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ABSTRACT: Multichannel near-infrared spectroscopy (MNIRS) was
used for the functional imaging of the sensorimotor cortex of newborn
infants during passive knee and elbow movement under sedated sleep.
Contralateral knee and elbowmovement caused a marked increase in the
concentration of oxyhemoglobin ([oxyHb]) from the baseline values at
site within the sensorimotor area in all infants. During ipsilateral knee
and elbow movement, [oxyHb] showed smaller changes, equivalent to
64 � 23 and 66 � 28% of the changes that occurred with contralateral
stimulation, respectively. The mean times corresponding to maximal
changes in [oxyHb] were 16.1 � 3.3 s for contralateral knee movement
and 17.9 � 5.7 s for contralateral elbow movement. No significant
difference was noted between the mean latencies showing the maximal
changes in [oxyHb] between contralateral and ipsilateral movement.
There was a significant difference in the area and degree of response
between the contralateral and ipsilateral movement. MNIRS could be a
useful tool to understand the pathophysiology of the developing brain
and monitor cortical responses in various clinical situations. (Pediatr
Res 69: 430–435, 2011)

During development, the brain undergoes sequential ana-
tomical, functional, and organizational changes neces-

sary to support the complex adaptive behavior of a mature
normal individual. The delineation of developmental changes
occurring in different brain regions would provide a means of
relating various behavioral phenomena to maturation-specific
brain structures. Advancing our understanding of cerebral
structure-function relationships in the neonatal period is useful
for the early prediction of concomitant motor sequelae in
infants. We hypothesized that reliable and early cerebral
functional assessments are useful for tailored early interven-
tion and rehabilitation programs in NICUs or as a part of early
home intervention to maximize recovery in infants with brain
damage, especially regarding assessment of the effectiveness
of intervention and rehabilitation programs. Therefore, we
think that it is important to investigate the process of special-
ization of the brain to form functional areas in one hemisphere
(lateralization) to understand reorganization after brain injury.

Physiologic studies of lateralization have been reported
involving the frontal and temporal cortex of premature infants
(1–3), term infants (4,5), and 4-mo-old infants (6,7). These
studies used EEG, evoked potential, functional magnetic res-
onance imaging (fMRI), and near-infrared optical imaging to
detect the differences in cortical activation between the left
and right regions in the frontal and temporal cortex.
Near-infrared spectroscopy (NIRS) is a noninvasive method

for detecting changes in the concentrations of oxyhemoglobin
([oxyHb]), deoxyhemoglobin ([deoxyHb]), and total hemoglobin
([totalHb]). NIRS has been used to study functional activations of
various regions of the cortical area in the brain. This is based on
the assumption that an increase in recorded [oxyHb] represents
an increase in blood flow, which, in turn, reflects neural activa-
tion. Most studies in which NIRS was used to assess cortical
function have involved adult subjects. However, NIRS is more
easily applicable for neonates because the light more readily
permeates the neonatal head compared with the adult head be-
cause of its small size, and the measured values are less influ-
enced by layered structures, such as the scalp, skull, and cere-
brospinal fluid. In newborn infants, NIRS has been used to assess
the activities of the visual cortex (8–10), frontal cortex (11),
temporal cortex (7,12), and olfactory cortex (13) after repeated
light simulation, music stimulation, verbal stimulation, and odor
stimulation, respectively. Especially, NIRS has been used to
mainly asses the activation of the visual cortex induced by
checkerboard or flashlight stimulation in awake (8,14) and sleep-
ing (9,10,15–17) and at different ages ranging from 32 wk of
gestation to 4 mo. However, only a few studies have been
conducted on the somatosensory cortex in infants under passive
motor stimulation (1,2).
In this study, we used multichannel NIRS (MNIRS) to

monitor the activities of the sensorimotor cortex as mirrored
by hemodynamic responses in newborn infants subjected to
passive unilateral knee and elbow joint movement during
sedated sleep, and we investigated the differences between
cortical responses with such passive knee and elbow move-
ments. We previously demonstrated that this MNIRS method
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is feasible and safe in sensorimotor cortex studies involving
sedated preterm infants (1).

METHODS

The study was conducted involving two term infants and eight preterm
infants (GA, 24–41 wk; median age, 29.6 wk) on d 3–99 after birth (median,
d 6.0). Written informed consent was obtained from the parents of the infants,
and the protocol was approved by the ethical committee, Faculty of Medicine,
Kagawa University. Clinical data on the infants are shown in Table 1.

