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1 | INTRODUCTION

Near infrared spectroscopy (NIRS) is a light-based noninva-
sive technology used to monitor regional tissue oxygen

| Hasan Ayaz'>?

| Meltem Izzetoglu®

Abstract
Understanding near infrared light prop-

SDS=20 mm

agation in tissue is vital for designing
next generation optical brain imaging
devices. Monte Carlo (MC) simulations
provide a controlled mechanism to
characterize and evaluate contributions
of diverse near infrared spectroscopy
(NIRS)
parameters. In this study, we developed

sensor configurations and SDS=40 mm

a multilayer adult digital head model

Source Detector SDS

under both healthy and clinical settings
and assessed light-tissue interaction through MC simulations in terms of partial dif-
ferential pathlength, mean total optical pathlength, diffuse reflectance, detector
light intensity and spatial sensitivity profile of optical measurements. The model
incorporated four layers: scalp, skull, cerebrospinal-fluid and cerebral cortex with
and without a customizable lesion for modeling hematoma of different sizes and
depths. The effect of source-detector separation (SDS) on optical measurements'
sensitivity to brain tissue was investigated. Results from 1330 separate simulations
[(4 lesion volumes X 4 lesion depths for clinical +3 healthy settings) X 7 SDS X
10 simulation = 1330)] each with 100 million photons indicated that selection of
SDS is critical to acquire optimal measurements from the brain and recommended
SDS to be 25 to 35 mm depending on the wavelengths to obtain optical monitoring
of the adult brain function. The findings here can guide the design of future NIRS
probes for functional neuroimaging and clinical diagnostic systems.
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status [1]. It is widely deployed in medicinal plants, foods,
pharmaceutical and biomedical applications combined with
imaging studies [2] and also as a neuroimaging modality that
allows noninvasive investigation of brain tissue oxygenation
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and brain function [3-7]. NIRS use for neuroimaging is
based on the fact that human tissues are relatively transpar-
ent to light in the near infrared spectral window
(650-1000 nm), and light can either be absorbed by
pigmented compounds (chromophores) or scattered in tis-
sues, where oxy-hemoglobin (HbO) and deoxy-hemoglobin
(HbR) are generally considered as dominant absorbers [4].
There is an increase in oxygen consumption during brain
activation, which is accompanied by an increase in cerebral
blood flow due to neurovascular coupling, and leads to a
change in local HbO and HbR concentrations [8]. These
changes can then be encoded in the light and captured by
detector.

In order to investigate the propagation path of the
detected signal in biological tissues, several theoretical and
experimental studies have been performed in various head
models [9-12]. Analytical solutions to radiative transport
equation (RTE) through diffusion approximation is one way
to study light-tissue interaction [13]. However, many
approximations and assumptions are required to achieve
such analytical solutions, which hinder the use of these
methods in realistic situations and real-life conditions. The
Monte Carlo (MC) method is a more typically employed
numerical technique in recent studies [14—18]. MC method
is based on simulation of a large number of random photon
trajectories where the shape of each trajectory depends on
the absorption and scattering properties of the tissues [19].
Since MC effectively solves the RTE via random sampling
and does not need to assume an analytical form for photon
propagation, it offers excellent accuracy when simulating
photon propagation inside a complex medium [10, 20]. In
many cases, MC was chosen as the gold standard when vali-
dating new algorithms or approximations [21]. MC has sev-
eral additional merits such as being easy to program, and it
is straightforward to parallelize [11]. Compared with finite
element (FE) diffusion equation solvers used in many dif-
fuse optical imaging applications, MC produces more accu-
rate solutions, especially when simulating low scattering
media where the diffusion approximation becomes invalid
[11, 22]. One of the drawbacks of MC is its low computa-
tional efficiency; for example, a traditional MC simulation
can easily take several hours or even over a day to obtain a
solution with the desired accuracy.

