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Abstract: Brain activity is associated with physiological changes, which alter the optical properties of
tissue. These changes can be detected by near-infrared spectroscopy (NIRS). Aim of the study was to
determine changes in cerebral oxygenation in response to stimulation in the visual cortex in newborn
infants during spontaneous sleep in the first days of life. We used an in-house developed multichannel
NIRS imaging instrument, the MCP-II, to measure changes in concentration of oxyhemoglobin (O2Hb)
and deoxyhemoglobin (HHb) in specific brain areas. In 10 out of 15 subjects, a significant increase in
O2Hb and/or a significant decrease in HHb were found in one or more channels over the occipital
cortex. During stimulation, O2Hb increased by a mean of 0.98 mmol/l, HHb decreased by a mean
0.17 mmol/l, and total-Hb increased by a mean of 0.81 mmol/l. The hemodynamic response to visual
stimulation in the occipital cortex in newborn infants is similar to adults. The increase in O2Hb and the
simultaneous decrease in HHb during stimulation suggest an increase in cerebral blood flow (CBF)
that overcompensates for the increased oxygen consumption (CMRO2) in the activated cortical area.
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INTRODUCTION

Brain activity is associated with physiological changes,
which alter the optical properties of tissue. These changes
can be detected by near-infrared spectroscopy (NIRS). This
is a technique that can be used in fragile newborn infants,
because it is portable and noninvasive. NIRS has the
potential to provide insights into the origin of neonatal
brain lesions, as well as into functional development of

both the normal and abnormal brain. It is clinically impor-
tant to assess the normal development of the brain anat-
omy and function in order to detect abnormalities in the
early infantile period [Konishi et al., 2002].
Functional changes in the adult human brain were

detected by several groups, mainly measuring responses to
visual stimulation over the occipital region [Hoshi, 2003;
Hoshi and Tamura, 1993; Kato et al., 1993; Meek et al.,
1995; Villringer and Chance, 1997; Villringer et al., 1993;
Wolf et al., 2003]. These demonstrated localized increases
in oxyhemoglobin (O2Hb) during stimulation with a corre-
sponding decrease in deoxyhemoglobin (HHb) as a typical
pattern for an increase in cerebral blood flow (CBF). This
was consistent with a positive blood oxygenation level-
dependent (BOLD) functional magnetic resonance imaging
(fMRI) signal during activation as found in simultaneous
NIRS and fMRI studies [Kleinschmidt et al., 1996; Toronov
et al., 2001].
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A part of the visual cortex is responsive to visual stimu-
lation from birth in neonates and infants and can be detect-
ed using fMRI [Martin et al., 1999]. Born et al. [1996, 1998]
reported that flickering light stimulation induced a BOLD
signal decrease in the occipital region in infants, which
was different from the BOLD signal increase in adults, and
the localization of the activation was age-dependent. Fur-
thermore, Yamada et al. [1997, 2000] reported an inverse
response in infants that is related to the period of rapid
formation of synapses in the white matter.
In infants, NIRS has been used to asses the activation of

the visual cortex induced by a checkerboard or flashlight
stimulation [Hoshi et al., 2000; Meek et al., 1998; Taga et al.,
2000, 2003a,b] in awake [Meek et al., 1998; Taga et al.,
2003b] and sleeping infants [Hoshi et al., 2000; Konishi
et al., 2002; Kusaka et al., 2004; Taga et al., 2003a] and at dif-
ferent ages ranging from the 32 weeks of gestation until 4
month. Different responses have been seen due to different
behavioral state and postnatal age. As pointed out in detail
in the discussion section, relatively little and controversial
information exists on the hemodynamic responses to visual
stimulation in the visual cortex of the neonatal brain [Hoshi
et al., 2000; Konishi et al., 2002; Kusaka et al., 2004; Meek
et al., 1998; Taga et al., 2003a,b]. Therefore, the idea was to
start investigations in a homogeneous and healthy popula-
tion to increase the body of evidence and in future studies
proceed to identify the most important factors affecting the
response. The aim of this study was to determine changes
in cerebral oxygenation in response to brief visual stimula-
tion in the visual cortex in newborn infants during sponta-
neous sleep during the first days of life.

MATERIALS AND METHODS

Subjects

We studied 20 healthy (12 male, 8 female) term neonates
during the first 10 days of life. Median gestational age was
39 weeks (range 37–42 weeks). The median postnatal age
at the time of the measurement was 5.5 days (range 2–9
days). The prenatal and postnatal courses were uncompli-
cated in all of these infants. The study protocol was

approved by the local ethics committee and before each
study, written informed parental consent was obtained.

