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Introduction

Multi-channel near-infrared spectroscopy (NIRS) offers the
potential to substitute, or at least complement, electro-
encephalography (EEG) to detect functional activity e.g., in the
motor area of the brain. Bedside NIR sensors have been used to
investigate the haemodynamic shift caused by specific brain
activity, such as epileptic seizures (Watanabe et al., 2000).
Although it is clearly a promising data acquisition method, several
open issues remain i.e. some NIR systems toggle sequentially
through measurement channels, which leads to a slower
acquisition time (Bunce et al., 2006). Another issue is caused by
unaccounted signal contributions from superficial blood vessels
within the scalp and skull. This may dilute the significance of NIR
data obtained e.g. when measuring specific regional oxygenation
levels during a mental or physical task. In order to investigate
both effects, the following study presents the design of a
multichannel NIR system that is able to perform both sequential
and channel-interleaved signal acquisition. At the same time, we
used two NIR detectors per measuring channel to separate the
scalp and skull effects (Gersten et al.,, 2012; Schepens and
Waanders, 2008). In order to thoroughly test this NIR system, we
improved on an optical brain tissue phantom introduced by
Kashyap (2007).

Using such a phantom in the design cycle facilitates optimisation
before bringing it to patients.

Materials and Methods

NIR light emitted into the brain can be expected to follow a
curved path (Okada, 2000). A photodiode (PD) further away will
thus be able to detect backscattered light from a longer path, as
compared to a nearby PD, with the consequence of considerably
decreased signal amplitude (Denault et al., 2007). A graphic
illustration of those two light paths, given a common source,
resembles a sickle-shaped area. Thus, the light signal collected by
a more distant PD accounts for deeper, more distant brain
structures than a closer PD. In situ, a closer diode’s signal will be
a mixture of the skin, skull and superficial brain’s light scattering.
It is part of this study to find an estimate of a probable measuring
depth at a given LED-PD separation. Consequently, our NIR design
is set up using two, four-sensor modules with each sensor
consisting of two closely-mounted

light emitting diodes (LEDs) in line with two separated PDs (see
Figure 1 bottom). Each sensor’s PDs are mounted on a flexible
printed circuit board (PCB) at two different distances from the
light source. One is mounted at a distance of 28 mm and the
other at 40 mm. Thus, eight PDs of each module are supposedly
measuring light passing through the shallow region of scalp and
skull by a shorter source-sensor distance (SSD) and eight are
measuring light from deeper regions, presumably from the brain
cortex, by a longer SSD during the same measurement. In this
way, the scalp and skull contributions to the sensor’s signal can
be minimised by subtractive design (Schepens and Waanders,
2008).

Since our area of interest lies bilaterally within the cortex motor
areas (Coyle et al., 2007), each module’s four sensors are
oriented in a star shape, thus providing one common area in the
cross-section of all light paths (see Figurel centre). This study’s
sensor array was designed for detecting the haemodynamic
activity in an area of interest, especially the brain area
responsible for hand motion (Coyle et al., 2007). The specific
differences in absorption spectra of oxygenated (Hb,,) and
deoxygenated (Hby.ox) haemoglobin enable the determination of
blood oxygenation levels by using at least two measuring
wavelengths separated by haemoglobin’s isosbestic point (Baykut
et al., 2001). A similar approach is used in pulsed oximetry, which
is commonly used in clinical settings (Kamat, 2002). Based on
these considerations, each of our array’s NIR sensors consists of
two LEDs with wavelengths of 770nm and 850nm and two PDs
located 2.8 cm and 4 cm away from the LEDs (Figure 1).
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Figure 1. 8 NIR sensors with 4 sensors for the brain's left
hemisphere and 4 sensors for the brain's right hemisphere. NIR
LEDs and PDs are soldered on a flexible PCB.
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This flexible PCB is covered (except for the LEDs and PDs) with
black neoprene to eliminate ambient light and increase the
sensor’s robustness. The near PD is designed to detect NIR light
which passes through the scalp and skull, while the far PD is
designed to detect NIR lightwhich passes through the scalp, the
skull and the brain.

