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Abstract. In this study 14 healthy term newborns (postnatal mean age 2.1 days) underwent photic stimulation dur-
ing sleep on two different days. Near-infrared spectroscopy (NIRS) and electroencephalography (EEG) was acquired
simultaneously. The aims of the study were: to determine (i) the sensitivity and (ii) the repeatability of NIRS to detect
the hemodynamic response, (iii) the sensitivity and (iv) the repeatability of EEG to detect a visual evoked potential
(VEP), (v) to analyze optical data for the optical neuronal signal, and (vi) to test whether inadequate stimulation
could be reason for absent hemodynamic responses. The results of the study were as follows. (i) Sensitivity of NIRS
was 61.5% to detect hemodynamic responses; (ii) their reproducibility was 41.7%. A VEP was detected (iii) in
96.3% of all subjects with (iv) a reproducibility of 92.3%. (v) In two measurements data met the criteria for an
optical neuronal signal. The noise level was 9.6 · 10−5% change in optical density. (vi) Insufficient stimulation
was excluded as reason for absent hemodynamic responses. We conclude that NIRS is an promising tool to
study cognitive activation and development of the brain. For clinical application, however, the sensitivity and
reproducibility on an individual level needs to be improved. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE).
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1 Introduction
Hemodynamic indicators resulting from near-infrared spectro-
scopy (NIRS) are used to assess neural activity. This ability
to investigate neural activity offers a useful and interesting
opportunity to assess the neural basis of visual cognitive devel-
opment in infants. This is of special interest in preterm infants,
as many of them develop visual cognitive impairment in later
childhood.1 This visual impairment is thought to result from
injury to the posterior visual pathway in the context of periven-
tricular white matter lesions,2 even in the absence of major neu-
romotor impairment.3 NIRS with the ability to detect
hemodynamic responses (HR) and potential optical neuronal
signals might offer an optimal instrumentation for assessing
the visual cognitive development. The possibility of early detec-
tion of aberration in the development of the visual pathway in
this population is important in order to select infants who are at
high risk for visual impairment and would benefit from neuro-
protective interventions. However, before functional NIRS can
be used in clinical practice, important aspects such as reprodu-
cibility, sensitivity, specificity, and predictive values have to be
determined.4 In adults, variable degrees of NIRS sensitivity have
been described, but little is known on repeatability of the

signals.5,6 Further, while relatively few and controversial infor-
mation on HR in response to visual stimulation in newborn
infants has been reported in the literature,7–11 information on
reproducibility or potential optical neuronal signals in newborns
is lacking. Previous NIRS studies measuring activation of the
visual cortex did not find significant HRs in all newborn
infants,4 even though all of them were healthy. In this study,
we therefore recorded NIRS and electroencephalography
(EEG) simultaneously and over the same cortical location to
facilitate the detection of possible reason/s for missing HR.

The aims of this study were (i) to determine the sensitivity
and (ii) repeatability of NIRS in response to visual stimulation in
healthy newborn infants, (iii) to assess the visual evoked poten-
tial (VEP) sensitivity and (iv) repeatability, (v) to screen for opti-
cal neuronal signals, and (vi) to identify the possible reason for
absent activations in healthy newborn infants.

2 Methods

2.1 Subjects

Demographic data of 14 healthy term newborns are given in
Table 1. This study was performed in accordance with the
Code of Ethics of the World Medical Association (Declaration
of Helsinki) and was approved by the Ethical Committee of the
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Canton of Zurich. Written informed consent was obtained from
all parents before inclusion in the study.

2.2 Protocol

Visual flash stimulation was selected because its effectiveness
has been shown in the NIRS and the EEG domain.4,12,13 Subjects
underwent visual flash stimulation during sleep held in the arms
of a parent. The measurement began shortly after the newborn
was fed and lasted 20 min in which rest periods (duration varied
randomly between 12 and 32 s) were alternated with stimulation
periods of 20 s (Fig. 1). Stimulation consisted of 10-ms-long
flashes repeated with 0.5 Hz. The flash device (main wavelength
λ ¼ 660 nm, 600 cd∕m2 at device) was held at a distance of
15 cm in front of the closed eyes of the subject. The EEG elec-
trode OZ was applied once and was not relocated throughout a
measurement. The NIRS sensor, after placement at OZ, was
relocated (10 mm toward CZ) after 10 min when preliminary
data analysis did not indicate a HR, to record a further
10 min. Final NIRS analysis was performed on 20-min record-
ings, or, when applicable, on the 10-min recording made after
sensor relocation. Whether the values of the skin-electrode
impedances were in an acceptable range (≤ 40 kΩ) was checked
before and after the recording.