Protocol

Visual stimulation was elicited by red lights (LEDs),
flashing at a frequency of 0.5 and 1 Hz, held at approxi-
mately 5 cm in front of the eyes. Both eyes were stimu-
lated simultaneously. Stimulation periods of 20 s were
alternated by rest periods of approximately 20 s. In each
infant, two stimulation ‘‘runs,’’ each consisting of 10 con-
secutive stimulation and rest periods, were performed
with a prolonged rest period of several minutes in
between. In half of the infants, the stimulation rate was set
at 0.5 Hz during the first run and to 1 Hz during the sec-
ond run, and vice versa for the other half of the infants.
The centre of the sensor was positioned 1 cm above the
inion. The sensor was fixed with an elastic strap and cov-
ered with dark cloth to prevent external light interference.
The measurements were performed during spontaneous
sleep after feeding in a dimly lit room. The criteria used
for behavioral states of the newborn infant according to
Prechtl [1974] were closely monitored at the bedside.

Instrumentation

An in-house developed multichannel NIRS imaging
instrument, the MCP-II, was used. The novelty of this
instrument, its algorithms and how this instrument com-
pares to other instruments, is described in detail in the
paper of Haensse et al. [2005]. In brief, the measuring unit
of the MCP-II allows the simultaneous acquisition of up to
48 channels with a sampling rate of 100 Hz. A Linux note-
book was used to record and display the data. The stimu-
lation unit can generate stimulation patterns that were
synchronized with the NIRS measurements, for different
types of stimuli (e.g., visual, auditory, and tactile). The
NIRS sensor contains four light sources and four detectors,
covering an area of 2.5 cm by 3.75 cm as shown in Figure 1.
Each light source contains light emitting diodes (LEDs) of
wavelengths 730 and 830 nm. The light sources are time
multiplexed, i.e. only one source is on at a time. After
propagation through the tissue, the light is detected by a
photodiode. This configuration allows the measurement of
O2Hb and HHb concentration changes in up to 16 different
locations simultaneously, providing a differentiated re-
gional mapping of hemodynamic changes. For the current
study, the 10 light paths shown in Figure 1 were consid-
ered. Because of the low intensity, the (incoherent) light is
harmless for the newborn’s skin and eyes, and tissue heat-
ing is negligible. The sensor was molded in soft silicon for
comfortable attachment on the neonatal head. The algo-
rithm used to quantify the changes in O2Hb and HHb
assumes a homogenous change in a homogenous tissue.
Since the tissue is layered and the activation is localized
the quantification of O2Hb and HHb is not quantitatively
correct, i.e. the size of the change is underestimated. This
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has to be kept in mind, when looking at our results. How-
ever, in functional studies the quantification is not impor-
tant, because we are mostly interested, whether there is a
significant response. Since many other publications are
using the same algorithm and have published their values,
we supply our values for comparison.

Data Analysis

From the measured light intensities, changes in O2Hb

and HHb were calculated using the modified Beer–

Lambert law assuming a differential path length factor of

4 [Wyatt et al., 1990]. An example of unprocessed O2Hb

and HHb concentrations is shown in Figure 2. In addition

to the arterial pulsations, with a frequency around 2.5 Hz

(�150 bpm), large, spontaneous fluctuations with a period

approximately 10 s, presumably due to vasomotion, are

observed. In order to remove the arterial pulsations and

the fluctuations caused by the respiration, the signals were

low pass filtered using a fourth-order Butterworth filter

with cut-off frequency of 0.25 Hz. The filtered signals were

then detrended by subtracting a moving average over a

40-s period from the signals. From the resulting signals,

the O2Hb and HHb concentrations during the last 10 s of

each artifact free stimulation period were averaged and

compared to the concentrations during the 10 s preceding

the stimulation. For each channel and stimulation run, the

average change in O2Hb and HHb concentrations was cal-

culated and the statistical significance of the difference

was assessed using the paired Wilcoxon sign rank test.

RESULTS

We obtained data from 15 (10 male, 5 female) infants.
Five other infants were not included in the study because
we could not obtain sufficiently reliable data due to head
movement during measurement. The clinical data and
average change in O2Hb and HHb concentration in
response to visual stimulation for each neonate are shown
in Table I. In 10 out of these 15 subjects, a significant
increase in O2Hb was found in one or more channels over
the occipital cortex. A significant decrease in HHb was

Figure 1.

