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Abstract. Functional neuroimaging is becoming a valuable tool in cognitive research and clinical applications.
The clinical context brings specific constraints that include the requirement of a high channel count to cover
the whole head, high sensitivity for single event detection, and portability for long-term bedside monitoring. For
epilepsy and stroke monitoring, the combination of electroencephalography (EEG) and functional near-infrared
spectroscopy (NIRS) is expected to provide useful clinical information, and efforts have been deployed to create
prototypes able to simultaneously acquire both measurement modalities. However, to the best of our knowledge,
existing systems lack portability, NIRS sensitivity, or have low channel count. We present a battery-powered,
portable system with potentially up to 32 EEG channels, 32 NIRS light sources, and 32 detectors. Avalanche
photodiodes allow for high NIRS sensitivity and the autonomy of the system is over 24 h. A reduced channel
count prototype with 8 EEG channels, 8 sources, and 8 detectors was tested on phantoms. Further validation was
done on five healthy adults using a visual stimulation protocol to detect local hemodynamic changes and visually
evoked potentials. Results show good concordance with literature regarding functional activations and suggest
sufficient performance for clinical use, provided some minor adjustments were made. ©2017 Society of Photo-Optical

Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3625575]
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1 Introduction

The detection of brain activity and diagnostic of brain dys-
functions have been facilitated by the emergence of technolo-
gies such as functional magnetic resonance imaging (fMRI) and
positron emission tomography. While highly efficient in some
applications and giving coverage over the entire brain, these
modalities suffer from high cost and the requirement for acquisi-
tions to be performed in a tightly controlled environment. In clin-
ical applications where continuous acquisitions are necessary,
such as epilepsy monitoring, cardiac surgery, and brain computer
interface, these imaging modalities are cumbersome as they are
not portable, a limitation that calls for alternatives. Electroen-
cephalography (EEG) and near-infrared spectroscopy (NIRS)
are such alternatives, since they can both be made portable and
used for long periods of time, even with difficult populations
such as children and neurologically impaired subjects.

While EEG has been well established in the clinical practice,
NIRS is a relatively new functional imaging modality'~ using
near-infrared light propagation (650 to 900 nm) in biological
tissues. Since hemoglobin is the main absorber in this range,
NIRS has enabled researchers to image hemodynamics, which
represent the variations of concentration of different blood chro-
mophores; in this case, in vivo through centimeters of biologi-
cal tissues using nonionizing, low dose radiation. By acquiring
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data at two or more wavelengths, it can distinguish and record
simultaneous changes in deoxyhemoglobin (HbR) and oxyhe-
moglobin (HbO;). NIRS has seen growing interest in neuro-
science due to the recent widespread availability of commercial
instruments and their low cost when compared to alternatives.
A nonexhaustive list of applications include functional brain
imaging,*3 stroke,%’ epilepsy,®!' and neuropsychology!>'#
studies.

The impetus for this work originated from a clinical need
to investigate concurrent EEG-NIRS signal in the context of
epilepsy. While benefiting from a vast documentation and being
the gold standard for epilepsy diagnostic, EEG has poor spatial
resolution when it comes to applications such as epileptogenic
foci localization'’ performed prior to surgery. Recent evidence
in epilepsy has shown potential benefits in measuring hemody-
namics, as in some cases it may occur prior to ictal events!'® !’
or be used as a predictor of the spatial location of epileptic
foci when using EEG triggered interictal hemodynamic data.'8
While blood oxygen level-dependent fMRI can be used in com-
bination with EEG to measure hemodynamics, continuous mon-
itoring is difficult as patients will not always have (inter)-ictal
events in the scanner, and the imaging sequence generates arti-
facts that even when removed, yields EEG data that is difficult
to interpret. Furthermore, movement artifacts recorded in fMRI
are hard to remove. Here, NIRS has an advantage as it does not
interact with EEG and it may be possible to measure optical
data continuously with reduced movement artifact sensibility
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compared to fMRI. It has recently been demonstrated that the
combination of EEG and NIRS is valuable!>2° but available
systems still suffer from several shortcomings.

To be well suited for clinical use, a combined EEG-NIRS
system has to be capable of continuous monitoring. As epilepsy
patients are usually monitored over days, the system should
generate minimal discomfort to the patient, communicate wire-
lessly, be battery-operated, cover the whole head with a large
number of detection channels, and be sensitive enough to get
good quality optical and electrical signals despite the presence
of scalp hair. Commercial EEG products with acceptable perfor-
mances are readily available, but existing NIRS systems all lack
at least one of the criteria mentioned above.2'~2 Furthermore,
the only combined EEG-NIRS systems developed either come
from the use of commercial EEG and nonportable NIRS as sep-
arate products or research prototypes with few channels,'® 223
for which demonstration was only performed on the forehead as
they had low sensitivity for acquisitions over hair-covered scalp.
In short, none of these systems answered the clinical needs de-
scribed above.

In this paper, we describe a new portable EEG-NIRS system
composed of up to 32 EEG channels, 32 light sources, and 32
light detectors that has the potential to cover the whole head for
an adult. These light sources and detectors allow to acquire data
from up to 128 optical input channels, that is if every detector is
coupled to 4 light sources. The prototype realized and validated
is a reduced channel count that supports 8 EEG channels, 8
light sources, and 8 light detectors. This version of the system
is battery powered, transmits results in real-time to a computer
via a USB cable, has high sensitivity, and to the best of our
knowledge, is the first system combining all these features. This
contribution was made possible by a combination of integration
and system simplification techniques that will be described in
Sec. 2.