2.3 Instrumentation

We used a state-of-the art multichannel photometer developed
by our group14 for optical data recording. This continuous-
wave device was configured to switch between four light-source

locations (each able to illuminate tissue at λ ¼ 750 nm, 800 nm,
or 875 nm) and four detectors, arranged as shown in Fig. 2, in
order to obtain 11 light paths sampled at 100 Hz.

The EEG was recorded with NicoletOne (VIASYS Health-
care Inc). It utilizes a Tornado V44 amplifier, which records data
with 2 kHz sampling frequency. The cutoff frequency of the
high-pass filter was 0.01 Hz. Single patient use, Ag/AgCl,
solid gel, self-adhesive, foil electrodes were used. The ground
electrode was placed at FZ and the reference electrode at CZ
according to the 10∕20-system.15 Crosstalk and interference
were tested for and not found. Light sensor and electrode OZ
were attached as shown in Fig. 2. Electrode OZ was placed
beneath the light sensor. Skin-electrode impedances were
kept below 40 kΩ.

2.4 Data Analysis

Evaluation of all acquired data was performed using Matlab. To
analyze data for the HR, NIRS raw data was converted into
changes of oxyhemoglobin (½O2Hb�) and deoxyhemoglobin
([HHb]) concentration by using the modified Beer-Lambert
law.16 Absorption coefficients were applied as previously
described17 and the differential pathlength factor (DPF) was
set to 4.714 at λ ¼ 750 nm, 4.249 at 800 nm, and 3.5515 at
875 nm.18 ½O2Hb� time intervals were excluded from further
analysis when they exceeded 2 μmol∕l in a high-pass-filtered
(5 pole IIR, fc ¼ 0.025 Hz) copy of the raw trace, because
this was considered a movement artifact. After high- and
low-pass filtering (high-pass: subtraction of moving average fil-
ter, span 40 s; low-pass: least squares smoothing filter, 1 s fra-
mesize, first order), the 11 ½O2Hb� channels were examined
independently with a nonparametric test (Wilcoxon rank sum
test) for significant changes (p < 0.05) during stimulus onset.
For this purpose the data of the time interval from −5 s to sti-
mulus onset (at 0 s) and the interval from 7 to 12 s after the onset
were paired for all stimulation periods and used for the statis-
tical test.

EEG raw data was low-pass (fc ¼ 100 Hz, 5 pole Butter-
worth) and notch filtered at 50 and 100 Hz. Intervals that
exceeded 200 μV were excluded from analysis. Based on the
preprocessed data, the event-triggered block averages (ETBA)
were calculated. ETBAs were determined for stimulation peri-
ods and rest periods (sham stimulation) separately. Due to vary-
ing latencies of the maximum peak of a VEP, the power of the
time interval beginning at 10 ms and ending at 600 ms after sti-
mulation onset during stimulation periods was compared statis-
tically to the same period during sham stimulation. A significant
response was defined when power was significantly stronger
(Wilcoxon rank sum test, p < 0.05) during stimulation than
in sham stimulation periods.

Table 1 Demographic information on 14 subjects.

Mean SD

At birth

Gestational age (weeks) 40.4 1.0

Weight (g) 3341 248

Length (cm) 50.0 1.2

Head circumference (cm) 35.0 1.2

Apgar 5’ 9 0

Umbilical arterial pH 7.3 0.1

Postnatal

Age at first measurement (days) 2.1 0.6
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Fig. 1 Stimulation periods over time, with durations of 20 s alternating with rest periods of, in average, also 20 s. Stimulation consisted of 10-ms-long
flashes repeated with 0.5 Hz.
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Analysis for the optical neuronal signal was performed on
logarithmized intensity data normalized by DPF and source-
detector distance (in cm) for each channel (i.e. each wavelength
of each light path given by a source-detector combination, sepa-
rately). Since heart beat is known to affect the analysis,19 a Para-
meter Estimation of a Model for Almost Periodic Signals
(PEMAPS) filter as described in Refs. 20–22 was used to
remove heart beat from each channel. One channel per measure-
ment with high signal-to-noise ratio was selected manually as
the heart beat reference channel for the PEMAPS filter.
To increase the signal-to-noise ratio for the analysis, for each
channel and stimulation event the data were segmented
from −400 ms before to 1900 ms after an event. Before an
ETBA of all stimulation events was calculated, segments
exceeding two times the mean variance of all segments were
excluded. Afterward the offset of each segment was normalized
by subtracting its mean. The same procedure was performed on
sham stimulation events. Each sample point given by the ETBAs
underwent t-testing (p < 0.05) to examine whether its mean
value is significantly different from zero. Each significance
was transferred into a histogram that showed the number of sig-
nificant occurrences over time to detect the temporal localization
of a potential optical neuronal signal. Assuming that random
significances (false positive) appear equally distributed over
time, the idea is that stimulation-related significances cluster
in a specific time interval after the onset of stimulation. Signif-
icant occurrences were collected for stimulation and sham sti-
mulation separately. Furthermore, significances were color
coded so that significant negative deviations (black) from
zero could be distinguished from positive ones (gray) (see
Fig. 3). Such histograms were established for all combinations
of available wavelengths and source-detector distances. These
combinations were established on the basis of data from a single
measurement, a subject, and for the global analysis also over all
measurements. An example of histograms over all measure-
ments with a source-detector distance of 12.5 mm and a wave-
length of 875 nm is given in Fig. 3. As a control, histograms
were plotted for the data before the heart beat was removed
by the PEMAPS filter.

