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Functional Near Infrared Spectroscopy (fNIRS) is an emerging neuroimaging technique that utilizes near infrared
light to detect cortical concentration changes of oxy-hemoglobin and deoxy-hemoglobin non-invasively. Using
light sources and detectors over the scalp, multi-wavelength light intensities are recorded as time series and
converted to concentration changes of hemoglobin via modified Beer-Lambert law. Here, we describe a potential
source for systematic error in the calculation of hemoglobin changes and light intensity measurements. Previous
system characterization and analysis studies looked into various fNIRS parameters such as type of light source,
number and selection of wavelengths, distance between light source and detector. In this study, we have analyzed
the contribution of light detector surface area to the overall outcome. Results from Monte Carlo based digital
phantoms indicated that selection of detector area is a critical system parameter in minimizing the error in

concentration calculations. The findings here can guide the design of future fNIRS sensors.

1. Introduction

Functional Near Infrared Spectroscopy (fNIRS) is a neuroimaging
modality which allows investigation of brain functions non-invasively. It
is widely used to measure changes in the concentration of oxy-
hemoglobin and deoxy-hemoglobin in tissue [1,2]. Infrared light prop-
agates through the tissue and eventually part of it is back-scattered to the
surface and collected by photon detector. The detected attenuated light
encodes information about brain activity as a consequence of absorption
and scattering dominated light tissue interaction. A number of light
migration models have been developed to study the transmission process,
the majority of the proposed modelling approximation fall into two
categories of being either analytical or numerical methods [3-11].
Analytical models have the advantage of fast computation, but limits to
simple geometries [12-14]. On the other hand, numerical models are
capable of modelling complex geometries, but require relatively higher
computational cost. One of the major computational methods in nu-
merical algorithm is Monte Carlo simulation.

The Monte Carlo method refers to numerical simulation based on
random sampling from appropriate probability distribution [15-18].
Light is considered as a packet of photons propagated in a certain
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direction for a fixed step size within the medium. Whether certain
random amount of photon should be absorbed or scattered depends on
the material's optical property at specific location [7]. Monte Carlo
simulations can model how photons travel through different tissue
layers, under dynamically and spatially changing conditions for various
fNIRS instrumentations, source-detector types and locations, which is
more flexible and informative than physical testing. It has several addi-
tional merits such as simple implementation, the ability to handle com-
plex geometries and inhomogeneity, as well as the possibility to
incorporate time-dependency.

Several photon migration models have been developed to investigate
light tissue interaction. Different aspects of system parameters have been
explored, such as wavelength selection, source-detector separation,
depth of penetration, and effect of layers' thicknesses [19-25]. Among
those simulation studies, most have not declared the detector fiber size,
clearly. In some studies it was stated that larger detector surface area
could increase the amount of collected light, but could also introduce
artifacts and be more easily obstructed by hair [26,27]. The idea of fiber
brush to overcome this drawback was proposed, to make the fiber optode
molded to fit the diameter of any fiber bundle, with single brush fiber
radius as 0.125 mm [28]. However, various fiber sizes have been used in
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several existing NIRS devices, and fiber radius can be ranged from
0.4 mm to 5.5 mm, as listed in Table 1. Thus, detector fiber size could in
fact be an important system parameter and should be investigated in the
simulation model, to obtain more accurate estimation of the chromo-
phore concentrations.

In this study, our aim is to point out one of the system parameters,
light detector surface area, as a potential source of systematic error in
calculating concentrations. To do so, we first introduce the definition of
differential pathlength factor (DPF), which is the scaling factor that re-
lates source-detector separations to the average pathlength light travels
between the light source and detector. We argue that there is a potential
source of error to be considered when analyzing raw fNIRS data using
modified Beer-Lambert law (MBLL), that is the detector area that could
lead to relative differences in DPF as a function of wavelength. We
investigated the effect of the detector surface with Monte Carlo simula-
tions on a digital multilayer model. The results of this approach could be
used to optimize fNIRS sensors and provide guidance for the design of
next generation optical brain imaging systems.

2. Method

In order to set the theoretical framework for analysis, modified Beer-
Lambert law as applied to quantifying concentration changes of deoxy-
hemoglobin and oxy-hemoglobin is briefly reviewed.