Characterization of various NIRS parameters was first con-
ducted with phantoms. In vivo measures were then acquired
using a visual pattern reversal protocol to detect oxygen level
changes and visually evoked potentials (VEPs). Results demon-
strated that the system is capable of reliably detecting local
blood oxygenation variations as well as EEG evoked potentials
when stimuli are presented. The results were then compared to
the literature to test the reproducibility of the protocols with
our prototype. The implications of the presented system and its
validation are then given and followed by a final conclusion
including the next steps of our research.

2 Portable EEG-NIRS Prototype
2.1 Requirements

Clinical use of EEG and NIRS on adults requires a system design
respecting several restrictions. We review in Sec. 2.2 the critical
elements that have to be addressed for both EEG and NIRS
modalities.

EEG signals emerge from synchronized neuronal activation
and are picked up by electrodes attached to the scalp. Since
signal amplitude ranges approximately from less than 20 to
150 wV, these oscillations have to be amplified with a gain be-
tween 1000 and 100,000, in order to obtain a signal strength
that exceeds the noise floor of the recording device. A band-
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pass filter is used to keep only the frequencies of interest, typ-
ically from 0.25 to 70 Hz. Analog to digital conversion is per-
formed at a rate between 200 and 1000 samples per second
(SPS), depending on the application (research systems may use
even higher rates). The contact electrical impedance between the
skin and the electrodes can reach several thousand ohms; thus
the input impedance of the first amplifier stage has to be over
100 M. Other design considerations regarding EEG require-
ments can be found in Ref. 26.

In the case of NIRS, the quality of light detection is critical
for the ability to record functional changes in the brain. Optical
signals detected have a power that is 7 to 9 orders of magnitude
smaller than the light injected for a typical adult head and op-
todes separation distance of 4 cm.* The illumination intensity
that reaches the detector depends primarily on the illumination
source power and on the distance between the source and the
detector. It is also affected by the quality of optical coupling and
the color and thickness of hair. Two types of detectors are well
suited for portable continuous wave (cw) NIRS: silicon pho-
todiodes (SiPDs) and avalanche photodiodes (APDs). SiPDs
generate a small current when excited by photons and have the
advantage of being inexpensive and widely available. However,
their sensitivity is limited and their use limits NIRS applications
to infants and adult frontal cortex as attenuation is reduced in
these cases. APDs are similar to SiPDs but induce an internal
gain when biased with a high voltage, usually over 100 V. This
internal gain, called avalanche gain, allows detecting weaker
signals because the generated current is amplified before it can
pick up noise from the surroundings on its way to the amplifier.
APD disadvantages include high cost and temperature sensitiv-
ity. Since the transport of signals via optical fiber is not practical
for portable systems, detectors have to be placed directly on the
scalp and special care has to be taken to insure that the high
voltage is safely brought to the head in the case of APDs.

Source-detector distance has a major impact on the strength
of a signal but is also directly related to the depth from which
intensity changes originate. A larger source-detector distance
reduces the raw signal, but enables to reach greater depths, thus
showing stronger signal during activation.?’

Low channel numbers is typical in current portable NIRS
systems and limits the coverage of the brain, rendering their
use ineffective for applications such as epileptogenic foci
localization.?> Other available systems have a high channel
count but low sensitivity due to the use of silicon photodiodes
limiting their application to the frontal cortex.?® Covering the
whole head with sufficient sensitivity is thus required to broaden
the potential applications of such systems. For the EEG, com-
mon practice will use the international 10-20 system for posi-
tioning, requiring 22 electrodes from which 19 are used to record
signals, 1 sets a voltage reference, and the last 2 optional elec-
trodes can be used in a right-leg drive-type feedback circuit to
reduce common mode interference. For NIRS, no international
standard exists yet a compromise between optode density on the
head, depth of penetration, and signal strength is necessary.

Following these considerations, the objectives for the pro-
posed device were set to 32 EEG channels with an acquisition
rate of 320 and 20 SPS for each combination of the 32 light
sources with the 32 NIRS detectors. The additional EEG elec-
trodes compared to the 10-20 standard can be used to increase
resolution in a specific area in the case of source localization.?
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Fig. 1 (a) Photograph of the control module and detection helmet, (b)
3D view of NIRS detector and source, EEG electrode on detector not
shown, and (c) 3D view of control module.

For NIRS, the high number of optodes would allow coverage of
the whole head. A much higher number of sources and detectors
than proposed here would become problematic as installation
of the sensing elements would take significantly longer and the
high probe density would be harder to manage, in part because
of increased cross-talk between channels.

Portable system design requirements as mentioned above
include small size, light weight, wireless communication, and
low power consumption, enabling long term acquisition using
battery power. Our goal is to design a system that can operate
for 24 h on a single battery charge without interruption.

Any medical device to be tested on humans has to be de-
signed following strict regulations to ensure subject safety. The
IEC601.1 standard sets specific guidelines to follow for this pro-
totype. As electrodes are connected directly to the subject for
EEG measurements but not directly to the heart, this instrument
falls into the Class II BF category. Protection circuits thus have
to be designed accordingly and will be discussed in Sec. 2.2.5.

2.2 System Design

Figure 1 shows the prototype of a reduced channel count (8
sources, 8 detectors, 8 EEG channels) of the proposed system
used for in vivo tests. Some key strategies and techniques used
to reach the design objectives include the use of high sensitivity
APDs driven by a common high voltage source and directly cou-
pled to the scalp, the absence of temperature-controlled feedback
for avalanche gain control, a modular design approach includ-
ing custom-made casings, and the use of a time-multiplexing
strategy to drive the light sources efficiently.