The global analysis was based on the normalized noise (stan-
dard error of mean [SEM]) distribution of optical density during
rest phase after application of PEMAPS. Included were all
source-detector distances and wavelengths of all measurements.
Occurrences were normalized to the number of light paths
used (Fig. 3).

To find out whether a signal qualifies as optical neuronal sig-
nal, for the selected source-detector distance of 12.5 mm, it was
checked whether four requirements were met: A) Are there more
than 60 single events per wavelength? B) Is the temporal evolu-
tion of all three wavelengths similar? C) Are three subsets of an
ETBAwithin one wavelength similar? D) Is there a difference in
temporal evolution of each wavelength when stimulation peri-
ods are compared to rest periods? Criteria B through D are simi-
lar to those applied by Franceschini and Boas.23 All criteria are
explained in the following paragraph.

A dataset of segments (containing stimulation events)
belonging to a particular channel and wavelength, on which
an ETBA was performed, is divided into three subsets. A
new ETBA is then calculated on each subset. Criterion C
demands that an effect detected by the analysis of an ETBA
must also occur in all three subsets. Hence, the result of the
ETBA over all segments is considered invalid when the effect
does not occur in all of the three subsets. It was defined that a
subset has to consist of at least 20 segments to acquire a repre-
sentative ETBA. This explains why criterion A demands at least
60 stimulation events. Requirements B to D were checked in the
time interval from 200 ms to 500 ms after stimulation onset in
the selected source-detector distance. To test condition B by lin-
ear regression (Pearson), the ETBA of each wavelength was
denoised using a moving average filter (window five sample
points long); subsequently, the filtered ETBA segments under-
went regression. When all squared correlation coefficients (r2)
of the regression’s matrix (dimension 3 × 3, one wavelength for
each row and column) were greater or equal to 0.5, B was ful-
filled. To examine condition C, the equality of subsets, differ-
ences between all combinations of the three subsets were
calculated leading to a new 3 × 3 matrix consisting of p values
from t-testing (p < 0.05) distributions of differences of each
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subset combination against 0. C was met when no t-test of
unequal subsets showed a significant difference to 0. Finally,
condition D, the difference between stimulation and rest phases,
was tested by subtracting stimulation and sham stimulation
ETBAs per wavelength. If the t-test (p < 0.05) of a difference
was significantly different from 0 for all wavelengths, then con-
straint D was regarded fulfilled. The findings for the criteria A to
D per measurement are given in Table 2.

3 Results
Under the assumption that visual stimulation was only success-
ful when there was a detectable VEP response, (i) a HR was
detected in 61.5% of all measurements (16 significant responses
in 26 measurements), and (ii) 11 HRs were associated with an
increase in ½O2Hb�, while five cases showed the contrary effect.
In 41.7% a HR could be detected in both measurements within a

subject (5 of 12 subjects). An event-triggered median trace of a
successful HR is presented in Fig. 4.

EEG analysis resulted in (iii) a sensitivity of 96.3% (26 VEPs
in 27 measurements) when assuming successful stimulation in
all measurements. The 28th measurement could not be analyzed
for technical reasons and was excluded. A measurement with a
negative power difference of its VEP in comparison to rest per-
iods was considered unsuccessful. (iv) In 12 of 13 subjects a
significant VEP could be found in both sessions (92.3%).
The VEP of a successful stimulation is shown in Fig. 5.

Regarding the optical neuronal signal, a global analysis over
all measurements was performed. It was found that (v) the glo-
bal noise level (SEM) over all measurements was P20 ¼ 9.6 ×
10−5% in changes of optical density.