The multichannel NIR circuit presented (each half-sensor (1 LED
and 2 PDs) = 1 channel) is an improvement on a two-channel NIR
circuit previously presented by our group (Mohammedani et al.,
2010; 2011; Mankodiya et al., 2010). Figure 2 shows the circuit
board and a block diagram of the current system. This
multichannel NIR circuit design consists of three major parts:
constant current sources to guarantee stable performance of the
16 NIR LEDs, a receiving circuit to amplify signals detected by the
16 PDs and multiplexers. The circuit is powered using two
standard 9 volt batteries.

The receiving circuit consists of the following parts:

(a) Transimpedance amplifiers (with low capacitance to prevent
oscillation) will amplify the signals detected by the PDs;

(b) Differential amplifiers subtract the near PDs’ voltage from the
far PDs’ voltage and amplify the output;

(c) Ambient light cancellation will minimise the effect of the
ambient light, and

(d) A band pass filter to block signal frequencies outside the
desired range.
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Figure 2. The multichannel NIR circuit board and a block diagram of the
system (see text).

The system features two modes for testing purposes. In the first
mode, four left and four right hemisphere channels are switched
on at the same time (which means faster data acquisition) while
in the second mode the channels are sequentially active (which is
the regular case). In the first mode, two 16:8 multiplexers are
used so that eight LEDs of the same wavelengths (770nm or
850nm) are on at the same time. That way, the circuit receives
signals from 16 PDs and produces output for the first 8 channels.
Then the other eight LEDs are on and the circuit receives time-
delayed signals from the same 16 PDs and produces the output
for the second 8 channels. In the second mode, two 16:1
multiplexers are used so that the 16 LEDs operate sequentially
while the data is also collected sequentially for each sensor. Two
Gumstix Overo Fire on Summit expansion boards (Gumstix Inc.)
are used to produce the timing signals for multiplexers, EN and IN

for the 16:8 multiplexers (16 Hz and 8 Hz) and EN, IN1, IN2, IN3
and IN4 (16 Hz,8 Hz, 4 Hz,2 Hz,1 Hz) for the 16:1 multiplexers
(Figure 3). The NIR circuit output is collected by the both of the
Gumstix and then sent to the computer for further analysis.
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Figure 3. Multiplexer timing signals produced by Gumstix boards and
the corresponding NIR circuit operating modes (a) 16:1 multiplexer
timing signals. Each half-sensor or channel consists of one LED plus two
PDs (near and far). Channels 1, 3, 5, 7, 9, 11, 13 and 15 LEDs are the
770 nm LEDs. Channels 2, 4, 6, 8, 10, 12, 14 and 16 LEDs are the 850 nm
LEDs are operating sequentially. (b) 16:8 multiplexer timing signals, 8
channels are operating at the same time.

To validate the system prior to patient contact, a dynamic
laboratory brain tissue phantom was used (Figure 4): 28 ml of
human blood ware diluted in 1400 ml of Intralipid solution (1%
Intralipid in 10x PBS). This solution was filled into two non-
concentrically fixed laboratory beakers and continuously stirred
using a magnetic stirrer. The inner beaker was used to simulate
oxygenation changes in the brain whereas the outer beaker
simulated blood vessels within the scalp and skull. Both inner and
outer beakers were separately sealed gas-tight using Parafilm and
were fixed in relative position by a custom-made base from PLA.
The PLA fitting was formed by fused deposit molding with a 3D
printer (Makerbot, Replicator2). In order to simulate
haemodynamic changes, gas was bubbled through the
blood/Intralipid solution in the inner beaker at a rate of ca. 0.5
|/min. Partial deoxygenation was achieved by bubbling nitrogen
gas for at least 40 minutes. Due to the high affinity of hemoglobin
for O,, oxygenation took place in a fraction of that time span. We
maintained the gas seal by releasing pressure from the inner
beaker into a gas trap, water filled beaker (Kashyap, 2007). The
“skin-skull phantom” solution was neither de- nor oxygenated
but was kept isolated from both inner beaker and ambient air at
room temperature (22°-24°). Both NIR left and right sensors
(Figure 4) were in good contact with the outer beaker and
wrapped firmly to prevent motion during the experiments.
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Figure 4. Haemodynamic tissue phantom in two beaker arrangement.
Note the top and side view sketches depicting measurement
geometry and sensor positioning.
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Results and Discussion