The architecture of the system is presented in Fig. 2(a). We
present in Secs. 2.2.1 and 2.2.2 both the EEG and the NIRS
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acquisition chains. Different architecture and safety aspects will
then be analyzed briefly.

2.2.1 EEC signal chain

The amplification chain for an EEG channel, shown in Fig. 2(b),
was inspired by a circuit found in Ref. 30 to which we added
an amplification stage close to the electrode so that the recorded
signal is less sensitive to background electrical noise. A circuit
dedicated to setting a reference potential on the subject head and
located in the control module uses three dedicated electrodes
distinct from the signal electrodes. Two feedback electrodes,
typically placed on the left and right mastoids, are used to mini-
mize the common mode interference and the reference electrode,
typically installed on the forehead, sets the head to a potential of
2.5V, the mid-point of the amplifier dynamic range. Each signal
electrode is connected to an instrumentation amplifier followed
by 2 more amplification stages including second order bandpass
filters between 0.1 and 100 Hz. The original signal is amplified
with a gain of 10,000 before being digitized at 320 SPS by a
16-bit analog to digital converter (ADC), which is located in the
control module. The data is transferred to a field programmable
gate array (FPGA) over 3 lines following the Serial Peripheral
Interface (SPI) protocol.

2.2.2  NIRS signal chain

The selection of the light source and detector has a major in-
fluence on the performance that can be achieved by NIRS sys-
tems. In this design, the illumination sources were light-emitting
diodes (LEDs) emitting at 735 and 850 nm fitted in a single
TO-18 package (Epitex, L2x735/2x850-40B32). This choice
was motivated by the small dimensions of the package and safety
considerations when compared to laser diodes. Reference 31
elaborates on the pros and cons of light source types for NIRS.
For detection, APDs (Hamamatsu, S2384) were used for their
high sensitivity. The temperature-controlled feedback circuits
generally used to compensate the avalanche gain temperature
sensitivity were not used in this system. This design decision
was made in order to keep the smallest possible detector board
footprint and was made possible by two main factors. First, tem-
perature variations at the detector typically happen slowly in a
clinical context and the digital high-pass filters used to process
the raw data can get rid of these drifts. Second, should transient
temperature variations pass through the previously mentioned
filters, they would be eliminated by the principal component
filtering used further in the data processing chain. This type of
filter eliminates the elements of signal that are highly correlated
between channels, as would be the case with temperature varia-
tions, which will likely affect more than one detector at the time.

The high voltage needed to bias the photodiode is generated
by a single dc-dc converter (EMCO, CA02-5N) located on the
control module. One such supply is sufficient for the 8 detectors
and according to the product data sheet, the performance should
not change significantly for 32 channels. This last aspect has yet
to be validated.

The illumination and amplification chain for a NIRS chan-
nel is shown in Fig. 2(c). First, a digital-to-analog converter
(DAC) generates the drive signal for the light source. This drive
signal is then passed on to a voltage-controlled current source
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Fig. 2 (a) System block diagram, (b) EEG amplification chain for one channel and reference circuit, and (c) NIRS illumination and amplification

chain for one channel.

that feeds the LEDs. Next, light that has propagated through the
brain toward the detector is converted to a small current. This
current is amplified by a transimpedance amplifier with a gain of
10 MV/A. An antialiasing filter is then applied prior to digitiza-
tion of the signal at 20 SPS by a 16-bit ADC. The size of each
illumination printed circuit board (PCB) is 20.1 x11.0 mm. The
detection PCB is 23.0 x11.0 mm.

2.2.3 System architecture

The high channel count required the adoption of specific strate-
gies to make it portable. This system was separated in three parts:
a graphical user interface (GUI) housed in a laptop computer, a
control module that is worn by the patient, and a detection hel-
met. The control module and detection helmet were optimized
toward low power consumption and small physical footprint.

The GUI is written in MATLAB (MathWorks, Inc.), allows
user control of the acquisition parameters, and records the data
in real time via a USB cable or a wireless transfer module.
It generates the timing sequences required by the hardware and
also has an installation mode that helps clinicians validate signal
quality when installing the system on patients.

The helmet is made of flexible neoprene and holds the light
sources and the NIRS and EEG detectors. In order to fit 32
elements of each type on the head, NIRS and EEG detection
and amplification are integrated on the same PCB. A three-
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dimensional (3D) model of the illumination and detection op-
todes is shown in Fig. 1(b).

The control module has three different PCBs. The first PCB
is an arrow low power reference platform, a commercial pro-
totyping platform made for battery powered applications using
an Altera Cyclone III field FPGA. Its role is to synchronize the
acquisition process and communicate the data in real time with
the computer. The second PCB manages the power supply and
the communication with the different chips of the system. Three
different voltages are required: 5 V for the analog part, 3.3 V for
the digital part, and — 150 V for APD biasing. Communication
with all the chips on the third PCB is made via an SPI bus. In
order to decrease the number of FPGA pins necessary for com-
munication, a decoder is used to address the signals. The third
PCB has all the ADCs and DAC:s that connect to the elements
on the helmet and allows the use of 8 EEG channels, 8 light
sources, and 8 NIRS detection channels.

In order to support up to 32 EEG channels, 32 light sources,
and 32 NIRS detection channels, 3 other copies of the third
PCB can be added. These additional boards are stacked on top
of PCB #3 with stack-through connectors. The rest of the hard-
ware is designed to support this upgrade. Several performance
validations were made in hardware and software in order to as-
sure sufficient hardware speed, data management capability, and
communication bandwidth. Using this type of architecture saves
space and allows for areduced channel count version. The results
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presented in this paper were obtained with the 8-channel version
of the system. A 3D model of the control module, measuring 16
x 13 x 8.2 cm?, is shown in Fig. 1(c).

