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Abstract: Gray matter, in the outermost layer of the cerebral cortex, plays a significant role in
processing important information, such as when reasoning and planning, in addition to influencing
intelligence, emotion, memory, and language. In this paper, measurements of the optical properties,
such as the attenuation coefficients, scattering coefficients, scattering efficiency, and penetration depth
of gray matter in the cerebral cortex were measured in the fresh brain tissue of a healthy human male
at a spectral range of 400-1100 nm. Determining the optical properties of gray matter is important
for developing NIR noninvasive diagnostic imaging techniques and therapy. The absorption spectra
of the gray matter tissues obtained here showed clear peaks at 550 and 580 nm due to HBO2 and
970 nm due to water. The attenuation coefficient, transport length, and penetration depth for the
gray matter were measured at 800 nm. The possible NIR optical imaging depth was roughly 3.8 mm,
determined by the theoretical limit resulting from ballistic and snake photons. Using Beer’s law and
the Mie model, the structural properties, such as the density of neurons, in the gray matter of human
brain tissue, were investigated for the first time. The density of neurons in the examined gray matter
tissue sample was estimated as roughly 40,000 neurons/mg.

Keywords: gray matter; cerebral cortex; neuron density; scattering; ballistic photons; scattering and
attenuation coefficients; hemoglobin absorption; optical properties

1. Introduction

The human brain is the most complex organ in the human body, which makes it challeng-
ing to understand how the brain functions and communicates. Gray matter is the outermost
surface of the cerebral cortex of the human brain. The gray color is a result of the high
concentration of neuron cell bodies [1,2]. Gray matter in the cerebral cortex of the human brain
remains understudied and not clearly understood. It contains many neurons that facilitate
information processing through the axons found in white matter. Thus, gray matter plays
a significant role in how humans function, enabling individuals to control their movement,
memory, touch, vision, breathing, hunger, and emotions [2,3]. Understanding the properties of
neurons, such as conductivity and secretion [4], in the gray matter of the cerebral cortex might
lead to a better understanding of how the neurons function within the brain and how they
affect the state of the healthy brain. Since gray matter is the outermost layer of the brain, early
damage may occur to neurons in this region. Investigating the healthy state of gray matter will
lead to a better understanding of the early changes in the development of neurodegenerative
disorders and cancer [5-8], and this may help to find solutions at the early stage of these
diseases. In numerous brain diseases, neurons, synapses, and glial cells become dysfunctional,
and the damage or loss can contribute to disability and cognitive dysfunction, including
in multiple sclerosis (MS), Parkinson’s disease, Alzheimer’s disease, Huntington’s disease,
epilepsy, and other neurodegenerative disorders [9-12]. All neurodegenerative disorders start
with changes in the neurons and glial cells.

Understanding the optical properties of gray matter, such as the scattering and ab-
sorption coefficients, will give a clear idea of the critical imaging depth in the brain using
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optical imaging techniques. Optical spectroscopy is a standard tool in laboratory analysis,
used to detect and monitor the concentration of substances, such as oxygen, by measuring
the absorption, fluorescence, or Raman spectra [13-15]. The use of optical techniques is
complicated because of high light scattering in tissue [13-15]. Neurons cells are the main
light-scattering component found within the gray matter of the cerebral cortex [16,17]. In a
highly scattering medium, such as brain tissue, photons will essentially follow a random
path and become highly diffuse. Diffuse photons provide little information about the tissue.
If the problems associated with scattering can be overcome, optical imaging techniques
could represent a cheaper technology able to provide high spatial and temporal resolution.

Light transmitted through tissues is classified into three categories: ballistic light, snake
ballistic light, and diffuse light, as shown in Figure 1. Ballistic and snake photons carry
good information from within the tissue, while multiple scattered photons are randomized
and carry little information about the tissue. If only ballistic and snake photons are detected
in a particular imaging technique, then it is considered a ballistic imaging technique. It
has been shown that ballistic imaging is feasible only for a tissue with a thickness less
than roughly 3 mm, and most ballistic imaging techniques reported in the literature have
achieved approximately 30 scattering lengths in the NIR [18-21]. In all optical imaging
techniques, the critical depth is roughly determined by the scattering length in the NIR,
excluding water absorption peaks. It is important to investigate the optical properties of the
tissue to develop an optical imaging technique to noninvasively image the cerebral cortex.
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Figure 1. Illustration of photons’ journey in a turbid medium.