2.1. Modified Beer-Lambert law

The Beer-Lambert law (BLL) is a model that describes the loss of light
intensity mainly due to absorption as a function of the concentration of a
substance in a non-scattering medium, as in equation (1) [58], I, is the
incident light, ¢(4) is the wavelength dependent specific extinction co-
efficient of the chromophore, c is the concentration of the chromophore
responsible for the absorption and [ is path length.

I = Ioa'clofe(/l)""'c*l (1)

Since biological tissue is highly scattering, in order to use the relation
defined by BLL, modified Beer-Lambert law (MBLL) [59] has been
introduced and is commonly used in the field of near-infrared spectros-
copy for the calculation of oxygenation from light intensity values. MBLL
incorporates two elements to the BLL: the differential pathlength factor
(DPF) that accounts for the increased distance that the light travels due to
scattering and absorption effects, from light source to detector, and a
factor G(1) accounting for tissue geometry and light attenuation due to
scattering [26,60]. Then, the MBLL is expressed as given in equations (2)
and (3) where d accounts for the direct distance between light source
and detector.
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The optical density (OD) for a specific input wavelength is the loga-
rithmic ratio of input light intensity and detected light intensity, which is
expressed as given in equation (4) based on MBLL [61].

I = DPF(2)*d

OD(2) = 4

—l()gmé = e(A)*c*d*DPF (1) + G(4)

Assuming that G(1) is time-invariant, then the change in OD can be
found by using measurements obtained at different time instants as ex-
presses in equation (5), the index i denotes all investigated chromo-
phores, commonly the contributions from oxy-hemoglobin and deoxy-
hemoglobin [26], AOD(2) is the change in optical density over time
relative to a baseline measurement for a given wavelength, ¢/’ and
are the wavelength dependent extinction coefficients, while Ac"" and
Ac™ are the concentration changes of deoxy-hemoglobin and
oxy-hemoglobin.

AOD(3) = &/(A)xAc;*d*DPF(2)

— (f,‘ﬁbr*ﬂchhr + 8ﬁzho~kAChbo) *d*DPF;l (5)

From measurements of optical density at two wavelengths, the con-
centration changes can be found as given in equation (6).

AOD;, = é_;sz:Achbr *d"“DPFM + e;fo ;':Achbo "“d*DPF/“

AODA‘Z — ef{é;ricAchbr *d*DPFu + 6‘230 *Achbo *d*DPFAZ
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Based on equation (6), systematic errors in the choice of the DPF can
result in inaccurate estimation of concentration changes, which can lead
to cross-talk in the estimated values [60]. In addition, the absolute
magnitudes and relative differences in pathlength factors as a function of
wavelength is identified as one of the potential sources of error to be
considered when analyzing raw fNIRS data using the MBLL [62]. For

Table 1
Near Infrared Spectroscopy based brain monitoring devices.
Manufacturer Model Detector Source- detector Market Ref
radius (mm) Separation (mm)
Infrascanner, PA, US Infrascanner 1000 & 2000 0.75 40 Yes [29,30]
fNIR devices, MD, US fNIR1100 ~1.3 25 Yes [31,32]
fNIR1200 ~1.2 25 Yes [31,33]
TechEn, MA, US CW6 0.5-1.5 10, 30 Yes [34-36]
ISS, IL, US Imagent 15,2 30, 35 Yes [37-41]
NIRx, Berlin, Germany NIRscout 1.25,1.5 20-30 Yes [42,43]
Hitachi, Japan ETG-4000 0.8 30 Yes [44]
NIR OT 0.5 20 Yes [45]
Hamamatsu, Japan NIRO-200 1.5 30 Yes [46]
Artinis Medical Systems, Netherlands Oxymon Mk III 2,2.25 35 Yes [47,48]
Physikalisch-Technische Bundesanstalt, Humboldt University, Berlin, Germany trNIRS 2 30 No [49,50]
CNRS-Universite de Strasbourg, Strasbourg Cedex, France trNIRS 0.4 ~29 No [51]
Dublin City University, National University of Ireland Maynooth, Ireland CW-fNIRS BCI 1.5 30-40 No [52,53]
University College London, London, UK UCL Optical Topography System 1.5 15.8, 25, 38.1 No [54]
Korea University, Seoul, South Korea Wireless NIRS System ~1.13 ~32.1 No [55]
Pusan National University, Busan, South Korea Wireless NIRS Systems ~5.47 30 No [56,57]
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some wavelength pairs, it was shown that 20% total difference in DPF
could lead to 50% significant magnitude change in computed concen-
tration changes [62].