As a single communication bus is used for all the ADCs and
DAC:s, a specific acquisition sequence is generated by the GUI
is order to synchronize data retrieval. This sequence ensures
correct NIRS and EEG sampling rates and allows setting the
minimum light power needed for sufficient signal quality. Fur-
thermore, because light source switching causes a current surge
from the power supply and hence a spike on the EEG signal, it is
important to let the power rails come back to steady state before
acquiring the next EEG sample when the lighting is changed.
The timings of EEG sampling have been optimized in order to
reduce this problem to an insignificant level.

2.2.4 Power considerations

Light generation is one of the main power consumption parts of
the proposed system. Turning on every LED on the helmet at the
same time would require a large transient current and amount
to a considerable energy waste. A time multiplexing strategy
was thus used. Additionally, every time a light source is turned
on, every detector coupled to it records a sample, reducing the
illumination time and saving energy.

With wireless communication being power hungry, the data
rates transferred were minimized by using data averaging on
the NIRS data, but not on EEG data, before sending it to the
computer. This strategy reduced the number of NIRS samples
sent by a factor of 8 without a significant complexity increase.

2.2.5 Safety considerations

Isolation from the power supplies was achieved by powering
the system with a battery. When communicating with a USB
cable, an optical isolation circuit protects the patient against
computer malfunction. In wireless mode, optical isolation is not
necessary. The trigger signal used for EEG experiments was also
electrically isolated from the computer by optical means.

The use of high voltage to bias the APDs on the head needed
special care to ensure safe operation of the device. First, each de-
tection board, containing an APD, was encapsulated in a custom-
made nonconductive mold providing an electrical barrier and
preventing any physical contact with the APD case and pins
or high voltage traces. This electrical isolation also has a func-
tional use for the system because as the APD body is grounded,
applying it directly to the head would force a 0 V potential
at the same time as the 2.5 V reference supplied by the EEG
electrode, thus unbalancing the dc potential mapping and gen-
erating unwanted currents from the reference to the photodiode
case. Furthermore, additional protection in case of high volt-
age wire rupture was provided with the use of current-limiting
resistors placed directly at the output of the high voltage regu-
lator. Finally, a high-voltage regulation capacitor was used with
the APD. In case of sudden system failure, accumulated charge
could possibly hurt the subject. The allowed accumulated en-
ergy by the IEC601.1 standard is 2 mJ and the capacitor was
chosen accordingly.

The EEG electrodes which are attached on the head with
conductive paste create a low impedance contact to the de-
vice. Current-limiting resistors were added to comply with the
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IEC601.1 regulation regarding leakage currents from parts in
contact with the patient. While existing systems were used to
guide component values, the leakage current was measured to
be 15 nA, which is slightly over the IEC601.1 recommendation.
This element will be addressed in the next version of the system.
Even if LEDs do not represent a direct danger for the eye
as lasers do, tissue damage can happen when high illumination
power is used. Semiconductor heating seems to be the predom-
inant hazard in this application and is discussed in Refs. 31 and
32. Time multiplexing the LEDs helps to maintain tissue heat-
ing at a safe level. As the LEDs used in our system are from the
same company and product series as in Ref. 32, we used these
results to evaluate the heating effects of this prototype. Since the
mean irradiance generated with maximum illumination power
was 14.8 mW/cm? for our system and Ref. 32 evaluates the heat-
ing effect between 12 and 25 mW/cm?, we expect an absolute
maximum temperature increase of less than 4 °C in vivo.

3 Methods
3.1 EEG Phantom

The EEG amplification chain was tested using a resistive phan-
tom similar to those described in Ref. 33. Square pulses with
amplitude of 40 ©V peak-to-peak and frequency ranging from
1 to 8 Hz were injected to validate proper signal representation.
The input referred noise was also measured.

The EEG over NIRS intermodality crosstalk, which is the
influence of the EEG signals on the NIRS recorded signal, was
also measured. The method described in the last paragraph was
repeated while the NIRS signal was also recorded. During that
test, the NIRS detector was kept in the dark in order to obtain
only the NIRS noise floor to which the crosstalk signal was
added. Several patterns and stimulation frequencies were used
to validate that the signal observed was not coming from other
parasitic sources. The result was computed using the ratio of
measured voltage for NIRS, post-amplification, overmeasured
voltage for EEG, and post-amplification.

3.2 NIRS Phantom

The NIRS signal chain was tested with an optical phantom made
of polyester resin, to which India ink was added as an attenuation
agent and TiO, as a diffusive agent. The phantom’s absorption
coefficient at 758 nm was measured to be 0.017 mm ~ ! and its
diffusion coefficient 0.7 mm ~!, similar to results published in
Ref. 34 for the human forehead. A single detector was coupled
to a single light source, separated by a distance of 4 cm.

First, different light intensities and avalanche gains were ap-
plied to study the influence of these factors on baseline value
and noise amplitude to dc level ratio (NDCR). The NDCR is
meaningful because the signals of interest for this application
typically have peak-to-peak amplitude of 1% of the dc value.
To ensure good data quality, the NDCR should be well under
1%. Then a 1 Hz sinusoidal light signal similar to in vivo signals
was injected in the phantom to compute the signal-to-noise ra-
tio (SNR) with various avalanche gains. Additionally, baseline
signals were acquired in vivo on the frontal and visual cortices
of two adult subjects with the same source-detector separation
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distance and light intensity with different avalanche gains to
compare to the previous findings with phantoms.