Position of the light sources (circles S1, S2, S3, S4) and detectors

(squares D1, D2, D3, D4) on the head of an infant. The center

of the sensor was positioned 1 cm above the inion. [Color fig-

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

www.interscience.wiley.com.]

Figure 2.

Example of (unprocessed) NIRS signals from infant 7: left side: concentration changes of O2Hb

(upper trace) and HHb (lower trace). The square wave indicates when the visual stimulation is

on. On the right side: extended time scale with visualisation of pulse wave in O2Hb. [Color fig-

ure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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observed in 5 out of 15 infants. A topological representa-
tion of the averaged concentration changes in the different
channels for a typical measurement is shown in Figure 3.
The global average of all significant responses among all
channels and subjects is shown in Figure 4. During stimu-
lation, O2Hb increased by a mean of 0.98 mmol/l, HHb
decreased by a mean 0.17 mmol/l, and total Hb increased
by a mean of 0.81 mmol/l. A color-coded image of the con-
centration changes (mmol/l) of (a) O2Hb and (b) HHb due
to visual stimulation (data from the same infant as in
Fig. 3) is shown in Figure 5. The color coding corresponds
to the average concentration change between the last 10 s
of each artifact free stimulation period and during the 10 s
preceding the stimulation.

DISCUSSION

We demonstrated a hemodynamic response in the visual
cortex in newborn infants using functional NIRS during
their first days of life. In our study we found an increase
in O2Hb and a decrease in HHb which is similar to the
findings in adults but different to the response in infants
observed in other studies [Hoshi et al., 2000; Konishi et al.,
2002; Kusaka et al., 2004; Meek et al., 1998].
The normal pattern, when adults are studied with NIRS,

is an increase in O2Hb and tHb and a decrease in HHb
during visual stimulation [Meek et al., 1995; Villringer
et al., 1993] which is in agreement with fMRI and PET
studies [Fox and Raichle, 1984; Kleinschmidt et al., 1996].
These changes are usually interpreted as an increase in
oxygen consumption (CMRO2) in the activated area of the
brain, which is closely followed by an increase in CBF.
The latter is so large that there is a higher oxygen concen-
tration in the activated tissue than before the activation.

In infants, various changes in the direction of O2Hb and
HHb have been observed in the activated area [Meek
et al., 1998; Hoshi et al., 2000; Konishi et al., 2002; Taga
et al., 2003ab; Kusaka et al., 2004]. Meek et al. [1998] found
an increase in total Hb (the sum of O2Hb and HHb), which
indicates an increase of both CMRO2 and CBF. Other find-
ings were an increase in O2Hb, while changes in HHb
differed in the subjects [Hoshi et al., 2000; Taga et al.,
2003a] or a decrease in both O2Hb and HHb [Kusaka
et al., 2004], which indicates a decrease in CBF, although
photostimulation induces neural activation and a higher
CMRO2. In the study of Konishi et al. [2002], a hemody-
namic response was only found in newborns but not in
infants aged 1 month [Konishi et al., 2002].
Thus there is a remarkable variation between the results

in infants in the literature. The reason for this could be the
differences in patterns of photostimulation, behavioral
state (natural sleep, sedation, awake), gestational and post-
natal age [Kusaka et al., 2004], or different localization of
activation. We will consider the influence of the different
factors below and compare the results also to those of
previous fMRI studies.

Stimulation Pattern

In fMRI and NIRS studies different types of stimuli
were used for visual brain function in adults and infants
[Born et al., 1998; Colier et al., 2001; Meek et al., 1998;
Takahashi et al., 2000; Villringer et al., 1993]. In adults the
size of the activated area depends on the type of the stim-
ulus which was maximal for the checkerboard paradigm,
but the physiological effect responsible for the observed
stimulus dependence could not be clarified [Kruger et al.,
1998]. The sensitivity to stimulation at higher frequencies

TABLE I. Clinical data and average change in O2Hb and HHb concentration in response to visual

stimulation for each neonate, only given for significant (p < 0.05) changes

ID Gender Birth-weight
GA at birth

(weeks – days)

Age at
measurement

(days)
State of
alertness

Number of channels
with significant change
(p < 0.01) (1st/2nd run)

DO2Hb
(mmol/l)

DHHb
(mmol/l)