The intensity of ballistic light decays exponentially with depth and can be accurately
approximated following the Beer-Lambert law [22]:

I(x) = Ipe >/t @)

where I is the incident intensity and I(x) is the intensity of the ballistic light at depth x,
attenuation length /,, or inverse attenuation or extinction coefficient (y.). In fact, y. is the
sum of the scattering coefficient (i) and absorption coefficient (y,), which is given by [22]:

He = Ys + Ha ()

The reduced scattering coefficient (u.) is related to the scattering coefficient by the
following equation [22,23]:
Hs = ps(1-8), ®)

where g is the anisotropy factor, the average cosine of the scattering angle. It is important
to define the transport mean free path, which is given by the following equation [22]:
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This parameter I/; determines the critical penetration depth in tissues for the ballistic
and diffusion regions. The transport length can be written in terms of the scattering length
as shown in Equation (4). The scattering length, [, is the inverse of the scattering coefficient.
The theoretical penetration depth () is predicted by diffusion theory and is given by [22]:

1
VB M) (M) + s (M)A —g)

The penetration depth is an important parameter for optical imaging and determining the
correct irradiation dose in photothermal and photodynamic therapy of various diseases [23].

If the size factor, x = 277/ (* /n,,. 10 ) 15 greater than 0.2, then we apply Mie scattering,
where r is the radius of the particle, #1,,.4i,, is the index of refraction of the medium, and A
is the incident wavelength. The Mie scattering efficiency Qs factor is derived from the Mie
scattering amplitudes (4, and by,) [22]:

5(2) ®)

Q= Z X+ ) [Janlot baf?], ©

where a, and b, are written in terms of the spherical Bessel functions of the first and
second kind |, +1 (x) and Y, 1 (x), respectively [22]. The scattering cross section o; is

related to the scattering efficiency Qs by the neuron cross-section area (7r72) according to
the following equation:
05 = r? Qs. (7)

The interactive Mie Scattering Calculator by Scott Prahl was used to determine the
value of the scattering efficiency Qs [24]. The density of neurons can be estimated from [12]:

Us
N = o ®)

Noninvasive monitoring of the density of neurons in the cerebral cortex is an essential
early step in diagnosing brain diseases and has the potential to be developed into a brain
therapy system.

The optical properties—such as the absorbance, attenuation and scattering coefficients, as
well as the scattering length at different wavelengths in the visible to NIR range—are measured
and calculated. The calculated penetration depth is roughly forty-two times the scattering
length and this result provides the potential to noninvasively image the entirety of the gray
matter tissue in the cerebral cortex of the human brain. Furthermore, the scattering cross-
section and the scattering efficiency at 800 nm are calculated. Through the use of a noninvasive
technique, the approximate number of neurons per mg in the gray matter of human brain
tissue samples is calculated using the absorbance spectrum and Mie scattering model.

2. Methods and Samples
2.1. Methods

The optical properties and neuron sizes and densities in gray matter of human cerebral
cortex tissues were investigated using a double-beam spectrophotometer. The spectral properties
were investigated from 400 to 1100 nm. A UV-Vis double-beam spectroscopy system (U-2910
Hitachi Medical Systems, Hitachi High-Tech Corporation, New York City, NY, USA), was used
in the absorption measurements. The working concept of this spectrophotometer is shown in
Figure 2. The incident or reference beam (Ip) and the transmitted beam (I) are measured by the
detector. The software calculates the transmittance (T) or/and absorbance (A).
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Figure 2. Double-beam spectrophotometer: BS (beam splitter) and M (mirror).