Initially the system’s design was tested using a one beaker,
dynamic brain tissue phantom (Kashyap, 2007). A single-channel
voltage output at 770nm is shown in Figure 5. The phantom’s
solution was deoxygenated for 40 minutes followed by
oxygenation for 12 minutes. The increase in PD voltage due to
saturation of hemoglobin and subsequent change in absorption
parameters due to oxygenation is clearly visible (Fig. 5). The same
plot depicts the voltage differences of both the far and the near
PD due to path length related signal attenuation.
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Figure 5. PD signals (near and far diode) at 770nm illumination of
a one beaker, phantom upon oxygenation.
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In order to get an estimate for the effective measuring depth of
our sensor’s geometry, we investigated the oxygenation effect of
the inner beaker (brain phantom) with different thicknesses of
non-oxygenated blood (skin-skull phantom, outer beaker) at one
LED wavelength only (770nm). NIRS sensors where placed in
various locations around the beaker as shown in Figure 4 and the
hemodynamic  phantom’s inner beaker was partially
deoxygenated for 32 minutes and then oxygenated for 10
minutes. To quantify the depth sensitivity, we normalized the
voltage differences for the shallow and deep path’s photo
voltages by the theoretically maximal voltage difference V..
Vmax is reached, when the entire deep path courses through the
oxygenated area only and the entire shallow path never leaves
the unaltered blood area.

This is impossible to achieve in our two-beaker geometry, but can
be pre-determined sequentially in a one-beaker geometry. Figure
6 shows the normalized differences in photo voltage of the deep
and the shallow light path as effect strength with respect to the
unaltered blood thickness (outer beaker).
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Figure 6. Boxplot of the normalized voltage difference AV, of both
PD versus the distance of the sensor to the inner beaker (D cm)
during the re-oxygenation.

AVp=(VL'Vs)/Vma><.

V, = Far PD’s voltage when the sensor is located at distance D
from inner beaker

V, = Near PD’s voltage when the sensor is located at distance D
from inner beaker

Vimax.= Vi max - Vs min; Maximal effect, assuming that the whole long
path is in the oxygenated medium and the short path is in the
unaltered medium.

V| max = Far sensor voltage when the phantom is fully oxygenated
V. min = Near sensor voltage when the phantom is fully
deoxygenated

Figure 6 illustrates a clear, yet disputable relationship of effect
strength over unaltered blood thickness. For a thickness up to 1
cm or above 2.35 cm the normalized voltage difference AV, had
similar values. We interpret this fact by having situations where
both the shallow and the deep path are coursing through
similarly oxygenated medium: For D <1 cm, both paths course
mainly through oxygenated medium, whereas for D >2.35 cm
both paths course through unaltered blood. This view is
supported by one-beaker phantom measurements. For distances
between 1 cm and 2.35 cm, however, the deep path runs through
oxygenated medium, contributing by higher scattering to an
increased deep path photo voltage V. It is beyond the scope of
this work and a challenge for a simulation study to determine the
contributions for each fraction of each scattering path. However,
due to unknown peculiarities of the chosen effect quantity AV,
the maximal value within the sensitive depth of 1 to 2.35 cm was
found at 1.4 cm depth.

We thus hypothesize for our current geometry that the sensor
performance will be best when the distance between the sensor
and the origin of a hemodynamic effect will be in the range of 1.4
cm.

When testing the circuit in both operating modes, namely
sequential (16:1) and grouped (16:8), the grouped output showed
less sensitivity to oxygenation level changes, which is probably
due to optical cross talk by LED light from neighboring channels.
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Conclusion

The presented novel NIRS system design is based on an
embedded dual-core processor running custom made electronics
and features the ability to perform high speed NIRS data
acquisition targeted on brain (motor) cortex. Subtractive data
processing within one sensor at almost the same measuring spot
promises to increase signal quality. Using two PDs per NIRS
sensor and testing it, using a double-layered brain tissue
phantom, will enable us to investigate the optimal SSD to provide
signals from the brain with minimum effect from external blood
vessels. Bringing both possible LED wavelengths into play (Kamat,
2002), will foster the determination of [HbO,] in the relatively
small brain area involved in controlling hand movement. For this
study we did not attempt to go this direction, yet decided to
characterize the geometrical and electronic details of our current
design. Even though the sensor design produced less accurate
data when operating eight channels synchronously and grouped
on our beaker phantom, we are confident that a similar design
can be used in other locations with a better optical separation of
light paths than in a glass beaker.
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