We used a 24 multichannel NIRS with 8 light-incident fibers and 8 detector
fibers, each with an interoptode distance of 2 cm (Hitachi Medico Co., Japan).
The light sources were two 0.5-mW continuous laser diodes with wavelengths
of 780 and 830 nm, respectively. The probes were placed in the left or right
parietotemporal region over the sensorimotor cortex.

Functional imaging tests were performed on infants who had been sedated by
the i.v. injection of thiamylal sodium (5 mg/kg) to prevent spontaneous move-
ment. An examiner then flexed and extended the infant’s knee joint or elbow joint
at a frequency of �0.7 Hz. All infants were monitored by pulse oximetry during
the examination. The infants were clinically in quiet sleep, although the sleep state
was not systematically assessed by EEG. This passive motor stimulation con-
sisted of 10 to 12 repetitions of movement, each lasting 15 s, followed by a 30-s
rest period. Prebaseline data were collected for 5 s. Data were collected every
0.1 s, averaged over 8 cycles, and smoothed. We measured the changes in
[oxyHb], [deoxyHb], and [totalHb] from prebaseline values.

Means and standard deviations of changes in each parameter were calcu-
lated from 8 to 10 trials in which continuous stable measurements were
possible. Changes in variables were determined from the means of values
measured during a 5-s period from the start of measurement, with the start and

endpoints of measurement (2.5 s before onset of the stimulus and 32.5 s after
end of the stimulus, respectively) set to zero. From the 24 source-detector
signals, the signal with the greatest change in [oxyHb] in each subject was
selected for group statistical analysis. Wilcoxon signed-rank test was used for
statistical analysis of changes in parameters from knee and elbow stimulation,
and p values � 0.05 were considered significant. For the analysis of activated
areas in each subject, the Mann-Whitney U test was used for the statistical
analysis of differences in [oxyHb] for all tasks in the prestimulation periods (5
s) and during or after stimulation periods (5 s with the greatest change in
[oxyHb] from 24 channels).

RESULTS

Figure 1 shows topographical image patterns of grand aver-
ages of [oxyHb], [deoxyHb], and [totalHb] during knee or elbow
stimulation in an infant. These figures show changes in focal
brain hemodynamics in the sensorimotor cortex. Contralateral
knee movement caused a marked increase in [oxyHb] and [to-
talHb] from the baseline values at almost all locations in the
sensorimotor area and a decrease in [deoxyHb]. During ipsilat-
eral knee movement, [oxyHb] and [totalHb] showed smaller
changes at a few locations compared with contralateral knee
movement. Contralateral elbow movement caused a marked
increased in [oxyHb] and [totalHb] in a more occipital area than
knee movement. However, the other subjects did not show the
same activation pattern. During ipsilateral elbow movement,
[oxyHb] and [totalHb] showed smaller changes at a few locations
compared with contralateral elbow movement. Figure 2 shows
the grand average of concentration changes for an infant as a
function of time. [oxyHb] increased gradually with contralateral
knee and elbow movement until reaching a peak at 15 and 18 s,
respectively, and then slowly returned to the baseline level after
the passive stimulus stopped. The changes in [totalHb] were
nearly the same as those in [oxyHb]. The decrease in [deoxyHb],
in contrast, began later than the changes in [oxyHb] and contin-
ued even after the stimulation stopped. During ipsilateral knee
and elow movement, [oxyHb] showed smaller changes at a few
locations, equivalent to 42 and 37% of the changes that occurred
with contralateral movement, respectively.
Table 2 shows changes in [oxyHb], [deoxyHb], and [to-

talHb] in response to knee or elbow sensorimotor stimulation

Figure 1. Dynamic two-dimensional images of
[oxyHb], [deoxyHb], and [totalHb] in an infant
(case 5). Images were taken when the [oxyHb]
signal peaked, showing the greatest changes
based on the 24 channel.