Global analysis further revealed a decrease in optical density
before 500 ms after stimulation onset, in all three wavelengths.
This was most pronounced in source-detector distances of
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12.5 mm [compare Fig. 3(c) and 3(d)], smaller with 25 mm, and
not detectable with 35 mm. Table 2 provides the information
about which measurements met requirements to qualify the sig-
nal as an optical neuronal signal. One measurement could not be
analyzed due to low signal-to-noise ratio in heart beat reference
channel, which led to fragmented filtered data. In summary, 23
out of 27 measurements (¼̂85.2%) provided a sufficient number
of stimulation events to continue the analysis. Of these, two
measurements fulfilled the requirements for an optical neuronal
signal. There two occurred in different subjects and were not
reproducible. (vi) Insufficient stimulation was ruled out as rea-
son for absent HRs as VEPs were present.

4 Discussion

4.1 Hemodynamic Response

The sensitivity of NIRS in this study is 61.5%. Although NIRS
is a potentially powerful method for studying brain activity in
newborns, so far, its sensitivity is not high enough for clinical
applications. This result is in accordance with the review by
Wolf and Greisen,4 who concluded that effects are often only

seen in group averages. Several possibilities can contribute to
the absence of HRs: for example, (i) an insufficient stimulation
unable to activate the brain, (ii) an immature brain unable to
respond to the stimulus, (iii) a NIRS measurement not localized
at the relevant cortical position of brain activity, and (iv) an
insufficient change in HR despite an activation. In the present
study, by verifying the cerebral response with EEG, (i) and (ii)
were excluded noticing that indeed, using lower luminance for
stimulation lead to less VEPs in the data.24 For three subjects
(see Table 2) in whom HRs were absent while EEG showed sig-
nificant responses, reasons (iii) and (iv) could be claimed.
Nevertheless, there were five subjects in whom a HR was
detected only once, for whom (iii) and (iv) cannot be applied.
Further differentiation for the remaining reasons (iii) and (iv) is
not possible based on the data acquired here.

The value found for NIRS sensitivity here is slightly higher
compared to the study presented by Karen et al.11 where 50%
sensitivity was achieved for ½O2Hb�. Reasons for the improve-
ment may lie in the relaxed demand on the p value (p < 0.05 in
contrast to p < 0.01), and in utilizing a more intense light for
visual stimulation (600 cd∕m2). In 10 of 28 (35.7%) measure-
ments the NIRS sensor was moved toward CZ after 10 min, lead-
ing in six measurements to a significant HR. Although EEG
electrodes were never relocated, the sensitivity for the VEP
was high (see Visual Evoked Potential below).

Determining the relative ½O2Hb� concentration by the DPF
method (or, in other words, the modified Beer-Lambert) requires
the following assumptions: a specific value of the DPF and that a
change in the concentration is homogeneous across the illumi-
nated volume of tissue. Concerning the first assumption, the
values for a different DPF can be easily calculated by multiply-
ing our numbers by the DPF applied by us and then dividing
them by a different DPF. The second assumption is not fulfilled
in our case, because functional changes in ½O2Hb� concentration
occur locally. This leads to an underestimation of the amplitudes
of the local changes in perfusion. This effect has previously been
described in detail.25,26 Since in neonates the thickness of skin
and skull is much smaller compared to that in adults, this error is
smaller.

Future measurements should consider covering a larger area
with the NIRS sensor, to avoid relocating.

4.2 Visual Evoked Potential

Due to the biphasic nature and varying latencies of the response
in the EEG, it was tested whether the power during stimulation
was significantly greater than during rest period (sham stimula-
tion). In 96.3% a VEP was detected. In the literature, sensitivity
of 100% can be found.13 Although our data analysis underwent a
more stringent approach, by comparing stimulation and rest per-
iods, than the one by Benavente et al.,13 the results are similar.
Of the two measurements that did not lead to a significant
response, one could not be analyzed for technical reasons.
The other one was excluded as successful response, as the
power during stimulation periods was smaller than the power
during rest periods.

4.3 Optical Neuronal Signal

To detect the temporal localization of a potential optical neuro-
nal signal, histograms showing the occurrences of significant
deviations from 0 were employed. Histograms included all
measurements and combinations of different source-detector

-10 -5 0 5 10 15 20 25
-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Time [s]

C
on

ce
nt

ra
tio

n 
[µ

m
ol

/l]

Fig. 4 Grand average of all significant ½O2Hb� hemodynamic
responses. Stimulation begins at 0 s and ends at 20 s. An increase of
½O2Hb� can be seen after stimulation onset. The standard error of
mean is depicted by error bars.