2.2. Tissues Sample

A frozen gray matter sample of human male brain tissue with a thickness of 1 cm
and an area of 1 cm? was used in the experiment. An image of the actual sample, pinkish-
gray in color, is shown in Figure 3 and was captured using a conventional camera. The
fresh samples were obtained from NDRI and kept at 4 °C. The healthy cerebral cortex
tissues under investigation were taken from a deceased Caucasian male, age 48, with
cardiovascular problems. The deceased person died of non-neurological causes and had no
signs of brain diseases such as due to diabetes. The tissues were fresh and not treated with
chemicals. Sections of gray matter male brain tissue of 300 um thickness were obtained
for the absorption measurements to evaluate the optical properties. Use of the NIR optical
imaging technique to image this same sample will be reported in another paper.

Gray Matter

Figure 3. The gray matter is the dark region of the outer surface of the cerebral cortex of the human
brain. The inset shows a photograph of human gray matter tissue using a conventional camera.

3. Results and Discussion

Figure 4 shows the absorption spectra for the 300 pm section of the cerebral cortex
brain tissue gray matter. A UV-Vis double-beam spectroscopy system, U-2910 Hitachi
Medical Systems, was used in the absorption measurements.
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Figure 4. Absorption spectra of the gray matter of human brain tissue.

Figure 4 shows clear scattering in the visible and NIR region with some absorption at
540, 580, and 980 nm. There is a small peak at 780 nm due to blood absorption. Figure 4
shows that the scattering decreases at longer wavelengths, with greater penetration into
the brain tissue. Based on this observation, it is expected that higher image quality can be
obtained when imaging at longer wavelengths, such as over 800-900 nm, which allows
avoiding the strong scattering between 400 and 700 nm with strong absorption at 540 nm
and 580 nm. The two peaks at 540 and 580 nm are due to oxyhemoglobin (HbO2) [25,26].
The tissue sample looks pinkish-gray in color due to the presence of numerous tiny blood
vessels, capillaries, and neurons in the gray matter. The peak at 980 nm was due to the
absorption of water in the brain tissues [27,28]. Water is an important fingerprint related to
the state of healthy tissues [29,30]. At these peaks, the signal is a mixture of scattering and
absorption but with stronger scattering. In the cerebral cortex brain tissues, the absorption
was dominated by hemoglobin in the visible range and by water in the near infrared, as
shown in Figure 4. The brain is composed of approximately 90% water. Water absorption is
observed at all wavelengths (400 to 1100 nm), with a strong signal at roughly 980 nm.

Using the data in Figure 4, we estimated the extinction or scattering coefficient at
different wavelengths. For thin tissues or ballistic photons, we use Beer-Lambert law
I = Ipe #e*. The transmission is defined as T = % or T = e H#e*. The absorbance (A) is

defined as A = log( %) = log(et**). Finally, we use:

VE(/\) = 644%\1

©)

to calculate the attenuation coefficient. Knowing the values for the absorbance (A) and
thickness (x) of the sample, we used Equation (9) to calculate y.(A) at the desired wave-
length. As shown in Figure 4, the peak at 580 represented the scattering and absorption.
We calculated the attenuation coefficient for the gray matter at this wavelength. The ab-
sorbance at 580 nm was equal to 2.29, and the thickness of the tissue was 300 um. From
these values, we calculated p,(580 nm) = 17.75 mm~!. Similarly, we calculated the at-
tenuation coefficient at other wavelengths and obtained (800 nm) = 11.16 mm~! and
1#:(980 nm) = 11.24 mm~!. A good signal or imaging contrast at 800 nm was expected
due to the lower scattering and minimal absorption. The signal at 800 nm represents
mainly the scattering effect, while that at 980 nm represents both scattering and absorption.
Moreover, the signal at 800 nm is an isosbestic point, where the oxyhemoglobin (HbO2)
and deoxyhemoglobin (HbR) have the same extinction coefficient [31]. Brain tissues at