The NIRS over EEG intermodality crosstalk was measured
with the same optical phantom. The light source was supplied
with an external power supply and source generator to validate
that the crosstalk was coming from the detection stage and not
from the current spikes described in Sec. 2.2.3. Light sources
connected to the prototype during that test were not emitting.
Several signal shapes and frequencies were used to validate that
the signal observed was not coming from other parasitic sources.
The result was computed using the ratio of measured voltage for
EEG, post-amplification, overmeasured voltage for NIRS, and
post-amplification.

3.3 Combined EEG-NIRS Visual Task

Validation of the whole system was made using an 8-channel
version of the prototype with 5 healthy adult subjects and the
protocol was approved by the Ecole Polytechnique de Montreal
Ethics Committee. An informed consent form explaining the
various aspects of the protocol was signed by every subject and
all questions and concerns were answered by the main author of
this paper.

In vivo signals were recorded on the primary visual cortex
using 4 EEG electrodes, 7 NIRS detectors, and 8 light sources,
for a total of 20 NIRS channels. Electrodes were positioned on
standard 10-20 and 10-10 locations: O1, O2, Oz, and POz. NIRS
optodes were placed as illustrated in Fig. 3(a) with an average
source-detector distance of 3.1 cm. This shorter distance com-
pared to phantom tests was used in order to get good amplitude
signal even with dark or long haired subjects. The 8th detection
channel was used to record the trigger signal to synchronize the
EEG evoked potentials with the visual stimuli.

A visual pattern reversal task was performed by subjects
3 to 5 to generate EEG and NIRS activations simultaneously
(subjects 1 and 2 did not perform that task). The subjects were
sitting in front of a computer screen, at a distance of 55 cm,
in a dimly lit room, and a baseline was recorded during 30 s.
A black and white checkerboard, with every square spanning
3 deg to 4 deg in the field of view, was then displayed with
pattern reversal happening at a frequency of 8 Hz for 30 s. A
rest period of 15 s followed, and this pattern reversal-rest routine
was repeated 10 times to allow averaging. VEPs for EEG were
obtained by averaging all the moments where pattern reversal
happened, which is approximately 480 times per stimulation
period. Considering the first checkerboard used a contrast of
100%, as defined in Ref. 25, another acquisition was made using
pattern reversal at 8 Hz and a contrast of 10%. In order to
verify if contrast variation effects could be detected at other
stimulation frequencies, subject 4 was stimulated at a 4 Hz
reversal frequency.

A second protocol was used on the 5 subjects using a wind-
mill pattern, as described in Refs. 25 and 35, spanning 70 deg
on the screen. Pattern reversal at 4 Hz was applied with the
same timing parameters as the first protocol. This protocol was
repeated 4 times by rotating the pattern by 90 deg so the 4 quad-
rants of the screen were covered (lower left, lower right, upper
left, upper right).

These parameters were used in order to verify the repeatabil-
ity of experimental protocols used in the literature?>3>3 with
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Fig. 3 In vivo measurements: (a) Placement of electrodes and optodes
on the subject, where electrodes are placed at standard positions O1,
02, Oz, and POz; (b) procedure for pattern reversal task. Subjects were
asked to gaze at a screen in front on them. Each stimulation period of
30 s was followed by a rest period of 15 s. Pattern reversals occurred
at a rate of 8 Hz for a total of approximately 240 pattern reversals per
stimulation period. Each recording time consisted of 10 stimulation
and 10 rest periods.

this portable system. The correlation between the VEP ampli-
tude and NIRS response amplitude was also computed.?’

The power consumption of the system was measured dur-
ing acquisition at minimum and maximum illumination power.
Communication of data in real time was done using a USB ca-
ble. Power consumption for each subsystem was measured and
estimations for the 32 channel version of the prototype were
computed.

4 Results
4.1 EEC Phantom

The curves obtained for the square pulses, as shown in Fig. 4(a),
injected in the resistive phantom show an amplitude of approx-
imately 40 uV peak-to-peak and the correct expected shape.
Strong digital finite impulse response filtering at 35 Hz had to
be applied because a high amplitude 60 Hz component and other
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Fig. 4 (a) Typical results for resistive phantom measurements, referred
to as the input. Low-pass filtering was applied at 35 Hz in order to
remove the strong 60 Hz artifact. Typical results for NIRS phantom
measurements for sinusoidal physiology-like stimulation (b) with no
avalanche gain. The signal is distorted and has an SNR of 4.6 dB. (c)
An avalanche gain of 19. The signal has a SNR of 18.9 dB.

harmonics were present. The input referred noise was measured
to be 0.36 1V s once the 35 Hz filter was applied.

The EEG to NIRS intermodality crosstalk was measured to
be always less than 70 dB. EEG stimulation of at least 100 1V,
had to be used in order to obtain a measurable crosstalk signal.

4.2 NIRS Phantom

Table 1 shows results for the NIRS phantom used with the stan-
dard illumination strategy at different intensities and avalanche
gain. The dc voltage and noise values at the ADC are followed
by the NDCR ratio. For a fixed avalanche gain, higher illumina-
tion power yields a stronger dc output and better NDCR ratio.
For constant light intensity, higher avalanche gain results in a
stronger dc level. The absolute noise level and NDCR ratio in
function of avalanche gain seem to respond in a nonlinear fash-
ion and optimal results are found with an avalanche gain of 19
and a lighting power of 45 mW. It should be mentioned that the
values mentioned for the avalanche gain are estimations based
on the bias voltage applied to the APD. As the room tempera-
ture was controlled during the acquisitions and the experimental
setup was stable for all measurements, this estimation is consid-
ered to be reasonably accurate. Also, the dc levels of 5000 mV
indicate that there was amplifier saturation because of too much
light reaching the detector.