-500

0.5

-0.5

-1

-1.5

-2

0

1

0 500 1000 1500

Time [ms]

E
l. 

 p
ot

en
tia

l [
µV

]

Fig. 5 Grand average of all triggered block averages (ETBA) of visual
evoked potentials. Stimulation event is at 0 ms. The trace depicting
the ETBA during rest is related to sham stimulation events at 0 ms.
While the trace belonging to the stimulation events shows clear devia-
tions from zero, the rest trace is steady. The standard error of mean is
depicted by error bars.

Journal of Biomedical Optics 086011-6 August 2012 • Vol. 17(8)

Biallas et al.: Multimodal recording of brain activity in term newborns during photic stimulation : : :



distances and wavelengths. The first set of histograms showed
an accumulation of significances in the time interval of approxi-
mately 400 to 500 ms after stimulation onset, most pronounced
for the source-detector distance of 12.5 mm (see Fig. 3) and less
clear for 25 mm and 37.5 mm, in all wavelengths. With this
information the next step in the analysis was to test whether
data with 12.5-mm source-detector distance of each single mea-
surement met criteria to qualify as an optical neuronal signal.
The three main criteria were, (B) equal temporal evolution in
all wavelengths, (C) equal subsets in ETBA, and (D) difference
between stimulation and rest (sham stimulation). Criterion (B)
implies that there is no characteristic spectrum of a potential
optical neuronal signal in the spectrum employed here. This
assumption holds true when changes in scattering are the source
of intensity changes, as suggested in previous studies.23,27–29

Table 2 lists the results for each criterion and measurement.
Two measurements met all criteria after application of PEMAPS
(three without). A single ETBA, characteristic for all three
wavelengths and the two significant measurements, is shown
in Fig. 6. These two measurements show signal changes of opti-
cal density in the order of <10−3%. Literature on the magnitude
of changes in optical density of an optical neuronal signal is not
available for newborns. On the other hand, in adults values for
changes in light intensity range from 0.01% to 0.00001%.29 The
effect found here is about 63 times larger than the lower bound-
ary of this given range for adults (assumption is DPF ¼ 4.714
and distance 1.25 cm). The increased effectiveness of NIRS in
newborns is also shown in simulations.30 The P20 noise level
achieved over all measurements is 9.6 × 10−5% in units of
changes in optical density. The complete noise distribution is
depicted in Fig. 7.

Accumulation of significances are present in histograms that
have the heart beat not removed [Fig. 3(a)]. Interestingly, after
filtering the data with PEMAPS, the effect remains visible in the
histogram representing stimulation periods, whereas during rest
there is no clear effect. However, various reasons for this phe-
nomenon can be excluded. Direct coupling of the light for

stimulation into the light sensors’ detector would appear in
the range of 0 ms to 10 ms in histograms. Heart beat artifacts
can be excluded because with heart beat rates in newborns of
above 100 bpm, they would appear several times within the
2 s interval between two stimulation events. Movement artifacts
are also unlikely since they would have an impact on all other
lightpaths.

When the two significant measurements are removed from
the histograms, there is no more clear clustering of signifi-
cances. One possible reason for detecting the optical neuronal
signal only twice is insufficient signal-to-noise ratio. The small
margin of the optical neuronal signal in comparison to noise
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leads to an increase of susceptibility to parameters like the thick-
ness of skin and skull and their optical density. A further impact
on the signal-to-noise level has the course of a measurement.
When the sleep of a newborn is fitful, the number of artifacts
increases, and by subsequent exclusion in data processing the
signal-to-noise ratio decreases.

To the knowledge of the authors, this is the first study asses-
sing reproducibility of NIRS to photic stimulation in newborns,
and that screens the data for potential optical neuronal signals.

5 Conclusion
The sensitivity of NIRS to detect the hemodynamic response is
61.5%, which is comparable to previous findings. Aside from
sensitivity, it was shown that the hemodynamic activation can
be reproduced in 41.7% of all subjects.

Sensitivity of the EEG is 96.3% and can be reproduced in
92.3% of all subjects. Thus, in this study we can exclude
that HR was absent due to insufficient activation.

Two measurements met all criteria for the identification of an
optical neuronal signal, which could however not be repro-
duced, despite the noise achieved (P20 ¼ 9.6 − 10−5% in
change of optical density). In summary, this study shows the
importance of using control data from sham stimulation inter-
vals and from non–heart beat-filtered data to avoid false positive
identification of optical neuronal signals. Although NIRS is a
promising research method to examine brain function noninva-
sively, the low sensitivity and reproducibility regarding detec-
tion of HRs and of responses of potential optical neuronal
signals render its introduction in clinical procedures difficult.
This study demonstrates that NIRS and EEG can be measured
in parallel in newborn infants.
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