Laser scattering by Transcranial rat brain illumination
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ABSTRACT

Due to the great number of applications of Low-Level-Laser-Therapy (LLLT) in Central Nervous System
(CNS), the study of light penetration through skull and distribution in the brain becomes extremely
important. The aim is to analyze the possibility of precise illumination of deep regions of the rat brain,
measure the penetration and distribution of red (A =660 nm) and Near Infra-Red (NIR) (A =808 nm)
diode laser light and compare optical properties of brain structures. The head of the animal (Rattus
Novergicus) was epilated and divided by a sagittal cut, 2.3 mm away from mid plane. This section of rat’s
head was illuminated with red and NIR lasers in points above three anatomical structures: hippocampus,
cerebellum and frontal cortex. A high resolution camera, perpendicularly positioned, was used to obtain
images of the brain structures. Profiles of scattered intensities in the laser direction were obtained from
the images. There is a peak in the scattered light profile corresponding to the skin layer. The bone layer
gives rise to a valley in the profile indicating low scattering coefficient, or frontal scattering. Another
peak in the region related to the brain is an indication of high scattering coefficient () for this tissue.
This work corroborates the use of transcranial LLLT in studies with rats which are subjected to models of
CNS diseases. The outcomes of this study point to the possibility of transcranial LLLT in humans for a
large number of diseases.

Keywords: LLLT dosimetry, rat brain illumination, Nervous System, Biophotonics, Near Infra-Red laser,
Transcranial Illumination, Hippocampus, Neurology, LLLT animal model, Neurophotonics.

1. INTRODUCTION

Just few years after Theodore Maiman [1] developed the first laser in 1960, it was used by Mester
[2] to promote wound healing, and this is probably the first Low Level Laser Therapy (LLLT). The
mechanisms of LLLT is based in photon absorption by molecules, it was first explained by Karu [3].
Laser illumination promotes DNA and RNA synthesis [4], lead protein production and increase
mitochondrial production of ATP accelerating cell metabolism [5]. Nowadays LLLT is being used in
branches of medicine that require reduction of inflammation, pain relief, healing, tissue regeneration or
prevention of tissue death [6].

Recently remarkable results have been found in Neurology, using Transcranial LLLT, a noninvasive
treatment for serious brain diseases or injuries. Transcranial LLLT improves motor recovery after strokes
in rats [7] and in humans [8]; reduces significantly the recovery time in Traumatic Brain Injury (TBI) [9]
with little evidence of side effects [10]. Encouraging results were obtainded for some degenerative CNS
diseases as familial amyotrophic lateral sclerosis [11], Parkinson disease [12], Alzheimer disease [13]
with this technique. Additionally, single neuron light stimulation [14] is connected to pain relief.

Light crossing the interior of biological tissue interacts, basically, in two ways: absorption and
scattering [15]. The absorption occurs when a photon interacts with an atom or molecule and the entire
energy of the photon is transferred to the atom or molecule. Absorption is quantified by the absorption
coefficient (u,), which is related to the probability of this interaction in a unit of length. The scattering
interactions can change both direction and energy of photons (inelastic), or only the direction (elastic
scattering). Visible and near IR light interacting with biological tissue give rise mainly to elastic
scattering. The scattering depends on size, shape and refraction index of the scattering center and on the
wavelength of the incident light. To quantify elastic scattering two parameters are necessary: the
scattering coefficient (us), which express the probability that scattering occurs, and the anisotropy factor
(9), which is defined as the average cosine of the scattering angle. The total attenuation coefficient is p, =
Hat Hs.

Knowledge of the penetration and distribution of light inside biological tissues is a hard problem
because absorption and scattering depend on wavelength, tissue biochemistry and anatomy [16].
Numerical methods as Monte Carlo simulation [17] can be used to calculate light distribution inside
tissues. Due to inhomogeneity of biological tissues, transport theory, a heuristic approach based on energy
conservation, is more useful than Maxwell equations to analyze light distribution inside biological
medium [16]. The amount of photons in a position 7 propagating in a given direction s is described by the
radiative transport equation:
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where L(7,5) is the radiance and p(§,s’) is the phase function that describes the angular distribution for a
single scattering event.

Here we present an experimental study that was carried out to determine light penetration and
distribution inside the animal heads, during transcranial rat brain illumination. The imaging technique
allows us to determine light fluence inside skin, bone, brain and to obtain a relative attenuation coefficient
for each tissue [18].

2. MATERIAL AND METHODS

Two diode laser sources were used in this experiment (A =808 nm e A =660nm), main
characteristics of these sources are presented in table 1. A neutral variable filter was used to regulate light
intensity and a high resolution camera (14.7 Mega pixels) captured photons scattered from the sample.
The camera lenses were adjusted to focus in the surface of the sample. As the sensitivity of the camera is
very low for NIR, exposure time was 4.0 s for NIR light and 10 ms for red light. Short period illumination
generated speckle patterns to red illuminations.

Table 1: Characteristics of laser sources.