Table 2 shows the phantom results obtained with physiology-
like light injection (1 Hz sine wave, amplitude at 1% of the
dc level) and different avalanche gains. This stimulation was
used because it is very similar to the heart beat which is the
predominant feature of the NIRS signal. The dc level of the

Journal of Biomedical Optics

096014-7

Table 1 NIRS phantom results with pulsed light.

Optical Noise

power Avalanche amplitude

(mW) gain DC level (mV)  (mVims) NDCR (%)
3 1 4.64 0.55 11.885
14 1 84.17 6.42 7.627
28 1 177.55 0.68 0.385
45 1 273.27 0.44 0.162
3 19 137.3 0.18 0.132
14 19 698.3 0.23 0.033
28 19 1448 0.37 0.026
45 19 2 328 0.34 0.015
3 31 204.3 0.23 0.111
14 31 1034 0.43 0.041
28 31 2154 0.60 0.028
45 31 5000

3 39 261.7 0.27 0.104
14 39 1321 0.63 0.048
28 39 5 000

45 39 5 000

signal increases with avalanche gain as shown in Table 1. SNR
was computed by isolating the 1 Hz sine wave with a digital filter
and considering the remaining oscillations as noise. The use of
avalanche gain significantly increases the SNR. Figures 4(b) and
4(c) show typical curves obtained in linear and avalanche mode,
respectively. The effect of the averaging function of the system is
measured to increase SNR by 4.7 dB by taking 4 NIRS samples
per channel and averaging them every time a light source is
activated instead of one. Figure 5(a) shows how the averaging
function works.

Figures 5(b) and 5(c) compare phantom results with in vivo
measures on the frontal and occipital cortex for a shaved sub-
ject (subject 3) and for a subject with short but dense red hair
(subject 4). These subjects were chosen to show the high inter-
subject variability of signal attenuation depending on the hair
factor. Figure 5(b) and 5(c) shows the dc levels for phantom and
in vivo data, which informs on light absorption of the medium
crossed by light. Intrasubject variations of up to 2 orders of
magnitude were found between the frontal and occipital cor-
tices. Intersubject variations were found to be over 1 order of
magnitude. The phantom had similar optical properties to the
in vivo frontal cortex. Figure 5(c) uses the signal of interest’s
amplitude over dc level (SADC) ratio, which gives an indication
of the validity of the protocol used to find the SNR of the system
when comparing phantom to in vivo curves. For the phantom,
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Fig. 5 (a) Schematic illustration of time multiplexed illumination and
detection for one NIRS channel. When averaging is activated, samples
X1 to x4 are averaged by the FPGA and only one sample is sent to
the computer. When averaging is turned off, only sample x4 is used.
Samples x5 to xg are used to further reduce the contribution of ambient
light to the signal. This was not used for the results presented in this
paper. (b) dc level of phantom results compared to in vivo baseline
levels at the same illumination power and source-detector distance. (c)
SADC ratio for phantom and in vivo results.

Journal of Biomedical Optics

096014-8

Table 2 NIRS phantom results with physiology-like stimulation.

Avalanche gain Averaging DC level (mV) SNR (dB)
1 no 76 -8.46
19 no 626 14.4
31 no 916 13.7
39 no 1161 13.5
1 yes 76 —-4.6
19 yes 624 18.9
31 yes 913 19.0
39 yes 1156 18.5

the amplitude of the signal of interest was found by applying a
1 Hz notch filter and then computing the amplitude. For in vivo
results, that value was found by applying a 0.8 Hz high-pass
filter in order to keep only the heart-beat signal and the high
frequency noise. The amplitude was then computed. SADC ra-
tios found are close to 1%, as stated in literature’® for the adult
human brain.

The NIRS to EEG intermodality crosstalk was measured to
be 20 dB.

4.3 Combined EEG-NIRS Visual Task

The raw data for EEG was treated with EEGLAB,* an open
source toolbox for MATLAB. Every channel was bandpass fil-
tered between 1 and 40 Hz and all events were averaged for
each subject. Figure 6 shows averaged VEPs for all the acquisi-
tions (subjects 3 to 5), using the flashing checkerboard protocol
reversing at 8 Hz for subjects 3 and 5 and 4 Hz for subject 4 for
contrasts of 10% and 100% at electrode POz. Error bars are not
shown but the standard deviation found between trials is similar
for all subjects, ranging from 9.3 to 10.6 V. The standard error
being greater than the signal of interest explains why so many
trials are necessary to obtain good results.

The raw data for NIRS was processed with HOMER,*® an
open source toolbox for MATLAB. Every channel was bandpass
filtered between 0.005 and 0.1 Hz and with a principal compo-
nent analysis filter, removing the first eigenvector component,
helping to reduce the effect of motion artifacts, temperature
variations, and other interchannel covariant data. A differential
pathlength factor correction was also applied to generate con-
centration values. Averaging was applied to each stimulation
block. Figure 6 shows the averaged hemodynamic response for
HbO, and HbR for subjects 3 to 5 for the low and high contrast
checkerboard protocol.

The values of VEPs and NIRS averaged responses were com-
puted for subjects 3 to 5 and are shown in Table 3. For VEPs,
the rms value for the curve shown in Fig. 6 was used, and for
NIRS the mean concentration variation for the 0 to 45 s period
was used.
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Fig. 6 Effect of contrast on neuronal response measured by NIRS and EEG with contrasts of 10% and 100% for subjects 3 to 5 [(@)—(c), re-
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Table 3 Value of VEPs and NIRS response to contrast variations.