Optics 2023, 4

800 nm have three important chromophores: HbO2, HbR, and water. At 800 nm, the water
absorption is minimal, and scattering will dominate over the three chromophores. At the
same time, scattering at 800 is lower than at any other shorter wavelength (400-800 nm).
Therefore, this wavelength, 800 nm, is a desirable wavelength for further spectral and
imaging investigations. The anisotropy g value for brain tissues is roughly equal to 0.9
according to the literature [22,23]. If we assume that the g value is 0.9, then the reduced
scattering coefficient may be found for the 800 nm wavelength because it mainly comprises
scattering (y.(800 nm) ~ (800 nm)). Assuming the y,(800 nm) is mainly due to scatter-
ing and very low absorption, then we have ,(800 nm) ~ #5(800 nm) = 11.16 mm~!. The
scattering length (I5), which is the inverse of the scattering coefficient (), is then 0.09 mm.
The reduced scattering coefficient is related to the scattering coefficient by Equation (3):
ut = pus(1—g). Then, the reduced scattering coefficient p/ for gray matter at 800 nm
is roughly equal to 1.12 mm~!. The transport mean free path is given by Equation (4):
Iy = m By substituting the values into the equation, we obtain /; = 0.9 mm for
g = 0.9. Some publications show that a clear image can be up to 40 [ [32-34]. From the
literature, it is possible to enhance the optical imaging to a critical depth of roughly 3.6 mm
within the gray matter in the brain. Theoretically, the penetration depth is defined by

Equation (5): 6(800 nm) = m The absorption coefficient (i,) for brain tissue
is also reported in the literature. The most commonly reported value for brain tissues

at 800 nm is 0.02 mm ! [35,36]. If we substitute the values of the scattering coefficient
11.16 mm ™!, g & 0.9 for most biological tissues, and the absorption coefficient of 0.02 mm ™!
at 800 nm, then we obtain

1

4(800 nm) = = 3.83 mm.
/3 (0.02mm~1 (0.02mm~1+11.16 mm~1 (1 —0.9)

The theoretical penetration depth is roughly forty-two times the scattering length,
0 = 42 I;. This means that we may image the whole gray matter of the cerebral cortex
(less than 4 mm thickness) noninvasively using NIR optical techniques. Table 1 shows the
summary of the above discussion.

Table 1. Absorbance and attenuation coefficient of the gray matter in the cerebral cortex of a human

brain.

Wavelength Absorbance Attenuation Reduced Penetration
A (nm) A Coefficient Scattering Depth

pe (mm~1) Coefficient & (mm)

s (mm1)

580 2.29 17.75
800 1.44 1116 ~ pus ~1.12 3.83
980 1.45 11.24

The parameters needed to calculate Qs are the neuron diameter, the index of refraction
for the medium and the neurons, and the incident wavelength. The index of refraction is
given by:

n=mng+iK

where 1y, is the real index of refraction, and K is the imaginary part. The imaginary part of the
index of refraction is related to the wavelength (1) and absorption coefficient (,) by [37]:

K() = 7= () (10)

From the literature, the absorption coefficient of the cerebral cortex of human brain
tissues at 800 nm can be around 0.02 mm ! [35,36], and its imaginary index of refraction is
very small, approximately 0.0000013. So, we may ignore the value of K since it is below
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0.00001, as the scattering efficiency will not change that much. The index of refraction of
the cytoplasm medium and gray matter in human brain tissues are roughly 1.34 and 1.4,
respectively [38,39]. The average size of neurons in this sample was roughly 12 um, which
were measured using SEM and NIR imaging techniques. The images of these neurons
will be published in a separate paper. It is also known from the literature that the sizes of
neurons are roughly between 5 and 100 um [40,41]. The needed parameters are listed in
Table 2, as shown below with the Qs value from the Mie calculator [24].

Table 2. The data used to calculate the scattering efficiency (Qs) for the gray matter of the cerebral
cortex of the human brain tissue sample.

Diameter Wavelength  Index of Index of Index of Scattering
din pm Ain pm Refraction of Refraction of Refraction- Efficiency
the Medium  Neurons Imaginary Qs
Miedium Mueuron Part
K
12 0.800 1.34 1.4 0.0000013 2.5

By substituting the value of the scattering efficiency (1.89) in Equation (7) (05 = 7r? Qs),
we obtain:
05 = 3.14 (6 um)? (2.5) = 282.6 um?