2.2. Monte Carlo simulation

Human brain is heterogeneous medium, which consists of scalp, skull,
cerebrospinal fluid (CSF), grey matter and white matter. A digital
phantom with five-layer slab geometry (100 * 100 * 50 mm®) was
designed to monitor adult head model. The thickness of each layer was
taken as: 5 mm for scalp, 5 mm for skull, 2 mm for CSF, 4 mm for gray
matter, and the rest for white matter [63].

Fig. 1 illustrates the five-layer slab human head model and the
configuration of source and detectors used in this study. Source-detector
separation was set to 30 mm, and detector area fiber radius was selected
as 0.2 mm, 0.4 mm, 0.8 mm, 1.2 mm and 1.6 mm. Detector was placed at
4 different directions with the same source-detector separation and 50
random simulations were run for each detector location. In each simu-
lation, 100 million photons were launched from the source. The optical
property of each layer used in the simulation are provided in Table 2.
Wavelengths in the simulation were selected close to Hitachi ETG-4000
systems, as 690 nm and 830 nm [62,63].

For the simulation package, Mesh-based Monte Carlo Method
(MMCM) was adopted in the simulation, which utilizes a tetrahedral
mesh to model a complex anatomical structure [8]. The package
computed the partial pathlength of each photon within each layer, based
on predefined detector location and area, then the mean optical path-
length and differential pathlength factor (DPF) was computed [17]. The
simulation was run on hardware supported by Drexel's University
Research Computing Facility.

2.3. Concentration calculation

To demonstrate the contribution of detector area on concentration
calculation, fNIRS data collected by Hitachi ETG-4000 systems for a
previous Motor-Imagery-Based BCI study was re-analyzed [64-66].
Experiment consisted of motor execution and motor imagery task blocks
as well as rest periods. During the experiment, subjects performed one of
four tasks: right hand, left hand, right foot, or left foot tapping. During
motor execution tasks, subjects tap their fingers against their palm for
hand tasks, or tap foot and toes on the floor while keeping their heel on
the ground for foot tasks. During motor imagery tasks, subjects were
instructed to imagine performing these tasks, but refrain from any muscle
movement [65]. A total of 22 sessions sample data collected from 5
subjects were used, and DPF values obtained from simulation with

I scaip
I—
 — el
[ Grey Matter
[__Iwnite Matter

Fig. 1. Geometry of a five-layer slab human head model for Monte Carlo simulations.
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Table 2
Absorption and scattering coefficients (/mm) from published literature applied in Monte
Carlo simulations. Anisotropy was fixed to 0.9 and refractive index to 1.4 in all layers.

Scalp Skull CSF Gray Matter White Matter
690 nm Ha 0.0162 0.0103 0.0004 0.0182 0.0182
Hs 7.87 9.83 0.10 12.29 12.29
830 nm Ha 0.0199 0.0141 0.0026 0.0193 0.0193
Hs 6.47 8.43 0.10 10.88 10.88

different detector active radius were implemented in MBLL process.

For each detector area case in simulation (r = 0.2 mm, 0.4 mm,
0.8 mm, 1.2 mm and 1.6 mm), the minimum, maximum and mean value
of DPF were obtained through 200 random simulations separately. The
minimum versus maximum DPF of two wavelengths were used in MBLL
calculation, in equation (6).