Contrast 10%

Contrast 100% Variation (in%)

Subject VEP (uV) HbO, (uM) HBR (uM]  VEP (V) HbO, (uM) HbR (uM) VEP  HbO, HbR
3 0.091 0.117 ~0.068  0.672 0.173 ~0.171 638 48 151
4 0.209 0.076 0.012 0.417 0.640 0.078 100 742 550
5 0.183 0.177 ~0.073 1386 0.192 —0.112 657 8 53

To confirm spatial localization of the activations, topographic
reconstruction using a back-projection algorithm provided in
HOMER was done for HbO, and HbR for all 5 subjects.
Figure 7 shows results from subject 3 for the checkerboard high
contrast protocol compared with lower visual field protocols.
Activation in both hemispheres was observed for the checker-
board protocol as well as lateralized activations for the lower
field protocol. Lateralized activations respectively correspond

Stimulation

(@

-2 0 2

spatially with those generated by the checkerboard stimuli. Up-
per visual field results are not shown as significant activation
was difficult to reproduce between subjects. Figure 8 shows the
HbO, topographic reconstruction for the lower left visual field
stimulations for subjects 1 to 5 to illustrate reproducibility.
Table 4 shows the results of measured power consumption
for the various parts of the prototype and the estimations for
the future 32-channel system. The prototype autonomy with the

HbO HbR

2 0 2
x 107 x 107

Fig. 7 NIRS topographic reconstruction for subject 3 showing block averaged HbO, and HbR concentration variations (units in meters). The x and
o elements in the HbO, and HbR columns represent the position of NIRS light sources and detectors, respectively. (a) Checkerboard protocol with
100% contrast. (b) Windmill pattern protocol for lower left visual field. (c) Windmill pattern protocol for lower right visual field.
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Fig. 8 NIRS topographic reconstruction of HbO; for subjects 1 to 5 for the lower right visual field stimulation. The x and o elements in the HbO,
and HbR columns represent the position of NIRS light sources and detectors, respectively.

actual battery, at the time of publication, has been validated for
over 30 h of continuous acquisition at maximum illumination
power and is expected to reach 40 h (complete battery discharge
test still has to be done). With the actual configuration and ar-
chitecture, the 32-channel system is expected to reach 15 h of
autonomy. The battery used for testing was a 7.4V Li-Ion tech-
nology with a 10 Ah capacity. It weighed 404 g with dimensions
of 7.6 x 8.0 x 4.0 cm®.

5 Discussion
5.1 EEG Phantom

The results for the EEG amplification chain corresponded well
to what was expected from the device. However, the high level
of electromagnetic noise in the measurement environment intro-
duced wide amplitude 60 Hz oscillations that had to be filtered
digitally. As was seen in ulterior testing (in vivo data for subject
1), acquiring data was a lot easier when a Faraday cage setup
was available. It should be kept in mind that clinical settings
do not always allow optimal measuring conditions possible and
thus, optimization of the power supply rejection ratio and cable
shielding should be evaluated in order to get better performance.

The input referred noise is sufficiently low to provide good
quality measurements when an EEG bandwidth up to 35 Hz
is sufficient, which is the case in most clinical situations.
As stated above, the 60 Hz interferences, with harmonics at
120 Hz, strongly affect the quality of measurements in noisy
environments.

The influence of EEG signals on NIRS was minimal and is
not expected to affect the quality of data.

5.2 NIRS Phantom

Data found in Table 1 suggests that an increase in illumination
power or avalanche gain produces a better NDCR, leading to
better SNR. As illumination accounts for nearly half of the
power consumption of the system in this context and a higher
avalanche gain produces marginal consumption increase, using
high avalanche gain and the lowest possible light power was
best suited for this application.

Table 2 shows significant SNR improvement when using
an avalanche gain instead of using the APD in linear mode.
However, the SNR only slightly changed when going from an
avalanche gain of 19 to 40. This is a known effect and is ex-
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plained by the increase of dark current noise when increasing
bias voltage.

Comparison of phantom results with in vivo baseline dc sig-
nals suggests that the phantom used provides a reasonably good
model for NIRS applied to adult subjects in the frontal area.
However, it represents an optimistic solution when the device
should be sensitive enough for hair-covered areas as the visual
cortex. A higher absorption coefficient might help to reflect that
factor. The high intrasubject and intersubject variability found
in dc levels also confirms the need for a wide dynamic range and
calls for flexibility in terms of illumination power and avalanche
gain.

Concerning the SADC ratio, results found for the phantom
are similar to the frontal in vivo data. This suggests that injecting
a sinusoidal signal of 1% the dc level in the phantom reflects
reasonably well in vivo results and can be used as a simple
tool to evaluate the sensitivity of the detectors and amplification
chain in cw NIRS systems. It should be noted that it does not
take into account the effects of light source multiplexing as the
illumination signal used is continuous.

For the phantom and both subjects, the SADC ratio had a
tendency to decrease as avalanche gain was increased, probably
because SNR increases, minimizing the contribution of noise to
the ratio. That tendency was most noticeable with the red-haired
subject, where signals had a higher noise level, mostly when
no avalanche gain was used, due to higher light absorption and
lower detected intensity.

The crosstalk of NIRS signal over EEG was significant and
that aspect will be studied in detail for the next version of the
system. However, as the NIRS signals are typically strongly
attenuated by the brain tissues and the detected light power is
small, the impact on in vivo signal quality for EEG was accept-
able considering that digital filtering was applied.