A number of groups have used MC methods to investi-
gate different source-detector separation (SDS) values in lay-
ered tissues [9, 10, 23-26]. The ideal SDS was suggested to
be designed within 20 to 30 mm, 30 to 35 mm, or an even
larger range, with the premise that the instrument can pro-
vide adequate signal-to-noise ratio (SNR) at those separa-
tions. SDS had also been discussed in depth in some other
experimentally dominated researches. Kohri et al. advised
SDS to be greater than 20 mm in conventional non-time-

resolved measurements for detecting the hemodynamic
changes in cerebral tissue of the adult human head [27].
Gratton et al. suggested SDS to be at least 22.5 mm in
detecting the fast optical signal of brain activity [28], while
Li et al. recommended the optimal SDS to be narrowed
down to 30 to 35 mm [29]. Recently, Herold et al. proposed
the SDS to be sufficiently large to adequately assess cortical
blood flow, with a minimum distance of 30 mm [30]. Some
other groups also supported SDS to be 30 mm [31, 32] or
40 mm [33]. All these studies have provided valuable
insights; however, the selection of SDS in NIRS sensor con-
figuration remains controversial, considering the range of
15 to 45 mm is commonly adopted in different studies using
lab-built or commercially available devices [8, 30, 34-37].
More importantly, all these studies were performed on head
models for healthy applications, and no head model for clini-
cal applications were taken into consideration in SDS
targeted investigation.

Numerous applications of NIRS technology in the assess-
ment of brain function under various clinical conditions cau-
sed by traumatic brain injury (TBI) or stroke indicate the
importance of study and evaluation of light tissue interaction
under such conditions [3, 6, 38-42]. Applying various types
of clinically relevant changes in the brain such as intracranial
hematoma development on a digital model could effectively
help in predicting the photon path during measurements with
a NIRS device, improving the diagnosis of brain injury.
However, the study of MC simulations on an injured brain
in the literature is scarce. To the best of our knowledge,
there is only one study that investigated light-tissue interac-
tion in an injured brain though MC simulation [43]. How-
ever, we intend to fully investigate clinical cases such as
intracranial hemorrhage.

In this study, our aim is to indicate an optimal SDS range
for NIRS monitoring of adult brain function for healthy and
clinical applications. To do so, we have run MC simulations
in a digital phantom with and without cerebral hematomas.
We introduced different system measures calculated from MC
simulation, such as absolute sensitivity, proportional sensitiv-
ity, detected light intensity and spatial sensitivity profile, and
then evaluated these measures at various SDS. We then rec-
ommended an ideal SDS range for probe design in adult brain
function measurement. The detailed quantitative information
provided in this study can help investigators to better select
an appropriate probe distance for their applications.

2 | METHOD

2.1 | Adult head digital phantom

The human head is a heterogenous medium, which consists
of scalp, skull, cerebrospinal fluid (CSF) and brain tissue
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FIGURE 1 Geometry of four-layer slab digital phantom for MC
simulation

(gray matter and white matter). A three-dimensional digital
phantom with four-layer slab geometry (150 X 150 X
60 mm?®) was designed to model the adult head as illustrated
in Figure 1. The thickness of each layer was designed as:
3 mm of scalp, 7 mm of skull, 2 mm of CSF and the rest
brain tissue [43]. Seven different SDS were adopted: 10, 15,
20, 25, 30, 35 and 40 mm. The light detector was modeled
as a disk with a radius of 1.29 mm, according to previous
investigation of detector surface area [37].

A cerebral hematoma, modeled as a 10-mm-high cylin-
der, was placed at a 0.5 mm depth within the brain layer.
The lesion was located at the midline between source and
detector, and increased in radius (9.77, 12.62, 17.84 and
30.90 mm), resulting in 3, 5, 10 and 30 cc lesion volumes,
chosen to cover a range of intracranial hematomas. Optical
properties assigned to each tissue type for MC simulation
are as shown in Table 1, representing tissue optical charac-
teristics under 690 nm wavelength [37, 44].

Previous investigations had confirmed that NIRS mea-
surements can be affected by skull thickness [45], consider-
ing that the thickness of skull varies with age and head
positions [46]. For the digital head model under healthy set-
ting, the thickness of the skull was further altered to 4, 7 and
10 mm [12] to evaluate the effect of skull thickness on sys-
tem measures across various SDS ranges.

TABLE 1

Anisotropy g = 0.9 and refractive index n = 1.4 in all tissues

Tissue optical properties in digital head phantom.

Scalp  Skull CSF Brain
g (mm~")  0.0162 0.0103 0.0004 0.0182 0.50
ps (mm™')  7.87 9.83 0.10 1229 725

Hematoma
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2.2 | MC simulation

We employed a Mesh-based MC (MMC) method, based on
the code described by Fang [11], with the general approach
described by Wang et al. [18] MMC utilizes a tetrahedral
mesh to model a complex anatomical structure. Ten simula-
tions were run for each SDS per model case, where 100 mil-
lion size photon packets were launched from the light
source. MMC is able to compute the partial pathlength of
each photon per layer, based on predefined SDS and detector
surface area. Then, the mean total optical pathlength (MPL),
partial differential pathlength (PPL, also called absolute sen-
sitivity), diffuse reflectance and proportional sensitivity
(or relative sensitivity) were calculated [17]. The simulations
were run on the hardware supported by Drexel's University
Research Computing Facility.

In MC simulation, the received intensity of any given
photon will be attenuated by a factor of exp(—u,;L;) for any
non-zero attenuation in tissue i, where u,; is the absorption
coefficient of tissue i, L; is the pathlength traveled by a sin-
gle output photon within tissue i and is calculated by accu-
mulating the scattering length in each medium. Thus, the
weight Wof an exit photon j is

W =Wo[ [exp(—pal?) (1)

where initial survival weight W is set to 1 and initial posi-
tion and direction of a photon are defined as coming from a
point source [10, 17, 47]. With a large number of photons
captured by a detector, the PPL of layer i is calculated
as [17]

PPL; =Y (L/W/)/> W/ (2)

PPL; represents the absolute sensitivity to an absorption
change in tissue layer i [48]. Then the MPL can be
obtained by

MPL = ZPPL,» (3)

Given MPL and PPL;, the relative sensitivity, which is
the proportion of the total NIRS signal change that derives
from a given layer, can be defined as follows: [48]

Proportional Sensitivity = PPL;/MPL 4)
Diffuse reflectance, as a measurement about the reflec-

tion of light from a surface that photons are scattered at
many angles, was also calculated.
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FIGURE 2 Mean absolute sensitivity (left) and proportional sensitivity (right) to brain for an adult head model as a function of SDS predicted

by MC simulation for different skull thicknesses. Error bar represent SD of 10 random simulations

3 | RESULTS

3.1 | Absolute and proportional sensitivity

The computed absolute sensitivity (PPL;) and proportional sen-
sitivity (PPL/MPL) to brain tissue of the adult head model
under healthy setting were plotted against SDS in Figure 2.
Notably, as skull thickness increased, both sensitivities to brain
decreased. The relationship between absolute sensitivity and the
thickness of the skull is almost linear when SDS is 25 and
30 mm. In absolute sensitivity curves, when SDS became
greater than 30 mm, the difference between the curves of differ-
ent models turns out to be larger as skull thickness increased
from 4 mm, 7 mm to 10 mm, see also in Figure S1.

The proportional sensitivity to brain tissue is almost the
same value as the SDS within the range from 30 to 40 mm for
the model with a 4-mm-thick skull, around 18%. With an
increase in skull thickness, the decrease in proportional sensitiv-
ity to brain became smaller. In the case of SDS = 25 mm, the
model with a 4-mm-thick skull had more than four times the
proportional sensitivity to brain compared with the model with
a 10-mm-thick skull and is about more than two times in the
case of SDS = 40 mm. For the uninjured brain model, with the
increase in SDS, both absolute sensitivity and proportional sen-
sitivity to brain increased, and curves became flatter as SDS
gradually increased. However, the measurement was substan-
tially more sensitive to the extra cerebral tissues (scalp, skull
and CSF) than brain tissue, see also in Figure S2.

3.2 | Reflectance and light intensity

Diffuse reflectance curves of injured head model with
7-mm-thick skull in Figure 3 (left) indicated that there is an

optical density difference between the uninjured brain and
injured brain when the SDS was greater than 20 mm. When
the hematoma was 0.5 mm away from the CSF in brain tis-
sue, the 3 cc hematoma was slightly distinguishable as the
diffuse reflectance profile began to separate from no lesion
profile, and a 50 cc hematoma was clearly distinguishable
from the baseline (uninjured) condition. The larger the SDS,
the more distinguishable the curves of injured brain from
uninjured brain. Here, contrast was defined as the difference
in reflectance between the uninjured brain model (baseline)
and injured brain model, divided by baseline value [43]. In
Figure 3 (right), contrast increased as SDS increased, the
model with relatively larger volume of hematoma achieved
higher contrast value, and curves became flatter in general
as SDS increased.

The intensity of detected light predicted by MC simula-
tion on the uninjured brain model is shown in Figure 4. The
results were normalized by the intensity of incident light.
The detected intensity slowly decreased with an increase in
skull thickness, and the slope increased with an increase
in SDS. The detected intensity decreased with an increase in
SDS. It decreased about 10 times from SDS = 10 to
SDS = 15 mm, whereas there was only about a 2 times
reduction from SDS = 35 to SDS = 40 mm.

3.3 | Spatial sensitivity profile

The MC simulated spatial sensitivity profiles of an uninjured
head model with 7-mm-thick skull at different SDS are dis-
played in Figure 5. Contour lines appeared at each order of
magnitude decrease in the photon sensitivity profile from the
peak element, then were truncated in each figure after
decaying five orders of magnitude. When SDS was shorter
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FIGURE 3 Spatially resolved diffuse reflectance (left) and contrast (right) calculated by MC simulation of adult head model with 7-mm-thick
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than 20 mm, the spatial sensitivity profiles were confined to
the superficial layers (scalp, skull and CSF layers). As SDS
increased from 10 to 20 mm, the banana-shaped path grew
and extended deeper into the brain. When SDS increased
from 25 to 40 mm, the spatial sensitivity profiles shifted
deeper into the brain layer [47], and the penetration depth
barely changed, staying around 18 mm of the model (about
6 mm depth of brain tissue layer). It is notable that the larger
the SDS, the more sensitivity to brain tissue increased,
whereas the profile gray level decreased.

Similarly, Figure 6 shows vertical spatial sensitivity pro-
files (view of midline plane between source and detector) of
the same model at different SDS. As SDS increased from
10 to 40 mm, in addition to the gray level decrease and

sensitivity profile shift to the brain layer, which was the
same as in Figure 5, the sensitivity profiles also extended to
a wider spread in both Figures 5 and 6.

The spatial sensitivity profiles of the uninjured head
model with skull thickness varied in 4, 7 and 10 mm at SDS
of 25, 30, 35 and 40 mm are shown in Figure 7. The most
intense region of the spatial sensitivity profile in the x-y
plane in the brain was reduced and was more concentrated at
the midpoint of the source and detector with an increase in
skull thickness [12]. Profiles for SDS smaller than 25 mm
are shown in Figure S9.

Figure 8 illustrates the spatial sensitivity profile of the
injured head model with 7-mm-thick skull and a 5 cc hema-
toma presented at 0.5 mm deep in the brain tissue layer.
When SDS was shorter than 20 mm, the spatial sensitivity
profile was strictly confined to non-brain tissue. When SDS
increased larger than 20 mm, the sensitivity profile shifted to
the deeper level and extended wider within brain tissue.
Similar to the uninjured head model, the detected light inten-
sity declined with an increase in SDS.

4 | DISCUSSION

In this article, we utilized a set of MC simulations on four-
layer slab geometry adult head model under healthy and
clinical settings to assess the optical measurements with dif-
ferent SDS. Overall, the sensitivity was found to be strongly
variable with different SDS of the ranges investigated. Dif-
ferent system measures as a function of SDS were qualita-
tively consistent with previous reports [10, 25, 26, 48, 49].
With increasing SDS, detected light intensity (signal
strength) decreased. However, proportional sensitivity to
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FIGURE 5  Spatial sensitivity
profile in x-z plane of 7-mm-thick skull
uninjured head model at a range of
SDS. Contours are drawn for each
order of magnitude loss in sensitivity
from peak and are truncated after five
orders of magnitude

FIGURE 6 Spatial sensitivity
profile in y-z plane of 7-mm-thick skull
uninjured head model at a range of
SDS, view of midline plane between
source and detector. Contours are
drawn for each order of magnitude loss
in sensitivity from peak and are
truncated after five orders of magnitude

FIGURE 7 Spatial sensitivity
profile in x-y plane of uninjured head
model at SDS = 25, 30, 35 and 40 mm,
view of bottom plane on source and
detector. Contours are drawn for each
order of magnitude loss in sensitivity
from peak and are truncated after seven
orders of magnitude

FIGURE 8 Spatial sensitivity
profile in x-z plane of 7-mm-thick skull
head model with 5 cc hematoma at

0.5 mm deep in brain layer at different
SDS. Contours are drawn for each
order of magnitude loss in sensitivity
from peak and are truncated after seven
orders of magnitude
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brain tissue increased with an increase in SDS, the highest
around 18%, while non-brain tissue possessed the remaining
part. Penetration depth barely changed after SDS was greater
than 25 mm where the width of penetrated light increased as
SDS increased. When lesions such as cerebral hematoma
were present within brain tissue, observed signals started to
distinguish injured brain from the uninjured brain when SDS
was greater than 20 mm.

4.1 | Sensitivity to brain tissue

An increase in brain sensitivity was expected with larger
SDS [10, 17, 25, 47]. Considering the thickness of the skull
layer varies with location on the adult head, results of pro-
portional sensitivity revealed that sensitivity to brain tissue
can be 18% at SDS = 40 mm, which is higher than sensitiv-
ity to brain at smaller SDS. Also, sensitivity to non-brain tis-
sue dropped as SDS increased. The greater the SDS, the
greater the effect of skull thickness was on the sensitivity to
brain, see also in Figures S1 and S2.

Careful visual inspection of examples in spatial sensitiv-
ity profiles also revealed that the relatively non-scattering
CSF layer distorted the normally smooth ovoid structure of
the NIRS banana-shaped path that is found in a homoge-
neous medium [10, 12, 49]. Such distortion was particularly
noticeable when SDS became larger (see also the spatial sen-
sitivity profile of model with 4-mm-thick skull in Figures S5
and S6 and profile of model with 10-mm-thick skull in Fig-
ures S7 and S8). The profile contours also suggested that
there was at least limited sensitivity to brain tissue at SDS
less than 20 mm, since those separations are typically
assumed to provide almost zero sensitivity to brain in both
uninjured brain [10] and injured brain model.

Thus, in order to gain more access to brain tissue instead
of non-brain tissue (scalp, skull and CSF), a larger SDS
should be implemented. However, despite the relatively
higher sensitivity to brain tissue, the signal strength and
SNR should also be considered in selecting SDS in NIRS
measurement.

4.2 | Detected light intensity

Signal strength, that is, the intensity of detected light, drops
significantly with an increase in SDS, which was also con-
firmed in previous reports [19, 47, 49, 50]. Our MC simula-
tion results showed that the intensity of detected light
dropped linearly over SDS ranging from 10 to 20 mm.
Beyond 20 mm, further SDS increases continued to reduce
detected light intensity relatively linearly, but with smaller
slope. Reduced signal strength with increasing SDS was also
reflected in the spatial sensitivity profile. In the spatial sensi-
tivity profile, the penetration depth of light into the brain
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tissue was almost the same as SDS as it increased above
25 mm, which is greater than that observed from smaller
SDS. The further apart the source and detector, the darker
the peak element of each example became, which indicated
reduced signal strength.

Increasing SDS resulted in a reduction in SNR [23, 47],
as shown in Figure 9. SNR values were acquired from abso-
lute sensitivity, proportional sensitivity and normalized light
intensity, simulated on the uninjured head model with skull
thickness varied in 4, 7 and 10 mm. There was a statistically
significant difference between SDS as determined by one-
way ANOVA (F (6, 56) = 4.755, p = .001). A Tukey post-
hoc test revealed that the SNR was significantly lower when
SDS increased to 35 mm (38.43 + 7.02 dB, p = .003) and
40 mm (38.16 £+5.89dB, p = .003) compared to
SDS = 10 mm (52.53 +9.48dB) and SDS = 15 mm
(49.66 + 7.40 dB). There was no statistically significant dif-
ference between other SDS groups. SNR obtained from MC
simulation might be optimistic compared to experimental
conditions where other instrumental sources of noise, such
as background noise arising from dark counts and stray light,
deteriorate the signal [51]. The situation would be even
worse for longer SDS.

Results about light intensity and SNR reveal that in order
to obtain reliable signal in NIRS measurements, too large
SDS should be avoided. From SDS = 20 to SDS = 40 mm,
the decline in detected light intensity and hence decrease in
SNR was more pronounced than the increase in sensitivity
to brain [47]. Moreover, relatively thicker skull tissue also
contributed to a faster decline in intensity in the spatial sen-
sitivity profile. Thus, with the aim of reaching a balance or
trade-off between light intensity and sensitivity to brain tis-
sue, SDS in NIRS probes for adult brain function monitoring
should be carefully selected to be within 25 to 35 mm. The

70 1

65

(dB)
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——— ]

..|

45t
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[
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FIGURE 9 SNR as a function of SDS
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recommendation should also be weighed according to wave-
length selection and spatial resolution when choosing SDS,
as Strangman et al. suggested [10].

4.3 | Multidistance probing

For larger SDS, detected light intensity is relatively lower
than that of the recommended range, which might be com-
pensated for by increasing the power of the light sources
used in the device. However, this operation may raise safety
issues and also does not ensure measured optical density
with sufficient SNR [52]. For smaller SDS, non-brain tissue
contributed to the relatively larger proportion of the
sensitivity, resulting in almost zero sensitivity to brain. This
finding is one of the reasons that some studies suggested
using multiple SDS pairs to measure brain function accu-
rately [53-57] where short SDS (e.g. 5, 10, or 15 mm) was
implemented along with long SDS (e.g. 30 or 40 mm) to
measure and remove contributions of extracerebral tissue.

For SDS shorter than 20 mm, our spatial sensitivity pro-
files on x-z and y-z planes did display profiles restricted to
superficial layers where each profile was drawn according to
each order of magnitude decrease from peak element. How-
ever, upon close inspection of proportional sensitivity with
shorter SDS, we found that when SDS = 10 mm, the PPL of
these photons traveled created around 2% sensitivity to brain
tissue over total MPL; when SDS = 15 mm, proportional
sensitivity was 3%. These findings indicated that shorter
SDS such as 10 and 15 mm did measure brain tissue, though
with relatively minor contribution and higher signal strength.
Considering the fact that skull thickness can vary at different
head locations and by age, which in turn affects the sensitiv-
ity to brain tissue, careful analysis on the selection of multi-
distance SDS should be carried out. Our results indicated
that proportional sensitivity from the 4-mm-thick skull
model is about 10 times more than that from 10-mm-thick
skull model with shorter SDS (10 and 15 mm). Hence, when
applying multidistance probe NIRS measurements of brain
function, the positioning of the short and long SDS pair [58]
can be as important as the selection of precise algorithms to
remove noise from superficial layers. Furthermore, for infant
or child head models, sensitivity to brain might be even
higher than that of the adult head model for each SDS; there-
fore, the selection of SDS pairs in such younger populations
should be performed with more caution.

4.4 | NIRS ability to detect cerebral
hematoma

Based on the results from the injured head model with
7-mm-thick skull for hematoma of different sizes at 0.5 mm
depth, diffuse reflectance and spatial sensitivity profiles

further confirmed that the SDS should be at least 25 mm,
since there is no optical density difference between
uninjured brain and injured brain when SDS is smaller than
25 mm, and spatial sensitivity profile was confined to
extracerebral tissues below this SDS range. As SDS
increased, contrast to baseline level increased, and hema-
toma with larger volumes also reached higher contrast
values. At the presence of hematoma, the high absorption of
blood within the hematoma made it harder for photons to
pass through to the brain tissue and resulted in higher sensi-
tivity to superficial layers. NIRS products available in mar-
ket have been tested to prove the ability to detect cerebral
hematoma [41, 42, 59-61], all with SDS greater
than 25 mm.

We further simulated an injured head model with lesions
present at even deeper locations in brain tissue: 3, 5.5 and
8 mm, with results shown in Figures S3 and S4. With lesions
located deeper within brain tissue, NIRS measurements were
not able to distinguish different volumes of lesions. When
lesions were displayed at 5.5 and 8 mm deep within bran tis-
sue layer, diffuse reflectance cannot distinguish uninjured
brain from injured brain having hematoma of any size. This
result indicated that for SDS range from 10 to 40 mm, the
depth that photons can reach into injured brain tissue is less
than 5.5 mm.

4.5 | Other aspects

In our previous study, which evaluated the detector surface
area as a critical system parameter in minimizing the error in
concentration calculation, we concluded that when the detec-
tor radius was a fixed value, DPF became unstable with
increasing SDS [37]. DPF is a scaling factor indicating how
many times longer than SDS the detected light can travel
within the tissue, which is an important NIRS system param-
eter used in modified Beer-Lambert law (MBLL) conver-
sion to obtain chromophore concentrations. When the
detector surface area was a constant value, DPF had a larger
variation at SDS = 40 mm as compared to shorter SDS
range, which was more pronounced when detector areas
were smaller [37]. Thus, to reduce the error in concentration
calculation, SDS should not be selected as too large, espe-
cially for smaller detector areas.

The spatial sensitivity profiles reported in this article
have also revealed that a relatively greater lateral spread can
be noticed in larger SDS as compared to smaller ones,
suggesting that photons survived at detectors had traveled
wider within the medium with larger SDS. Thus, under the
circumstances of trying to obtain focal changes in cerebral
hemodynamics, the recommended SDS range in this study is
especially more favorable than larger SDS options.
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4.6 | Study limitations

In this article, we modeled the adult head as a layered
slab medium in an MC simulation. A more complex
structure could be introduced and studied in the future by
considering the true head curvature, with spatially vary-
ing thickness of extracerebral tissue and sulci and gyri of
the brain tissue. In addition, optical properties in this
study were chosen for a wavelength of 690 nm. Parame-
ters for relatively longer wavelength selections should be
investigated in future analysis, as well as various scatter-
ing coefficients of the brain tissue, considering the large
variation of the scattering coefficient of brain tissue pro-
vided in previous reports [44, 62—65]. Another limitation
of the study is the clinical model used in MC simulation.
We simulated cerebral hematoma in different sizes; how-
ever, in real clinical cases, injured brains may have
lesions such as perihematomal edema or cerebral edema.
These more realistic, clinical cases should be investigated
in the future.

S | CONCLUSIONS

In this article, we demonstrated NIRS system measure-
ments in MC simulation with different SDS settings. Our
MC simulation results on healthy, uninjured head models
suggested that increasing the SDS past 20 mm increases
sensitivity to brain tissue. MC simulation under clinical set-
tings also suggested that NIRS measurement can only dis-
criminate lesions at a certain depth beyond certain SDS
separations. Hence, the larger the separation between the
source and the detector, the more sensitive the measure-
ments become to the brain tissue. However, the results also
suggested that detected signal strength declines exponen-
tially as SDS increases. Therefore, sensitivity should be
balanced against signal strength in SDS selection in NIRS
probe designs.
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the Supporting Information section at the end of this article.
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