Angular
Source A (nm) Power (mW) aperture of the Spot size (mm)
beam (°)
Red 660 30 30 1.40
NIR 808 30 30 1.40

Adult rats (Rattus Novergicus) were anesthetized, decapitated and their heads were shaved. The
heads were surgically sectioned by a sagittal cut, 2.3 mm away from mid plane. This section of rat’s head
was illuminated with red and NIR lasers in points above three anatomical structures: hippocampus,
cerebellum and frontal cortex (positions relative to the bregma were: - 3.3 mm, - 6.0 mm, + 2.5 mm,
respectively). The illumination spots were 2.0 mm away from the plane surface of the sagittal cut. A
coronal cut of the heads (-3.3mm from bregma) was also made to allow the visualization of
hippocampus through another direction. Illumination spots to coronal sever were 2.3 mm away from the
mid plane and 2.0 away from visualized surface (figure 1).

Figure 1: Sagittal (left) an coronal (right) cuts of a rat head. The arrows indicate illumination spots (left:
hippocampus, cerebellum and frontal cortex, and right: hippocampus).

2.1 Experimental method

The light scattered by each sample passed through the filter and was captured by the high resolution
camera which was positioned perpendicularly to the laser beam (figure 2). The images produced by the
scattered light and captured by the camera were analyzed with the software ImageJ 1.44. Intensity
profiles, in laser beam direction (z), provide information about tissue optical properties. Profiles of
scattered intensities in the laser direction were obtained from the images which are in 8-bits format, so
they have 256 gray-levels (gl).
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Figure 2: Set up of the experiment, laser illuminates the sample and scattered light is captured by the camera.
Arrow in the image indicates where the light intensity (measured in gray levels in the image — gl) profile shown in the
graph was measured.

2.2 Analyzing the images

Light scattered at 90° by homogeneous samples shows an intensity profile with a steep growth near
the illumination spot, followed by an exponential attenuation [19]. In this experiment we illuminated
three different tissues: skin, cranial bone and brain. The profiles of scattered intensities in the laser
direction show peaks after each tissue boundary and, far from the edges, they show an approximately
exponential attenuation. The peaks are higher for tissues that scatter more light. This way, one can scale
tissue scattering coefficients with the corresponding peak intensity. We calculated the exponential
coefficients for brain tissue profiles.

Brain is a complex organ with different kinds of neurons and glia. Shape, density, myelination and
biochemical composition of cells exert major influence on brain tissue optical parameters. Profiles helped
us to identify different brain regions allowing us to make a map of brain tissue optical parameters. It is
possible to extract iso-intensity curves from the images.

3. RESULTS AND DISCUSSION

The images shown in figure 3 were produced with scattered light: NIR (A =808 nm) at top, red
(A = 660 nm) at bottom; and from left to right: hippocampus, cerebellum, frontal cortex and coronal view
of hippocampus. Comparing images produced with NIR and red light one is able to notice that NIR
penetrates deeper than red light. It suggests that NIR is more indicated to LLLT in inner parts of the brain.
The tissue boundaries and the differences of attenuation inside the brain are qualitatively clear in the
pictures.

Analyzing intensities profiles of NIR-light images (figure 4) one can see that there is a peak in the
scattered light profile corresponding to the skin layer. The peak width depends on the thickness of skin in
that point, and indicates the high scattering coefficient of skin. The bone layer gives rise to a valley in the
profile indicating low scattering coefficient, or frontal scattering. The valley width is proportional to
cranial thickness in that point. The following peak in the region related to the brain is an indication of
high scattering coefficient () for this tissue. Profiles of red-light (figure 5) images are similar to NIR-
light ones but attenuation is larger and speckle pattern of the images diminishes the smoothness of the
profiles.
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Figure 3: Images of transcranial illumination. Images of NIR illumination are at the top and red illumination ones
are at the bottom. From left to right: hippocampus, cerebellum, frontal cortex and coronal view of hippocampus.
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Figure 4: Profiles of transcranial illumination in different point. NIR (A = 808 nm) illumination.
Far from the entrance, light attenuation is approximately exponential:

1(z) = Ie™Ht# )
So, we can obtain p by:

In 1@

He = _y 3)

The light captured by the camera, at z, is proportional to 1(z).. Each region of the brain has specific
optical properties, so it changes the exponential coefficient. Comparing profiles, far from boundaries (z
from 3.5 to 10.0 mm), we found differences in exponential coefficient for each point (hippocampus,
cerebellum and frontal cortex), in sagittal cuts (figure 6); and differences for each direction (sagittal and
coronal) in hippocampus (figure 7). As p; are proportional to exponential coefficients, we normalized
them, making the highest value to be equal to 1, in arbitrary units (a.u.). Almost all values of ,, are
independent, showing the strong dependence of p; with brain’s region. Nevertheless, . are statistically
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equal (*) to cerebellum and hippocampus (coronal). Comparing L, to red and NIR illuminations, we can
see clearly that red light is more attenuated to all these brain’s sub-structures (figure 8).
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Figure 5: Profiles of transcranial illumination in different spots. Red (A = 660 nm) illumination.
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Figure 6: Exponential fitting of profiles far from boundaries to obtain p, (sagittal cuts).
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Figure 7: Exponential fitting of profiles far from boundaries to obtain , (hippocampus).
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Figure 8: Normalized  for red and NIR wavelengths in different brain spots. Attenuation is statistically the equal
(*) for red light in cerebellum and hippocampus (coronal),

4. CONCLUSIONS

NIR penetrates deeper in a transcranial illumination, skull is not a major attenuator tissue, different
parts of brain have different attenuation coefficient; these are useful information to trancranial LLLT.
Analyze intensity profiles of images from tissues is a simple and powerful method to study quantitatively
and qualitatively optical properties.
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