5.3 Combined EEG-NIRS Visual Task

The checkerboard pattern reversal protocol was used to evaluate
the effect of contrast on the strength of response in EEG and
NIRS.

In the case of VEPs, the higher peak amplitudes found for
higher contrast in all three subjects is in agreement with Refs. 25
and 41. Results found for subjects 3 and 5 are similar in timing
and the amplitude difference might be caused by intersubject
variability and electrode placement bias. For these subjects, the
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Table 4 Power consumption measurements and estimations.

Consumption
contribution
(8-channel,max

Measured power Estimated power

Consumption
confribution

(32-channel,

(8-channel illumination power), (32-channel system), max illumination
Subsystem prototype), in mW in % in mW power), in %
Whole system (rest 1110 1965
state)
Whole system 1850 4 960
(maximum illumination
power)
FPGA prototyping 815 44 915 18
platform (PCB #1)
Power/communication 15 0.8 15 0.3
management board
(PCB #2)
ADC/DAC board 74 4 270 5
(PCB#3)
Light source module 67 268
(rest state)
Light source module 814 44 3260 66
(maximum illumination
power)
Detection module 125 7 500 10

N75, P100, and N145 peaks, as described in Ref. 42, can be
observed in Fig. 6. VEPs for subject 4 showed similar response
intensity and shape, but the timing is slightly different and that
could be caused by the different reversal frequency used for this
subject. Timing and amplitude variation between subjects and
compared to other results found in literature could be caused
by experimental protocol variations such as check size,*? stim-
ulation frequency,®* and intensity,** but also by attention level
variability.*

NIRS results also show concordance with published studies.
Increasing contrast generated an increase in HbO, and decrease
in HbR, as expected in Refs. 25 and 41. It should be noted that
no partial volume correction was applied to data and according
to Ref. 46, this fact might explain an underestimation of more
than 50% of the concentration variations reported here. Subject
4 showed high variability and poor HbR response in his results
that could have been caused by lower reversal frequency or
variations in the experimental setup, which included a higher
level of ambient light and more sources of distraction in the
surroundings. On the other hand, subjects 3 and 5 show similar
responses in timing and intensity for both HbO, and HbR and
are in agreement with the results of Ref. 25.

Topographic reconstructions for localization of activated ar-
eas showed good correlation between the activation of the whole
visual field and the lower left or right fields. The lower left
and right visual field stimulation results corresponded well with
Ref. 35, with respect to the localization of activation for 4 out
of 5 subjects. Subject 4 showed poor result quality for the same
reasons mentioned above. Upper visual field activations were
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less reproducible between subjects. The possible cause might
be that the activation zone is smaller in that case, generating
a smaller signal that might not be strong enough to measure,
considering the relatively small number of stimulation blocks
used. Furthermore, considering the low detector density in this
experiment, the lack of reproducibility might also be caused by
not adequately covering the activated area in some subjects.

As can be observed in Fig. 8, activation location varies from
one subject to the other. For subjects 2, 3, and 5, the activated
zone is clearly located between source 2 and detector 5. For
subject 1, the imaging zone was probably shifted to the left.
This hypothesis is supported by the fact that activation for the
lower left visual field generated activation between source 7 and
detector 6. As stated before, the hemodynamic response quality
for subject 4 is considered poor.

The repeatability of VEPs and NIRS activations between
subjects varied depending on the protocol. VEPs obtained for
the contrast study showed good correlation with literature in
shape and timing. Occipital cortex activation was observed in
EEG and NIRS for all subjects, but the amplitude of response
varied significantly, mostly in NIRS. That variability seems to
be frequent with this modality and can be partly explained in
this case by a relatively low SNR, intersubject physiological
variability, and spatial variations in optode locations, as stated
in Ref. 36. NIRS topography could be repeated with success on
80% of our subjects, even if subjects 1 and 2 were stimulated
with different reversal frequencies (respectively, 1 and 2 Hz). A
quiet and dimly lit experimental environment with a low level
of electromagnetic interference was not always available and
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will be used for further experiments in order to increase the
significance of our results.

With a 10 Ah high density Li-ion battery supplying 7.4 V, the
autonomy of the prototype that was measured to be more than
30 h, which is enough for clinical applications. Early estima-
tions for a 32-channel version of this system indicate that power
consumption optimizations will be necessary to reach the 24 h
autonomy objective. Considering the energy needs of the dif-
ferent subsystems involved, the efforts will have to concentrate
mostly on the light sources and on the FPGA PCB. Minimizing
the illumination power needed by increasing the detection sen-
sitivity and minimizing the light pulsing duration are the first
steps toward reaching those objectives.

6 Conclusion

In order to meet the requirements of a portable functional brain
imaging system capable of simultaneous EEG and NIRS mea-
surements, a system designed to eventually acquire up to 32
EEG electrodes, 32 light sources, and 32 detectors for NIRS
was proposed. We confirmed that this novel portable device was
capable of high sensibility, complete head coverage, and suffi-
cient autonomy for clinical applications. The results obtained
on a reduced channel count prototype show good concordance
with existing literature and suggest performance levels that are
reasonable for clinical applications. Following some minor ad-
justments, the actual prototype will be used for preliminary
testing in epilepsy and stroke applications.

Future efforts will concentrate on improving the perfor-
mances of the device for the clinical environment. First, EEG
and NIRS sensibility and crosstalk will be optimized with a fo-
cus on electronics but also by designing a new helmet which will
enable better electrical and optical coupling. Various techniques
will then be applied to reduce the power consumption of the
system and PCB physical footprint.
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