Now, substituting the scattering cross section (05 = 282.6 um?) and scattering coeffi-
cient (ys = 11.16 mm ') at 800 nm into Equation (8), we obtain the density of neurons for
the used sample in this experiment:

No s 11.16 mm~!

— = , eurons/ mm-.
o (2826)10 6bmm2 o *ON /mm? (1)
S .

This is an approximate number of neurons in the gray matter of human brain tissue
in our sample. This number lies within the valid reported numbers for neurons, 10,000
to 90,000 neurons/mg, in the cerebral cortex using different techniques [41-43]. These
numbers could vary from one site to another and from one person to another [41-43].

All the major techniques used to estimate neuron density, such as DNA extraction,
histology, flow cytometry, and Isotropic fractionator, are invasive [44—49]. To the best of
our knowledge, this is the first technique that shows the potential use of a noninvasive
technique to estimate the density of neurons in the gray matter of the cerebral cortex. We
believe that the present technique will have great potential in estimating the density of
neurons noninvasively and could benefit the health care field.

4. Conclusions

In conclusion, the absorption spectrum of the sample of gray matter of the cerebral
cortex examined in this study shows three peaks in the visible and NIR regions, as shown
in Figure 4. The two peaks at 540 and 580 nm are due to oxyhemoglobin (HbO2), while the
peak at 980 nm is due to the absorption of water in the gray matter brain tissue. Hemoglobin
is a protein pigment of red blood cells that involves the transport of oxygen. It binds to
oxygen under cooler temperatures [50]. This explains the clear absorption of HbO2 at the
two peaks in frozen tissues. When freezing brain tissues, the major properties—such as
neuron size, density, and proteins in the tissue matrix—are preserved and are closer to those
of the fresh tissues [51-53]. Moreover, the attenuation and scattering coefficients, transport
length, and neuron density in the gray matter of the male cerebral cortex were calculated
based on the spectral measurements using the absorption and Mie model. Table 1 shows
that the attenuation coefficients at 580, 800, and 980 nm are 17.75, 11.16, and 11.24 mm !,
respectively. The attenuation coefficient at 980 nm is due to water absorption and scattering
in the gray matter tissue, while that at 800 nm is mainly due to scattering. Hence, the
scattering coefficient is roughly 11.16 mm~!, and the reduced scattering coefficient is
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roughly 1.12 mm~!. The measured scattering length and transport length at 800 nm were
0.09 and 0.90 mm, respectively. In the literature, the values of optical properties of the
gray matter in the cerebral cortex tissues vary due to the used sample (location and age
of the person), the experimental techniques, the state of the tissues (fresh, temperature,
in vivo, etc.), the structural properties of neurons, and g value [54-58]. Theoretically, it is
possible to enhance the critical depth for NIR imaging to roughly 3.8 mm within the gray
matter in the brain. Since the thickness of gray matter in the human brain is roughly less
than 4 mm, it is possible to noninvasively image the whole gray matter of the cerebral cortex
of the human brain using NIR optical techniques. The calculated scattering efficiency (2.5),
scattering cross-section (282.6 um?), and scattering coefficient (11.16 mm 1) at 800 nm gave
a density of roughly 40,000 neurons/mm?. This is the approximate number of neurons per
mg (mm?) in the gray matter of human brain tissue in our sample. More experiments are
needed to further explore the potential of measuring the neuron density at different sites of
the cerebral cortex of a human brain. Further validation could potentially be obtained by
comparing the density of neurons measured by a pathologist in the same samples with that
determined here using the described technique.

The results provide an expected critical depth of 3.8 mm within the gray matter
of the cerebral cortex in a healthy human brain using NIR optical techniques. Using
these convenient techniques, we may be able to non-invasively measure the density of
the neurons in the gray matter of the cerebral cortex. This is an important step toward
studying the state of neurons in a person who has the potential for neurodegenerative
diseases, allowing appropriate intervention at an early stage of disease. A limitation of
this research is that the samples were derived from a single subject, i.e., male normal brain
tissue. More research is required in order to collect more data and to compare these data
with pathological techniques. The results from the NIR imaging of the same sample will be
reported soon.
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