1 M 2780 38, 1/7 9 Quiet sleep 1/1 +0.54 �0.28
2 M 2780 38, 1/7 8 Quiet sleep 4/2 +1.54 �0.07
3 M 3490 41, 1/7 5 Sleep (movements) 2/0 +0.38 �0.14
4 M 3970 40 4/7 8 Quiet sleep 4/0 +0.80 �0.24
5 M 3370 40, 1/7 7 Superficial sleep 0/0
7 F 4020 42, 0/7 2 Quiet sleep 0/7 +1.35 �0.70
8 M 3290 38, 0/7 4 Superficial sleep 1/0 +1.23 �0.45
9 F 3890 41, 0/7 6 Quiet sleep 0/0
10 F 2550 37, 1/7 3 Quiet sleep 7/5 +0.97 �0.06
13 M 3550 38, 1/7 6 Indeterminate sleep 0/0
14 M 4130 40, 4/7 3 Quiet sleep 0/0
16 F 3640 38, 2/7 4 Quiet sleep 0/4 +1.03 �0.21
17 F 3580 39, 3/7 3 Active/indeterminate

sleep
0/4 +0.63 +0.36

18 M 3500 38, 4/7 7 Quiet sleep 0/0
20 M 3210 41, 2/7 7 Quiet sleep 2/0 +1.40 �0.01
Mean 10 M, 5 F 3450 39, 4/7 5 +0.98 �0.17
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is known to increase in the first month of life [Apkarian,
1993; Fiorentini and Trimarchi, 1992]. In children under
the age of 48 weeks postmenstrual age (PMA), the largest
activated areas were achieved with stimulation at 1 Hz,
whereas in the older children, activation at 8 Hz was
stronger than that at 1 Hz [Born et al., 2000]. This is
similar to the findings in adults, where rCBF at 1 Hz was
undistinguishable from the unstimulated condition [Fox
and Raichle, 1984]. In previous NIRS studies on visual
brain function in infants different types of stimuli were
used such as a checkerboard reversing at a frequency of
5 Hz [Meek et al., 1998; Taga et al., 2003b] and flashing
light at a frequency from 8 to 14 Hz [Hoshi et al., 2000;
Konishi et al., 2002; Kusaka et al., 2004; Taga et al., 2003a].
We used flashing red LED goggles with a frequency of 0.5–1
Hz, because according to the visual evoked potential
(VEP) studies in preterm infants [Eken, 1996], the hemody-
namic response in newborn infants can also be detected at
slower stimulation frequencies. This as well as the high
signal-to-noise ratio of our instrument may be explanations
for comparably lower mean concentration changes in
O2Hb and HHb in our study. It seems that the stimulus
frequency is a significant determinant of the hemodynamic
response in the visual cortex, but whether the direction

(increase or decrease) of changes in the NIRS parameters
depends on the pattern of photostimulation is still unclear.

Age Dependence

When comparing most of the previous NIRS studies to

fMRI studies, the results are surprising. Infants older than
8 weeks showed a stimulus induced BOLD signal decrease
(¼HHb increase) in the visual cortex, whereas infants
younger than 7 weeks showed a signal increase (¼HHb

decrease) [Yamada et al., 2000]. These findings were con-
firmed by Kusaka et al. [2004] and Konishi et al. [2002]. It
was hypothesized, that the inverse response in infants may
represent rapid synapse formation in the visual cortex dis-

proportionate to the oxygen delivery. Martin et al. [1999]
concluded from the results of their study that the absence
of any BOLD contrast signal in neonates must be due to a

combination of immature vascular response and low re-
sponsiveness of the primary visual area in this age group.
This might be an explanation why we found a response
only in 10 out of 15 infants.
NIRS studies have been performed within inhomogene-

ous groups of infants at different ages ranging from 32
weeks of gestation to 4 month postnatal age [Hoshi et al.,

Figure 3.

Topological representation of the averaged hemodynamic responses to visual stimulation in infant

7. Each plot corresponds to a light bundle, identified by source (S1, S2, S3, S4) and detector

(D1, D2, D3, D4) number, positioned as shown in Figure 1. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]
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2000; Konishi et al., 2002; Kusaka et al., 2004; Meek et al.,
1998; Taga et al., 2000, 2003a,b]. It was postulated that the
difference in changes in O2Hb and HHb has been due to
the different ages but Taga et al. [2003a,b] found the same
response in newborn infants as well as in infants as young
as 2 month of age. These results are in accordance with
the increase in O2Hb and decrease in HHb as in our new-
born infants during their first 10 days of life. In two NIRS
studies in infants, after auditory stimulation there was
always an increase in O2Hb, while HHb varied between
an increase or decrease [Sakatani et al., 1999; Zaramella
et al., 2001]. There may be an age-dependency in the
changes in HHb, but not that much in O2Hb.

