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ABSTRACT

In recent years, numerous methods have been sought for developing novel solutions to counter neurodegenerative diseases.
An objective that is being investigated by researchers is to develop cortical implants that are able to wirelessly stimulate
neurons at the single cell level. This is a major development compared to current solutions that use electrodes, which
are only able to target a population of neurons, or optogenetics, which requires optical fiber-leads to be embedded deep
into the brain. In this direction, the concept of wireless optogenetic nanonetworks has been recently introduced. In
such architecture, miniature devices are implanted in the cortex for neuronal stimulation through optogenetics. One of
the aspects that will determine the topology and performance of wireless optogenetic nanonetworks is related to light
propagation in genetically-engineered neurons. In this paper, a channel model that captures the peculiarities of light
propagation in neurons is developed. First, the light propagation behavior using the modified Beer-Lambert law is analyzed
based on the photon transport through the nervous tissue. This includes analyzing the scattering light diffraction and
diffusive reflection that results from the absorption of neural cell chromophores, as well as validating the results by means
of extensive multiphysics simulations. Then, analysis is conducted on the path loss through cells at different layers of the
cortex by taking into account the multi-path phenomenon. Results show that there is a light focusing effect in the soma of
neurons that can potentially help the to stimulate the target cells.

Keywords: Optogenetics, Single-neuron Stimulation, Light Propagation, Wireless Nanonetworks

1. INTRODUCTION

In recent years the field of Brain Machine Interfaces (BMI) has led to numerous research initiatives aimed at developing new
solutions to interfacing to neural systems. These initiatives are discovering new solutions ranging from neuron stimulation
for patients who suffer from neurodegenerative diseases, all the way to the most recent vision of interfacing the brain to
computing systems to enhance their capabilities.

A traditional approach for stimulating the brain is through the use of electrodes. However, a major limitation is the
large population of neurons that get targeted during stimulation. This has led the research community to develop new
approaches to stimulate at single-cell level. The field of optogenetics enables single cells to be stimulated using light at
a specific wavelength. This requires that neurons are first engineered with genes that will express proteins to make the
neurons sensitive to light, where the emission of the lights can both activate or inhibit the neuron’s action potential. Since
the original proposed optogenetics architecture, which requires an insertion of optical cable into the skull, wireless device
models have also been proposed to provide more autonomy in the subjects that require stimulation.'>? Most recently,
we proposed integrating the concept of wireless optogenetic for devices constructed from nanoscale components, i.e.,
Wireless Optogenetic Nanonetworking Device (WiOptND), where these devices could form nanonetworks to coordinate
stimulations.*
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An important element in the wireless optogenetics is the light stimulation process between the device and the target neu-
rons. New constraints will need to be considered compared to previous approaches, and in particular due to the nanoscale
components of the light source as well as energy produced by the device. Since the light component is miniaturized, this
means that its location within the neuron population and distance from the target cell are important factors to understand
the required intensity for stimulating the neuron. The location within the neural population, as well as its density and con-
nectivity is an important factor, since the light reflection and scattering from the neighboring cells will affect the intensity
at the target cell.>® This also varies within the cell population, since certain regions will have sparse density of somas
that are largely filled with axons and dendrites, while in other regions dense somas will be found. Each of these cases will
affect the light intensity that arrives at the target cell. Indirectly, this will also be impacted by the distance between the light
source to the target cell.

In this paper, we develop a channel model for wireless optogenetic nano communication. The nano spacing considered
for the channel model is between the light source and the target neuron. We develop geometric analysis to consider the light
propagation, reflection, refraction, as well as scattering from the neighboring cells and how this impacts on the intensity
at the target cells. Our channel model also considers the variation that is due to the density of neighboring somas and
dendrites, as well as the shapes and structures of the cells. In a nutshell, by understanding the behavior of light in the
brain tissues, efficient design for BMI can be achieved and the implants are feasible for long term operation and wirelessly
interact with neurons forming the reliable optogenetic nanonetworks.

The remainder of the paper is organized as follows. In Section 2 we will define a system model including architecture
for wireless optogenetic nanonetworking and the fundamental of light propagation in biological tissues. Section 3 contains
a complete light propagation channel model for a single cell as well as the numerical analysis and results.In Section 4, we
consider the multipath scenario due to the heterogeneous neuron population. