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Phantom and Model-Based Near Infrared
Spectroscopy Measurements of Intracranial
Hematoma From Infants to Adults

Lei Wang~, Meltem Izzetoglu™, Juan Du

Abstract— Hemorrhage is a common consequence of traumatic
brain injury and can be detected by near-infrared spectroscopy
(NIRS)-based noninvasive sensors over scalp. In this study, our
aim was to investigate NIRS measurements comprehensively
using both phantoms and simulated head models of different
age groups from infant to adult with intracranial hematoma
development of various sizes and depths for the first time.
Physical phantoms of infant (six-month-old), child (two-year-old),
adolescent (12-year-old), and young adult head models with
intracranial hematoma of varying sizes and depths were built
using a multilayer dynamic phantom and evaluated by an
NIRS device. Optically similar models with the same geometric
configuration as physical phantoms were developed and used
in Monte Carlo (MC) simulations. Optical density (OD) from
MC simulations and phantom measurements were compared,
and the effect of lesions with varying volumes and locations
on photon path were investigated in simulations. Results indi-
cated that phantom measurements and simulated model-based
measurements are highly significantly correlated. Presence of the
hematoma had a larger effect on light traveling in younger group
head models, caused an increase in OD from the healthy state
to hematoma development, decrease in distance traveled by the
light within the head model, and thus decreased sensitivity of the
measurement to the brain layer. The findings of this study can
guide the detection and localization of lesions for NIRS-based
applications in humans at different ages.

Index Terms— Intracranial hematoma, Monte Carlo (MC)
simulation, near infrared spectroscopy (NIRS), physical phantom,
traumatic brain injury (TBI).

I. INTRODUCTION

RAUMATIC brain injury (TBI) refers to the potential

for significant injury to the brain parenchyma follow-
ing head trauma [1]. It is a major public health concern
throughout the world [2] and the leading cause of morbidity
and disability worldwide, especially in children and young
adults [3]. A large portion of survivors of TBI have persistent
changes in emotional stability, personality, and independence
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for activities of daily living, as well as cognitive function [4].
After TBI, intracranial pressure can become elevated due to
a combined effect from intracranial hematomas, contusions,
and diffuse brain swelling [5]. Intracerebral hemorrhage often
occurs in patients with focal head injury [6], and it remains
a devastating form of stroke [7]. The initial injury induced
by the mechanical effect of the hematoma on surrounding
brain tissue as well as the subsequent cascade of processes
such as perihematomal edema account for the high 30-day
mortality rate and poor neurological outcome in the surviving
victims [7]. Detection and monitoring of hemorrhage follow-
ing TBI may provide additional therapeutic targets, which
may potentially be achieved by one or more clinical imag-
ing modalities: near-infrared spectroscopy (NIRS), magnetic
resonance imaging (MRI), magnetic resonance spectroscopy
(MRS), diffusion tensor imaging (DTI), computed tomography
(CT), single-photon emission CT (SPECT), diffuse correlation
spectroscopy (DCS), and others [8], [9].

NIRS is an optical technology originally developed for mon-
itoring tissue oxygenation [10], [11]. The physical principles
of NIRS are: biological tissues are relatively transparent to
light in the near-infrared range, at wavelength of 700-900 nm;
the propagation of light through biological tissues depends
on reflection, absorption, and scattering [10]; and the main
chromophore that contributes to the relatively high attenuation
of the light is hemoglobin [11], [12]. Using appropriately
placed emitter—detector pairs, NIRS can detect the strength
of absorption and scattering across different areas of the brain
as NIRS light passes through it [13]. The spatial and temporal
dynamics of NIRS allow for the measurement and detection of
various intracranial physiological conditions and parameters,
which can be utilized to help clinicians in treating patients
with TBI [13].

The possibility to detect changes in cortical oxygenation
during hyperventilation by NIRS was demonstrated in 1977
on adults [14]. Following that, the first NIRS clinical studies
on newborns and adult cerebrovascular patients were pub-
lished in 1985 [13], [15], and a wealth of studies described
the use of NIRS in neonates where it has found clinical
application since the 1980s [15], [16]. Through the 1990s,
reports on the ability of NIRS in detecting intracranial
hematomas marked the beginning of clinical application of
NIRS for TBI [13], [17], [18]. Multiple further studies have
been performed in localization and detection of intracranial
hemorrhage with NIRS, and it was concluded that NIRS
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could detect intracerebral, subdural, and epidural hematomas
in a delayed manner following TBI successfully [13], [19].
However, the limited sensitivity of the device and inability
to provide anatomic localization of hematomas significantly
limit its utility in comparison with the gold standard of a CT
scan [13].

Understanding and modeling of light tissue interaction
related to the detection of intracranial hematomas is critical for
developing next-generation NIRS systems. Monte Carlo (MC)
simulation is a computational method which is often applied
to model photon migration inside human tissue [20]. Since
it effectively solves the radiative transfer equation (RTE) via
random sampling, it offers excellent accuracy when simulating
photon propagation inside a complex medium [20]. In many
cases, MC was chosen as the gold standard when validating
a new algorithm or approximation [20], [21]. MC simula-
tion can model how photons travel through different tissue
layers, under dynamically and spatially changing conditions
for various NIRS instrumentations, and source-detector (SD)
types and locations, which are more flexible and informative
than physical testing [22]. To the best of our knowledge,
MC has been extensively used in the study of healthy human
heads of different age groups [23], [24], but not widely and
fully explored for clinical applications involving mass lesion
development such as intracranial hematomas [8].

Optical phantoms are commonly used as an initial bench-
mark test for new NIRS devices before they are used in
human testing [25], which can serve as a guide to that testing.
Measurements obtained from models used in MC simulations
and physical laboratory phantoms together can provide a more
involved evaluation of the NIRS system in aiding the clinical
tests on humans. Together these physical and simulated models
can be used for the study of various age groups where data
collection in large clinical tests can be hard to conduct.
However, there is only a limited number of reports using
these two measurements together [26], [27]. To the best of
our knowledge, no prior work exists for the study of brain
injury conditions such as hematoma development in different
age groups using phantom and model-based measurements to
investigate light tissue interaction and the outcome intensity
measurements from actual NIRS devices.

In this study, our aim was to investigate near-infrared
light propagation and outcome intensity measurements related
to intracranial hematoma development of various sizes and
depths within head models of different age groups. We first
built physical phantoms of infant (six-month-old), child
(two-year-old), adolescent (12-year-old) and young adult head
models with intracranial hematoma of varying sizes and
depths. Optical density (OD) values were measured from
physical phantoms with a NIRS-based handheld hematoma
detector, namely Infrascanner! model 2000 (A = 808 nm) [9].
Then, MC simulated models with the same geometric configu-
ration as physical phantoms were developed. Optical properties
of each tissue measured from physical phantoms were applied
in MC simulations. Detector fiber radius and SD separation
were selected the same as Infrascanner, model 2000 in MC
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Fig. 1. Scheme of the laboratory mixed multilayered solid and liquid optical
brain hematoma model.

simulations. In addition to OD, mean total optical pathlength
(MPL), transit time, and proportional sensitivity to brain and
spatial sensitivity profile were assessed from MC simulations.
Combination of the physical phantom measurements and
MC simulation measurements provided more complete, in-
depth information about the capability of NIRS in intracranial
hematoma detection after TBI for different age groups.

II. METHODS

A. Phantom Measurement

Physical phantoms were built in the Optical Brain Imaging
lab at Drexel University, as a cubic container with an open top
as shown in Fig. 1 [28]. Each sidewall of the phantom modeled
the extracerebral layers of the human head for one of the four
preselected age groups, where the inside of the container was
used to model the brain layer. Sidewalls were built as solid
phantoms in three layers sequentially from outer to inner layers
mimicking the scalp, skull, and cerebrospinal fluid (CSF).
Solid phantom layers were made by mixing a silicone material
(RTV12A as the base compound and RTV12C as the curing
agent), Carbon Black (absorbing agent) and Titanium Dioxide
(TiO,, scattering agent) in appropriate amounts to achieve
the optical properties and thicknesses of the intended head
layer [29]. The absorption and scattering coefficients of each
superficial, solid phantom layer were measured using a fre-
quency domain NIRS system [30] while building the phantom
as provided in Table I. Geometric configuration of each side
in terms of its selected layer thicknesses representing different
age group head models was as shown in Table II [31], [32].

Intralipid, water, and ink solution of appropriate proportions
was used in the center of the cubic container to mimic the
optical properties of human brain tissue with ga = 0.1 cm™!
and us’ =5 em~!' [28], [33], [34]. Sheep whole blood was
used in flat containers to mimic hematoma with measured
optical properties as xga = 7.2 cm™! and us’ = 6.49 cm™'.
Lesions were modeled as cuboids, and presented within the
brain tissue layer, on the midline between source and detector,
in varying volumes: 3, 5, 10, 30, and 50 cm?. Geometric con-
figuration of hematoma in different volumes were as displayed
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TABLE I
TISSUE OPTICAL PROPERTIES IN PHYSICAL HEAD MODELS
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Liquid Brain Layer Intracranial hematomsa

Infrascanne

Sealp
Scalp Skull CSF  Brain omato
ma
n Skull
[ J"C!;l] 0.0905 0.0802 0.0388 0.1 7.2
Adult -
Hs 11.02 13.06 1.06 5 6.49 CSF
[fem]
;l-l N 0.0908 0.0807 0.0388 0.1 7.2
Adolesce [/em Each side represents superficial lavers of a different age group head model
nt *
Ul-ls ] 10.9 13.03 1.06 5 6.49
cm Fig. 2. Laboratory solid/liquid brain hematoma model positioned within
[ a dedicated frame to support the sensors and the hematoma model fastened
) [fct;l] 0.0901  0.0794  0.0388 0.1 72 to a sliding rail (left). Infrascanner Model 2000 positioned during laboratory
Child ; tests (right).
Hs 11.05 13.07 1.06 5 6.49
[/cm]
[J"‘tl;l’l 0.0901  0.0798 0.0388 0.1 72 scalp
Infant skull [ } thickness
},p’ 11.1 13.09 1.06 5 6.49 csf
[fem] brain
I hematoma
TABLE II * source
detector length

THICKNESS OF EACH LAYER ON FOUR SIDES OF THE PHANTOM FOR
DIFFERENT AGE GROUP MODELS

Scalp [mm] Skull [mm] CSF [mm)]
Adult 3 7 2
Adolescent 2.9 2
Child 25 4 2
Infant 2 25 2
TABLE 11T

VOLUMES AND GEOMETRIC CONFIGURATION OF HEMATOMA MODELS

Lesion size Length [mm] Width [mm] Thickness [mm]
[cm3]
3 30 30 333
3 40 30 4.17
10 50 40 300
30 60 50 10.00
50 80 60 10.42

in Table III, where length of the lesion was kept parallel to SD
line. To investigate the ability of NIRS in detecting a lesion
at certain depths, the hematoma model was placed at different
depths within the brain layer: 0, 10, 20, and 30 mm away from
the CSF layer. Detailed fabrication of the physical phantom
can be found in [28].

We used a commercially available NIRS-based imaging
device developed for hematoma detection, namely Infrascan-
ner model 2000 (Infrascan, Inc.), to obtain measurements from
the physical phantoms [9], [35]. The lightweight, hand-held,
and battery-operated Infrascanner, model 2000 is designed
for rapid hematoma detection in a portable and accurate way
that would be ideal for remote locations. The device has an

Fig. 3. Geometry of clinical head models for MC simulations.

eye-safe laser diode at 808 nm wavelength and an optical
detector at SD separation of 40 mm. The NIRS sensor is
placed successively on predefined locations on the left and
right frontal, temporal, parietal, and occipital areas of the head
and the absorbance of light at selected wavelength is recorded.
Decision on hematoma presence is achieved by comparing
the difference in OD (AOD) from the contralateral sides of
the head with a preset threshold value for each head region
separately. Physical phantom measurement set up used in this
study is shown in Fig. 2. For phantom measurements, there
were 40 repeated measurements for each separate model with
or without hematoma from each side of the phantom.

B. Model-Based Measurement

3-D models were designed to monitor human heads of four
different age groups with intracranial hematoma of different
sizes at various depths as illustrated in Fig. 3. Geomet-
ric configuration and optical properties of the models were
selected the to be same as physical phantoms as provided in
Tables I-III. For each age group, a head model for healthy
setting without the presence of hematoma was also created and
simulated as baseline. Therefore, there were 5 x 4 (volume x
depth) models for hematoma development and one model for
healthy setting per four age groups, resulting in a total of 84
independent head models created.

The Mesh-based MC (MMC) method was adopted for MC
simulation, based on the code described by Fang [36], with
the general approach described by Wang et al. [37]. MMC
utilizes a tetrahedral mesh to model a complex anatomical
structure. Optical properties assigned to each tissue type for
MC simulation were adopted from the physical phantom
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Fig. 4. (a) Mean AOD values from phantom and model-based measurements with 30 cm® lesion in adult head models, error bar represented standard
deviation of 40 measurements. (b) Mean AOD values with different lesion volumes (3, 5, 10, and 30 cm?) from model-based measurements in infants head
models, error bar represented standard deviation of 40 measurements. (c) Mean AOD values at different age groups (infant, child, adolescent, and adult)
with 30 cm? lesion from model-based measurements, error bar represented standard deviation of 40 measurements.

values measured by a frequency domain NIRS system [30],
as shown in Table I [31], [38]. Light detectors were modeled
as a disk with a radius of 0.75 mm, SD separation as 40 mm,
which are the same as the configuration of Infrascanner, model
2000 [22]. For each independent head model, there were 40
random simulations where 100 million photons were launched
from incident light per simulation. A total of 3360 simulations
were run on the hardware supported by Drexel’s University
Research Computing Facility. The high-performance computer
cluster houses both Advanced Micro Devices (AMD) and Intel
CPUs with Quad Dara Rate (QDR) Infiniband interconnects
and runs the Read Hat Enterprise Linus operating system.
As tetrahedral mesh generated noise within MC simulations,
no extra noise was added to the simulated results.

In MC simulation, the received intensity of any given photon
is attenuated by a factor of exp(—pqL;) for any nonzero
attenuation in tissue i, where u,; is the absorption coefficient
of tissue i, L; is the pathlength traveled by single output
photon within tissue i, and is calculated by accumulating the
scattering length in each medium. Thus, the weight W/ of an
exit photon j is found as

Wi = Wonexp(—past) (e)]

where initial survival weight W, is set to 1 and initial position
and direction of a photon are defined as coming from a point
source [39], [40]. With a large number of photons captured by
detector, the partial differential pathlength (PPL) of layer i is
calculated as [39]

PPL = > (L;f' WJ') /3wl @)
7

I

PPL; represents the absolute sensitivity to an absorption
change in tissue layer i [41]. Then the MPL can be obtained

by
MPL = Z PPL,;. 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 [32], [41]:

Proportional Sensitivity = PPL; /MPL. 4)

III. RESULTS
A. Measured OD

Difference in OD AOD under injured conditions (injured
brain: hematoma presents in the brain layer) as compared to
healthy brain (baseline without the presence of hematoma) is
obtained b}l’! AODinjumd = ODirljured — ODheaIthy-

1) Phantom and Model Comparison: In general, the phan-
tom measurements and model-based measurements are highly
correlated (For each age group, with the same lesion volume,
Pearson correlation coefficients range from 0.977 to 0.998,
p < 0.05). Average AOD values measured from physical
phantoms versus the AOD values calculated from the mod-
els [22], [32] for 30 cm® hematomas at different depths within
the brain layer: 0, 10, 20, 30 mm in adult head model are as
shown in Fig. 4(a). Each point is the average from 40 phantom
measurements or 40 MC simulated measurements. Both phan-
tom measurements and model-based measurements indicated
that there is an OD difference between the healthy brain and
injured brain when the SD separation is 40 mm [8], [42], [43].

2) Lesion Depth Effect: In Fig. 4(a), average AOD values
for the same volume (30 cm?®) of the lesion placed at dif-
ferent depths in comparison to healthy brain (the baseline,
no hematoma condition, averaged AODpegmy = 0). As the
lesion presented deeper into the brain, AOD values decreased
in both measurements, gradually getting closer to baseline:
AODomm = AOD]Qmm = AODmmm = AOD30mm > 0.

3) Lesion Volume Effect: When lesion was at the same depth
within brain layer, the larger the volume of the lesion, the
higher the AOD: AODj,Qcm3 = AODmcm3 = AOD]Qcm3 =
AODscm3 > AODscpm3 > 0. Results from infant head models
are presented in Fig. 4(b).
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Fig. 5. Mean transit time and corresponding MPL as a function of hematoma
volume predicted by MC. Error bar represented standard deviation of 40
random simulations. Each panel represents model for a different age group.

4) Age Group Effect: When the lesion of the same volume
was placed at the same depth within the brain layer, AOD val-
ues decreased from infant to adult: AODjpyrant > AODgchilg >
AODggolescent > AODggyui, as shown in Fig. 4(c) for 30 cm?
lesion in brain. Please note that the plots in Fig. 4(a)—(c)
provide mean =+ standard deviation of the AOD values where
in each case the standard deviations were at least an order
of magnitude smaller than the mean value and hence are not
visually visible.

B. Mean Total Optical Pathlength

MPL as predicted by MC simulation from 84 head models
are shown in Fig. 5. The corresponding mean transit time,
which is the meantime taken for the detected light to travel in
the tissue [23], is also presented in the figure. With hematoma
present in the brain layer, light traveled relatively shorter
distances than healthy conditions. This shorter distance was
more pronounced when hematoma was closer to the superficial
layer. For each curve in Fig. 5, with increased volumes of
hematoma, the average distance light traveled was shorter.
Curves went flatter when hematoma volumes were greater
than 10 cm>. From infant to adult head models, light traveled
longer distances with increasing age group.

C. Proportional Sensitivity

Averaged proportional sensitivity to brain layer (brain +
intracranial hematoma) are displayed in Fig. 6. Sensitivity to
brain is much higher in infant (up to 50%) than adult (up to
28%). Notably, when hematoma was present at 0 mm depth in
the brain, the lesion had relatively larger effect on sensitivity
to brain than deeper locations. Compared to baseline, models
with hematoma displayed decreased proportional sensitivity
to brain of about 46% drop when at depth of 0 mm for
infant head model, and only about 28% drop for adult head

4003609
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Fig. 6. Mean proportional sensitivity to brain for injured head models as a
function of depth lesion presented in the brain predicted by MC simulation.
Error bar represented standard deviation of 40 random simulations. Each panel
represents model for a different age group.

model. As hematoma presented deeper in brain tissue, curves
became less separable and gradually collapsed to baseline
profile. Sensitivity to brain decreased as volumes of hematoma
increased in all age groups, and curves for 30 cm® hematoma
and 50 cm® hematoma almost collapsed.

D. Spatial Sensitivity Profile

The MC simulated spatial sensitivity profiles on injured
head models are displayed in Fig. 7. The example cases
presented are for the lesion volume of 3 cm?, presented at
different depths in brain: 0, 10, 20, and 30 mm, compared
with healthy brain of four age groups. When the lesion was
very close to the superficial layers (0 mm), it had the largest
effect on light migration. With lesions located deeper in the
brain, the effect of the lesion became weaker. The effect of
hematoma on sensitivity profile was greater in younger age
models than older group models.

IV. DISCUSSION

In this study, we utilized a set of MC simulations on head
models, together with counterpart measurements from a NIRS
device on physical phantoms. Our aim was to investigate light
propagation within the head under the presence of intracerebral
lesions of various sizes and depths in different age groups.
Physical phantoms and MC simulation head models of the
same optical and geometric characteristics within a multilay-
ered slab geometry mimicked four different age groups (infant,
child, adolescent, and adult), with intracranial hematomas of
various volumes (3, 5, 10, 30, and 50 cm?) at different depths
(0, 10, 20, and 30 mm) within the brain.

A. Phantom Measurement Versus Model-Based Measurement
The high correlation between phantom measurements and
simulation measurements indicated that there was consistency
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Fig. 7. Spatial sensitivity profile of injured head models (from top to bottom: infant, child, adolescent, adult) with 3 cm® lesion presented at different depths

in brain layers (from left to right: 0, 10, 20, 30 mm, and healthy head model).

between the two measurements in evaluating lesions of var-
ious volumes at different depths. However, there are slight
discrepancies between the two measurements as in Fig. 4(a),
which could be caused by the following factors: 1) to mimic
hematoma, sheep blood was filled in a small container wrapped
with rubber (obtained from the cuff part of Diamond Grip™
powder-free examination gloves with thickness of 0.15 mm,
which had caused an average drop of 0.0172 in 40 repeated
AOD measurements of Infrascanner on separate phantom tests
conducted in our lab). When the lesion presented at 0 mm
deep within the brain layer, the surface of brain layer and
hematoma were closely contacted and flat. However, when the
lesion presented deeper within the brain layer, such as 10 and
20 mm, the lesion was surrounded by liquid phantom. Due to
pressure, the six surfaces of the lesion were not strictly flat
as in simulations, which could have resulted in phantom mea-
surements slightly different from model-based measurements;
2) as head models in simulations utilized tetrahedral mesh,
throughout the path from source to detector of photons, mesh
could have generated noise in model-based measurements
leading to the discrepancies between two measurements; and
3) noise that came from the NIRS device itself may have
also contributed to the discrepancies between the phantom
measurements and model-based measurements. The signal-to-
noise ratio (SNR) between the phantom measurements and
model-based measurements from each age group model were
comparable, as shown in Fig. 8. SNR values were acquired
from AOD, measured from 21 models for each age group,
each model with 40 repeated measurements.

Both phantom and model-based measurements suggested
that NIRS could differentiate injured brains from healthy
brains. The presence of the hematoma did affect the light
path, causing an increase in measured OD, and a decrease
in MPL, transit time, and proportional sensitivity to brain.
Compared with brain tissue, the relatively higher absorption
with hematoma was more pronounced than the slightly higher
scattering effect.

551 Physical Phantom Measures | |
- — Monte Carlo Simulations

50 H = - I 4
345 F - B 1
L a0
s o
o i
S 30 f ! |
$e] ! :
R 1
k=J { !
w20 i ' .

15} T § |

10 i

Infant Child Adolescent Adult
Age group
Fig. 8. SNR at different age groups from phantom and model-based

measurements, values were acquired from 40 repeated AOD measurements
from 21 models for each age group.

B. Age Effect

First of all, results demonstrated that age is an important
consideration when evaluating the AOD values as shown
in Fig. 4(c). Future clinical application should consider
incorporating age into the evaluation process. Furthermore,
there’s a monotonic decrease in the AOD measurements with
increasing age, and hence suggest that age-related contribu-
tions can be further modeled for normalization into clinical
evaluation.

From adult to infant groups, light traveled shorter distance
in shorter time, which validated previous findings about the
distance light traveled in older age head models as compared
to younger age head models [23]. However, the longer light
traveling distance does not imply that a higher portion of
measurement came from the brain layer, as indicated by
sensitivity measurements from both healthy head models and
injured head models (Fig. 6).
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The superficial layers (scalp, skull, and CSF) in adult head
models are almost twice as thick, and slightly more absorbing
and less scattering, than the superficial layers in infant head
models. In another aspect, more light gets absorbed in adult
head superficial layers, whereas more photons reach the brain
layer in infant model which can then reach the light detector.
On the other hand, thicker superficial layers enabled the
photons to travel longer with more scattering in adult head
models. However, even though light travels longer distance in
adult models, the received light has more contribution from
superficial layers instead of brain layers as compared to infant
models.

Measured AOD, light traveling distance/time, and sensitiv-
ity measures all revealed that intracranial hematoma had a
larger effect on light traveling in younger group head models.
This is due to differences in layer thicknesses and a higher
percentage of the NIRS measurement coming from the brain
layer. Such an effect from intracranial hematoma as a function
of lesion size or depth in brain follows a logarithmic function
rather than a linear one as shown in Figs. 5 and 6.