Table 1. Summary of clinical data for cases

Case
GA
(wk)

Birth
weight
(g)

Age
(d)

Clininal
diagnosis

Neurologic
sign (age)

1 40.0 1954 5 SFD Normal (5y)
2 41.0 3476 12 Asphysia Normal (8 mo)
3 32.3 1463 3 Twin Normal (6 mo)
4 32.3 2058 3 Twin Normal (6 mo)
5 35.7 2433 3 Asphyxia Normal (3 y)
6 31.4 1061 8 VLBWI Normal (5 y)
7 37.7 1790 5 RDS and PVL Spastic diplegia (6 y)
8 31.4 1290 7 RDS and PDA Normal (2 y)
9 26.7 503 99 SFD MR (6 y)
10 24.1 740 50 RDS Normal (6y)

MR, mental retardation; PDA, patent ductus arteriosus; PVL, periventricu-
lar leukomalasia; SFD, small for date.
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Figure 2. The grand average of concentration
changes in one subject as a function of time. The
average from 10 trials in an infant (case 5). (A)
The results of channel 6 during contralateral
knee stimulation, (B) the results of channel 2
during ipsilateral knee stimulation, (C) the re-
sults of channel 5 during contralateral elbow
stimulation, and (D) the results of channel 9
during ipsilateral elbow stimulation. The arrow
indicates the 15-s passive sensorimotor stimula-
tion period. Changes in [oxyHb], [deoxyHb],
and [totalHb] are given in mM�mm. The red,
blue, and green line indicates [oxyHb], [de-
oxyHb], and [totalHb], respectively.

Table 2. Changes in �oxyHb�, �deoxyHb�, and �totalHb� in response to knee or elbow sensorimotor stimulation

Case Hemisphere

Contralateral Ipsilateral

Channel

oxyHb deoxyHb totalHb

Channel

oxyHb deoxyHb totalHb

Time
(s) mM�mm

Time
(s) mM�mm

Time
(s) mM�mm

Time
(s) mM�mm

Time
(s) mM�mm

Time
(s) mM�mm

Knee
stimulation

1 Lt 20 10.9 0.060 7.6 0.019 9.4 0.075 12 14.4 0.042 28.7 �0.020 13.3 0.032
Rt 2 12.5 0.061 6.9 0.023 12 0.074 2 12.3 0.034 19.9 �0.020 9.2 0.020

2 Lt 8 8.1 0.031 7 0.021 7.7 0.052 13 18.1 0.037 7.2 �0.008 17.5 0.034
Rt 5 13.8 0.079 18 0.018 14.6 0.087 14 13 0.050 13.2 0.041 13 0.091

3 Lt 10 14.1 0.068 9.8 0.022 9 0.081 9 9.8 0.027 9.8 �0.009 5.2 0.024
4 Rt 5 13.8 0.041 7.1 0.023 11 0.058 1 12.1 0.025 8.8 0.033 11.6 0.057
5 Rt 6 15.2 0.198 20.7 �0.115 10.9 0.173 2 13.7 0.084 20 �0.037 12.1 0.057
6 Lt
7 Lt 13 7.7 0.021 20.3 0.012 7.8 0.026

Rt 5 8.3 0.065 10.8 �0.031 6.4 0.053 5 7.9 0.040 9.1 �0.023 5.4 0.028
8 Rt 12 14.7 0.049 13.9 0.012 14.3 0.060
9 Lt 3 6.7 0.119 7.9 0.029 10 0.135
10 Rt 2 7 0.138 7.2 0.066 7.9 0.201 4 8.5 0.085 15.4 0.033 8.8 0.112

mean 11.1 0.078 11.4 0.008 10.1 0.090 12.2 0.047 14.7 �0.001 10.7 0.051
S.D. 3.3 0.051 5.4 0.044 2.6 0.053 3.2 0.022 7.1 0.029 4.0 0.032

Elbow
stimulation

1 Lt 9 10.8 0.108 6.5 0.045 8.8 0.139
Rt 2 7.7 0.038 20.9 �0.042 7.3 0.019

2 Lt 2 12.9 0.081 18.7 �0.034 10.4 0.058 16 4.7 0.034 3.6 0.022 3.6 0.055
Rt 2 5.4 0.059 3.5 0.016 5.4 0.073 2 10.1 0.043 4.1 0.018 4.4 0.053

3 Lt
4 Rt 9 22.1 0.035 9.4 0.012 19.5 0.034
5 Rt 5 17.5 0.260 22.8 �0.085 16.6 0.213 9 10.7 0.097 17.6 �0.031 8.9 0.086
6 Lt 6 12.7 0.096 14.1 �0.036 10.5 0.070 7 12.3 0.049 25.6 �0.020 10.9 0.043
7 Lt 14 8 0.029 14.3 �0.012 7.7 0.023

Rt 5 11 0.066 12.9 �0.047 7.5 0.030 11 11.5 0.053 2.7 0.029 3 0.073
8 Rt 2 10.3 0.038 12.2 �0.006 7.8 0.034
9 Lt 3 12.5 0.133 9.1 0.044 12.6 0.170
10 Rt 6 24 0.065 6.9 0.022 21.7 0.068 18 5.2 0.072 6.5 �0.060 4.2 0.013

mean 12.9 0.084 12.6 �0.010 11.3 0.078 9.1 0.058 10.0 �0.007 5.8 0.054
S.D. 5.7 0.064 6.0 0.040 5.3 0.063 3.3 0.023 9.4 0.036 3.3 0.025

Number of channel (ch), time to peak (t min and t max), mean changes in �oxyHb�, �deoxyHb�, and �totalHb�. Values were taken when the �oxyHb� signal
peaked, showing the greatest changes, based on the 24 channels.
ch, channel; deoxyHb, deoxyhemoglobin; hemi, hemisphere; Lt, left; oxyHb, oxyhemoglobin; Rt, right; totalHb, total hemoglobin.
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in all infants. In all infants, there were increases in [oxyHb]
and [totalHb]. The average changes in [oxyHb] during the
respective peak responses were 0.078 � 0.051 (SD) mM�mm
for contralateral knee movement, 0.047 � 0.022 mM�mm for
ipsilateral knee movement, 0.084 � 0.0 64 mM�mm for
contralateral elbow movement, and 0.058 � 0.023 mM�mm
for ipsilateral elbow movement. During ipsilateral knee and
elbow movement, [oxyHb] showed weaker changes, equiva-
lent to 64 � 23 and 66 � 28% of the changes that occurred
with contralateral movement, respectively. The average
changes in [oxyHb] during ipsilateral knee or elbow move-
ment were significantly lower than during contralateral knee
or elbow movement. The mean times corresponding to max-
imal changes in [oxyHb] were 11.1 � 3.3 s for contralateral
knee, 12.2 � 3.2 s for ipsilateral knee, 12.9 � 5.7 s for
contralateral elbow, and 9.1 � 3.3 s for ipsilateral elbow
movement, respectively. The mean time corresponding to
maximal changes in [oxyHb] were not significant between
contralateral and ipsilateral knee elbow movement.
Figure 3 shows a summary of individual p values for

[oxyHb] between the prestimulation and stimulation periods
for all tasks in all 24 channels, and directions of changes in
[oxyHb], either increases or decreases. Knee joint movement
caused a marked increase in [oxyHb] in a larger or the same
area of the contralateral than ipsilateral area in cases 1, 3, 4, 5,
7, and 10. Elbow joint movement caused a marked increased
in [oxyHb] in a larger or the same area of the contralateral
than ipsilateral area in cases 2, 5, 6, 7, and 10.

DISCUSSION

This study revealed that the bilateral sensorimotor area
function in response to passive motor stimulation of the knee
and elbow joint can be imaged and evaluated even in newborn
infants during sleep under sedation. The results showed that
the typical responses in sensorimotor area cortex activation
are an increase in [oxyHb] and [totalHb] and a slight decrease
in [deoxyHb]. Villringer and Chance (18) described the sig-
nificance of [oxyHb] and [deoxyHb] changes during neural
activation. They reported that there is a decrease in [oxyHb]
and corresponding increase in [deoxyHb] for a few seconds
after stimulus onset, in which oxygen is consumed. However,
such changes were not observed in this study. Next, when
regional cerebral blood flow increased, there was an increase
in [oxyHb] and often a decrease in [deoxyHb] because of
washout. The relative contribution of these two effects deter-
mines whether [deoxyHb] increases or decreases, as was
confirmed by the results of this study.
In this study, the mean times corresponding to maximal

changes in [oxyHb] were 11.1 s for contralateral knee, 12.2 s
for ipsilateral knee, 12.9 s for contralateral elbow, and 9.1 s
for ipsilateral elbow movement, respectively. No significant
difference was noted between the mean latencies showing the
maximal changes in [oxyHb] between the contralateral and
ispilateral movements. Studies of the response in the sensori-
motor cortex to a motor task in adult humans using NIRS
showed that [oxyHb] reached a peak at about 6–8 s after the
start of the task (19,20). Compared with results using adult

subjects, these response times are slower. The difference in the
response times of infants and adults reflects a different func-
tional organization of the sensorimotor cortex in infants or
on-going myelin and synapse development and neurovascular
coupling. In an animal study of the somatosensory cortex in
rats, by comparing fMRI measurements with electrophysio-
logical recordings, advancing age was associated with an

Figure 3. Summary of individual p values for [oxyHb] between the pre-
stimulation and stimulation periods of all tasks in all channels. RT, right
hemisphere measurement; LT, left hemisphere measurement. Number indi-
cates measurement channel number. Red and blue channels in each panel
indicate increments and decrements of [oxyHb], respectively. The intensity of
the color shows p values; the thin line, bold line, and solid color indicates p �
0.05, p � 0.01, and p � 0.001, respectively.
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increase in the amplitude of the blood oxygenation level-
dependent (BOLD) signal and a decrease in the time to the
peak of the BOLD signal from postnatal d 13 to adulthood
(21). The maturation of the hemodynamic response was cor-
related with the age-dependent increases in susceptibility to
inhibition of carbonic anhydrase. These results suggest that
dynamic neurovascular coupling is genuinely slower in
younger animals than adults, and that both the onset and
duration of the hemodynamic response are affected by age. In
humans, an imaging study using positron emission tomogra-
phy reported that absolute values of local cerebral metabolic
rates for glucose (CMRGlc) for the sensorimotor cortex were
low at birth and rapidly increased to reach adult levels by 2 y
(22,23). Kinnala et al. (24) showed that CMRGlc was corre-
lated with the postconceptional age in infants. Other studies of
regional cerebral blood flow in infants also demonstrated a
significant increase during this period (25–27). Furthermore,
corticospinal axon conduction velocities are lower in preterm
and term neonates than in older children and adult subjects
(28). Thus, the cerebral maturation process may play a critical
role in the hemodynamic response during passive somatosen-
sory stimulation.
We observed ipsilateral activation of the sensorimotor cor-

tex in infants during passive knee or elbow stimulation. Heep
et al. (3) also showed that passive forearm extension and
flexion in sedated preterm infants at a term-equivalent age
resulted in bilateral positive or negative BOLD signal activa-
tion in the primary sensorimotor cortex, measured using
fMRI. Other fMRI studies showed activation of the ipsilateral
sensorimotor cortex in preterm and term infants with a mean
postconceptional age of 42 wk (5,29).
In this study, there was no lateralization regarding the

maximum response times of [oxyHb], but there was lateral-
ization for areas and the degree of response during passive
knee or elbow stimulation. An fMRI study (5,29) reported that
passive sensory motor stimulation of the hand involving 22
neonates resulted in a slight hemispheric dominance of the
somatosensory area for the contralateral side. Furthermore, a
comparison of positive and negative BOLD distributions
showed a stronger contralateral contribution from positive
responses in both hands. These results are comparable with
ours in that there is lateralization regarding the degree of
response during passive stimulation. However, a comparison
of the area distribution of left and right hemisphere BOLD
changes with hand stimulation revealed nonsignificant hemi-
spheric specialization (5). The reasons for the difference in the
distribution of results between MNIRS and fMRI may depend
on the differences of method. 1) The time resolution of
MNIRS is superior to that of fMRI, but the spatial resolution
of MNIRS is inferior to that of fMRI, and MNIRS also gives
no information on the depth of the brain from the scalp. 2) The
BOLD signal is derived from changes in [deoxyHb], but
MNIRS can measure changes in [oxyHb] and [deoxyHb]
separately. Then, 12 examinations in this study showed sig-
nificant increase of [oxyHb] in the contralateral cortex, and
eight of nine examinations showed significant increase of
[oxyHb] in the ipsilateral cortex during knee stimulation.
During elbow stimulation, all 12 examinations revealed a

significant increase of [oxyHb] in the contralateral cortex, and
four of six examinations showed significant increase of
[oxyHb] in the ipsilateral cortex. These positive rates of
results are higher than in an fMRI study (5). However, it is
difficult to use MNIRS to detect the response in restricted
cerebral regions.
The use of MNIRS is expected to facilitate investigation of

the physiology of the developing brain and the brain’s re-
sponse to damage in premature infants, because MNIRS is a
noninvasive imaging tool that allows the identification of
task-related activation changes not only in the term neonatal
brain but also premature brain in the NICU. However, further
studies using MNIRS are needed for the neurological assess-
ment of infants with brain damage.
This study has shown that lateralization of the sensorimotor

area function in response to passive motor stimulation of the
knee and elbow joint can be imaged and evaluated even in
newborn infants during sleep under sedation. Data obtained
using MNIRS should be useful for understanding the patho-
physiology of the developing regional brain and the brain’s
response to damage in various clinical situations.
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