Behavioral State

The measurements in our study were performed during
spontaneous sleep after feeding. Although in previous
studies it was hypothesized that sedation or state of alert-
ness and attention may profoundly affect the hemody-
namic response to visual stimulation [Joeri et al., 1996;
Lindauer et al., 1993], it has been shown that sedated and
unsedated children showed a similar response to visual
stimulation [Born et al., 1998; Martin et al., 1999; Yamada
et al., 2000]. Taga et al. [2003a,b] observed the same hemo-
dynamic response to visual stimulation over the occipital
cortex in sleeping newborn infants as well as in awake
infants as young as 2 months of age. Thus, it is unlikely
that the behavioral state alone is the cause of different
responses. However, spontaneous sleep has an effect on
the shape and latency of visual evoked potential in infants
[Apkarian, 1991; Mercuri et al., 1995] and sleep stages
influence the cerebral hemoglobin concentration [Munger
et al., 1998]. Born et al. [2002] comparing sleeping and
awake adults using two different brain mapping techni-
ques found a decrease in CBF in the visual cortex in the

group of sleeping adults and a different localization of
activation. This comparison of brain activation has not
been performed in infants.

Difference in the Localization of Activation

Simultaneous NIRS and fMRI studies have shown that a
displacement of less than 1 cm can result in a substantial
loss of NIRS signals [Kleinschmidt et al., 1996]. Therefore
we were using an imaging sensor, which covers a large
area. Spatial distribution of activation by photic stimula-
tion in infants and adults using fMRI measurements was
different [Born et al., 1996, 1998]. In adults, the activation
area is the whole length of the calcarine fissure. In con-
trast, in infants, activation area is restricted to the antero-
lateral part of the fissure. The activated area did not
extend to the occipital surface of the brain. In infants,
therefore, a decrease in CBF in the measurement area may
indicate that blood is being supplied to the activation area
that is deeper from the scalp than that in adults [Kusaka
et al., 2004]. The measurement area of NIRS is from the
surface of the scalp, but it is difficult to specify the region
adjacent to the visual cortex on the head surface. For our
measurements, we placed the sensor above the inion,
where the visual cortex is suspected according to the inter-
national 10–20 system [Steinmetz et al., 1989].

NIRS vs BOLD Signal Changes and Cerebral

Metabolism after Visual Stimulation

The BOLD signal is mostly related to HHb-concentra-
tion, which depends on the balance of CMRO2 and CBF
increase. A BOLD signal decrease means a greater propor-
tional increase in CMRO2 compared to the CBF increase

Figure 5.

Topographical image of the concentration changes (mmol/l) of (a)

O2Hb and (b) HHb due to visual stimulation (data from the

same infant as in Fig. 3). The color coding corresponds to the

average concentration change between the last 10 s of each arti-

fact free stimulation period and during the 10 s preceding the

stimulation. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]

Figure 4.

Global average of all significant responses in all infants (upper

trace O2Hb, lower trace HHb). [Color figure can be viewed in

the online issue, which is available at www.interscience.wiley.com.]
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during stimulation. This could be related to the rapid rate
of synapse formation in children older than 8 weeks
[Huttenlocher et al., 1982; Yamada et al., 1997]. There is no
evidence that the process of synapse formation is associ-
ated with increased baseline CMRO2. In summary in the
previous fMRI and fNIRS studies and also in ours there
was no significant change in HHb in half of the infants
despite a significant increase in O2Hb. This indicates that
the O2Hb is much more reliable indicator of functional
activity than HHb or BOLD signal. NIRS has the advant-
age over fMRI BOLD to provide separate measures of
O2Hb and HHb. These two measures are advantageous in
separating signals due to increased CMRO2, which is a
considerable concern of fMRI studies [Aslin and Mehler,
2005].
Due to the still conflicting results, further studies are

needed to investigate the influence of the stimulation pat-
tern, age dependence, and behavioral state on the hemody-
namic response after visual stimulation in the visual cortex
in the developing brain of newborns and infants.
In conclusion, we have demonstrated that a hemody-

namic response to brief visual stimulation can be detected
in the visual cortex in sleeping newborn infants in the first
10 days of life. The hemodynamic response to visual stim-
ulation in the occipital cortex in newborn infants is similar
to adults. The increase in O2Hb and the simultaneous
smaller decrease in HHb during stimulation suggest an
increase in CBF that overcompensates for the increased
CMRO2 in the activated cortical area.
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