C. Lesion Effect

1) Lesion Size: With the increase in hematoma volumes,
there was an increase in AOD. Light traveled a relatively
shorter distance in models with relatively larger lesions,
and proportional sensitivity of the measured light to brain
decreased. The higher absorbing nature of the lesion compared
to brain tissue led to more light attenuation by larger lesions,
which caused shorter light travel time and relatively smaller
contribution to the measurements (proportional sensitivity).
Photons that were not absorbed got scattered in the medium
around the lesion, and a portion of them made it back to the
detector, resulting in higher measured optical intensity.

2) Lesion Depth: As lesions are presented deeper in the
brain, measured AOD from phantom decreased and got closer
to the measurements from healthy head models. This is in line
with previous studies on physical phantoms, as the effects of
the lesions were stronger when hematoma was closer to the
superficial layers than lesions presented deeper in brain [44].
Our simulated measurements were consistent with the find-
ings from physical phantom measurements. They provided
a more detailed explanation of the light tissue interaction
caused by the lesion. Our findings indicated that the deeper
the lesion presented in the brain, the smaller the proportion
of the photons got attenuated, with the sensitivity profile
gradually getting closer to the profile of healthy models,
as were the proportional sensitivity and light travel distance
curves. Moreover, these simulated measurements may suggest
a potential function of the proposed measures as used in this
study versus lesion volume and depth which might be able to
provide a reference for future functional NIRS measurements
on patients, as well as the detection and localization of lesions.

D. Study Limitation

In this study, we modeled the human head as a layered
slab medium in MC simulation, to be the same as the
physical phantom. A more complex head structure could be
introduced and studied in the future, by considering the true
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head curvature, spatially varying thickness of extracerebral
tissue, and sulci and gyri of the brain tissue. Another limitation
of the study is the hematoma model used in MC simulation.
We simulated intracranial hematoma in different volumes
with a regular rectangular shape of homogeneous structure;
however, in real clinical cases, the injured brain may have
lesions such as perihematomal edema, cerebral edema, and
skin contusions, all of which can be in irregular shapes. These
more realistic injury and lesion cases should be investigated in
the future, together with skin color and skin contusion effects
on light migration.

The optical properties as well as the layer thickness
in the study were adopted from previous studies using
head models, not directly measured from human tissue
in vivo [26], [31], [44]-[46]. However, it is well known that
there is a natural variation in human head layer thicknesses
and optical properties due to age, gender, ethnicity, head
location, and other factors [45], [46]. Moreover, there is a wide
variety of optical properties and layer thicknesses implemented
in the literature and also as measured in vivo from human
head [26], [28], [40], [44]-[46]. The reported results here
investigated one such set of head models and serve as a
guidance for actual human subject measurements.

V. CONCLUSION

In this article, we studied the NIRS measurements of
intracranial hematoma models at different sizes and depths in
different age groups with a systematic comparison between
phantom measurements and model-based measurements for
the first time. With the select head models of slab geometry
and rectangularly shaped hematoma models as in this study,
results suggested that with an SD separation of 40 mm, NIRS
could detect hematomas even at 30 mm depth within the
brain from OD measurements. Intracranial hematoma could
be more easily detected in infant than adult heads due to
thinner superficial layers. Lesions with relatively larger vol-
umes would absorb more light-generating larger contrasts to
healthy conditions, and hence could be more easily detected
than smaller ones. With the presence of intracranial hematoma
deeper than 10 mm in the brain, the percentage contribution
of the NIRS measurement coming from brain layer can-
not distinguish clearly from healthy conditions. The findings
in this work are based on the provided head models and
hematoma shapes, and hence future studies should investigate
the effects of more realistic, curved, and irregularly shaped
head and hematoma structures models. The input power of the
NIRS device, with comparable photon count in MC simulation
together with the effect of mesh size would also be addressed
in the future. Nevertheless, the work presented here can help to
clarify and emphasize the impact of mass lesion on light-tissue
interaction in NIRS measurements using phantom and model-
based measurements, which can further aid in the design and
evaluation of NIRS-based devices for intracranial hematoma
detection.
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