at the group level. ISI had no effect on
M60, but M200 was attenuated with the 0.5-s ISI. The differences
between the 2- and 4-s ISIs in QS were insignificant even though
the ECD of M200 was slightly stronger with the longer ISI. There
are some practical advantages in using shorter ISIs since the
recording time cannot be easily extended beyond awakening. We
suggest 2 s to be the most suitable ISI for studying the M60 and
M200 SEF responses. In addition, an ISI as short as 0.5 s may be
useful for studying M60 in full-term newborns.

The effect of the sleep stage on the M60 was insignificant,
which agrees with results from adult studies where the subject's
vigilance does not significantly affect the earliest SI responses
(Kitamura et al., 1996; Hamada et al., 2003; Kakigi et al., 2003).
In our previous study in newborns, the amplitudes of vectorsums
(i.e. amplitude of the square root of the sum of squares of two
orthogonal gradients measured by the two planar gradiometers of
the MEG system used in this study) of M60 (P1) attenuated in AS
compared with QS (Pihko et al., 2004). This may indicate a weak
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tendency towards enhanced M60 in QS in neonates not reaching
the significance level in our study using ECD strengths. In adults,
attention enhances the SII responses (Hamada et al., 2003), while
the responses diminish in sleep, at least in stages 1 and 2 of non-
REM sleep (Kitamura et al., 1996; Kakigi et al., 2003). The
neonatal M200 and the late ipsilateral responses localized to SII
were also affected by the sleep stage. They were detected more
often in QS than AS, indicating enhancement in non-REM sleep.
As in our earlier study, the amplitudes of vectorsums for the M200
(P2) were larger in QS compared with AS (Pihko et al., 2004).
Nonetheless, comparison between adults and newborns is difficult
because the immature sleep stages of newborns cannot be exactly
compared with the sleep stages in adults. Furthermore, the new-
borns were not recorded in awake state, and SEFs in slow-wave
sleep (S3 and S4) and REM sleep have not been recorded in adults.

The enhancement of M200 in QS suggests that sleep stage affects
the functional connectivity within the somatosensory system of
newborns. In adults, it has been suggested with TMS-evoked
responses that in non-REM sleep the effective connectivity breaks
down and the brain activity does not spread as widely as in the awake
state (Massimini et al., 2005). Although in the neonates the facilitation
of the SII response in QS compared to ASmight reflect changes in the
effective connectivity of the primary and secondary somatosensory
areas in the different sleep stages, the mechanisms as well as possible
physiological significance remain unknown. Interestingly, it has been
argued that the sleep stages, especially AS, serve at least partly
different functions in newborns and adults (Marks et al., 1995). Further
studies on the development of the somatosensory responses with the
appearance of adult-like sleep patterns will be important for clarifying
the association between the response morphology and sleep stages.

Based on our results, we suggest that SI and SII are the origins
of the most prominent contralateral neonatal SEF responses M60
and M200, respectively. In QS, prominent cortical activation was
detected also after ipsilateral stimulation. The most probable
generators of the ipsilateral responses are the SII and sometimes
SI. The attenuation of the contralateral SII response with frequent
stimulation is in accordance with results from adults, but the effect of
the sleep stage compared with adults still remains to be confirmed.
The somatosensory system of a newborn appears to be mature
enough to produce constant, detectable SEF responses at the contra-
lateral SI and SII and sometimes from the ipsilateral SI and SII, but
certain features of the responses including the facilitatory effect of
QS on theM200 responses from the SII may represent immaturity of
somatosensory processing at this early state of development.
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