3. Results
3.1. Detector area affects DPF stability

Averaged DPF values obtained from simulation for different detector
areas (radius: 0.2 mm, 0.4 mm, 0.8 mm, 1.2 mm and 1.6 mm) are shown
in Fig. 2 for 690 nm on the left, and 830 nm on the right with source-
detector separation set to 30 mm. For each detector area size, there
were 50 independent simulations per detector location, makes a total of
200 simulations. Each simulation took between 3 and 4 h, with 8 CPU
cores. Mean DPF values barely changed as the detector area varied,
however, the standard deviations of DPF decreased sharply as detector
area increased. There was a statistically significant difference between
different detector area as determined by one-way ANOVA
(F(4,15) = 189.399, p<0.005 for A 690 nm, and F(4,15) =
303.672, p<0.005 for A = 830 nm). A Tukey post hoc test revealed that
the standard deviation of DPF values was significantly lower as the de-
tector area increase, there was no statistically significant difference be-
tweenr =1.2mmandr = 1.6 mm groups (p = 0.872 for A = 690 nm, and
p = 0.325 for A = 830 nm). It was also found that when the detector
radius was 0.2 mm, DPF had the largest variation, generating about 25%
difference from the mean value (A = 690 nm: 25.39%; A = 830 nm:
23.90%). While the detector active radius increased to 1.6 mm, DPF
values only generated about 3% difference (A = 690 nm: 3.05%;
A = 830 nm: 2.79%). All 200 DPF values for each area size were in
Gaussian distribution, except for the case A = 690 nm, r = 0.2 mm, as in
Fig. 3, upper row shows the distribution of DPFs when wavelength is
690 nm and lower row is for 830 nm, detector area increased from left to
right columns.

3.2. DPF variation affects concentration calculation

Using the DPF measurements from the digital head phantom corre-
sponding to different detector area size, oxy-hemoglobin and deoxy-
hemoglobin concentration changes were calculated on a pre-recorded
data set collected during a Motor-Imagery-Based BCI study as
explained before. Resulting hemoglobin concentration changes calcu-
lated for different DPF values using single representative data segment
(channel 2) are presented in Fig. 4. Upper and lower row of figures
represents different chromophores: A[HbO] and A[HbR] respectively.
Each column denotes different detector area sizes: 0.4 mm, 0.8 mm and
1.6 mm from left to right. Line type stands for data traces calculated using
different DPF pairs: pair 1 is maximum DPF of 690 nm and 830 nm, pair 2
is minimum DPF of 690 nm and 830 nm. In equation (6), the two pairs of
DPF values were used to demonstrate the difference in chromophore
calculations contributed by detector surface area.

Notable with the curves obtained from detector area with r = 0.4 mm,
DPF variation induced a nearly 12% magnitude change in the computed
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Fig. 2. The effect of light detector area on DPF values (mean + std) with different wavelengths measured with Monte Carlo simulation.
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Fig. 3. Distribution of DPF values measured in simulation with different detector radius.

concentrations. The difference was about 6% when r = 0.8 mm, the same
size as Hitachi ETG-4000 system (Table 1). When detector area was large
as r = 1.6 mm, the difference was only around 3%. A Kruskal-Wallis H
test showed that there was a statistically significant difference in mean
absolute difference of A[HbO] and A[HbR] between different detector
area, y*(4)=1104.778, p=0.000 for A[HbO], and ;*(4)=
1128.601, p = 0.000 for A[HbR].

The averaged absolute percentage difference of hemoglobin concen-
tration from DPF pairs, across all sample data (5 subjects, 24 channels, 22
sessions in all) is presented in Fig. 5. The difference of oxy-hemoglobin
and deoxy-hemoglobin was above 10% when detector area was
0.2 mm and 0.4 mm. The slope of the plot gradually went shallower when
detector area was 0.8 mm, still had larger difference than 1.2 mm and
1.6 mm, which only had about 3-5% difference.
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3.3. Relationship of source-detector separation and detector area with DPF

To further investigate the contribution of detector radius on DPF
stability, other source-detector separations were also studied in digital
head phantom. Averaged DPF values measured for different detector
areas (radius: 0.2 mm, 0.4 mm, 0.8 mm, 1.2 mm and 1.6 mm), and for
690 nm on the top row, and 830 nm on the bottom row where source-
detector separation was selected as 10 mm, 15 mm, 20 mm, 25 mm,
30 mm, 35 mm, 40 mm from left to right are presented in Fig. 6. In these
calculations, 50 simulations were performed for each condition. The
standard deviations of DPF decreased as detector radius increased. When
the detector radius was a fixed value, DPF became more unstable with
increasing source-detector separations.
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4. Discussion

A variety of systematic errors in recording and processing of NIRS
data can lead to unreliable oxy-hemoglobin and deoxy-hemoglobin
concentration quantification. In this study, detector surface area is sug-
gested as a potential source of system error in hemoglobin calculation. In
order to quantify the error in concentration calculation generated by
detector surface area, we performed Monte Carlo simulation on digital
phantoms, applied the obtained DPF values from simulations in MBLL on
areal measured data set, then computed the contribution of detector area
in oxy-hemoglobin and deoxy-hemoglobin concentration calculation.
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4.1. DPF stability

Results from simulations indicated that for different detector surfaces
areas, when all other aspects are kept the same, the mean DPF for each
area size was almost identical. However, detector active radius larger
than 1.2 mm acquired more stable DPF value than smaller detector area,
such as 0.2 mm. This DPF stability finding was also supported by Monte
Carlo simulations with tests on multiple source-detector separations.
When source-detector separation was 40 mm, the DPF was noticeably
unstable with small detector radius (Fig. 6).

Results in Fig. 6 also suggested that when the detector radius was kept
constant, DPF became more unstable as the source-detector separation
was increased. With increasing source - detector separation, photons
collected by the detector traveled longer pathlength, which could be the
contribution to relatively larger standard deviations as compared to
smaller separations.

With variations in DPF values, the oxy-hemoglobin and deoxy-
hemoglobin concentration calculation using equation (6) would be
affected by different amounts. The smaller the variation of DPF values in
simulation, the lesser the concentration changes would be impacted.

4.2. Concentration calculation

Results from Fig. 4 implied that more stable DPF values would likely
to generate smaller error in hemoglobin calculation. This suggested that
relatively larger detector size tend to lead to the calculation of hemo-
globin concentration changes more accurately than smaller detector area
sizes considering the DPF aspect in MBLL calculations.

The DPF pairs used in the calculation were minimum DPF pair and
maximum DPF pair. If the DPF pairs switched, with minimum DPF of
690 nm and maximum DPF of 830 nm as pair one, maximum DPF of
690 nm and minimum DPF of 830 nm as pair two, the difference of DPF
used in equation (6) calculation would be around 50%, with +25% in
each wavelength, then much more difference would be generated in
concentration changes calculated [62], this could be verified by
computation on equation (6). However, with only +3% difference in each
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Fig. 6. Comparison of DPF values (mean =+ std) from different detector area varies source-detector (SD = 10 mm-40 mm) separations.

wavelength (r = 1.6 mm), the resulting hemoglobin concentration
changes would be affected much less.

Results suggested that too small detector area cannot accurately
quantify relative changes in oxy-hemoglobin and deoxy-hemoglobin,
especially for large source-detector separations. Thus, detector area
r = 0.2 mm will be a less optimal choice for oxygenation related mea-
surements, as well as r = 0.4 mm (based on Table 1, some NIRS devices
have detector fiber bundle as small as about 0.4 mm), cause a relatively
small variation in DPF can produce a large error rate in calculated con-
centration changes. Avoiding this small detector area can therefore help
minimize relative error in hemoglobin concentration calculation. Espe-
cially when the source-detector separation is relative larger, such as
40 mm, the DPF is much more unstable than smaller separations, intro-
ducing the concept of using bundled-optodes which may help minimize
the total error rate in concentration calculation [67,68].

In general, from the DPF stability aspect, the relatively larger detector
area is preferred. However, if too large detector was selected area, other
potential errors could be introduced, such as inaccurate monitoring of
focal hemodynamic changes, as discussed in other studies [60]. Given
results in Fig. 5, when detector area reached about 0.8 mm, the per-
centage difference had relatively small changes when the detector area
kept increasing, which suggested, radius above 1.2 mm might be an
optimal range for detector area selection.

A limitation of this study was the model used in the simulation to
acquire the DPFs. We considered human brain as a simple 5-layer slab
medium in the simulation, a more complex structure could be intro-
duced, by considering the true head curvature and the spatially varying
thickness of extracerebral tissue. Future study would involve more tissue

types and heterogeneous optical properties, the effect of light intensity as
well as the light source sizes will also be investigated.

5. Conclusion

In this study, we demonstrated the influence of detector area size on
hemoglobin calculation, specifically the DPF stability. Our simulation
results showed that as the detector area increases, the DPFs' standard
deviation decreases, while the mean DPFs hardly varies, the larger the
detector radius, the more stable the DPFs became and hence, with larger
detector radius, error rate in hemoglobin calculation was smaller. This
overall result highlights the importance of detector area size in fNIRS
system design. Since fNIRS recordings are potentially sensitive to several
sources of systematic error, some errors can be substantial in causing
dramatic differences in the calculation of concentration changes. The
choice of appropriate detector area could help minimize such errors.
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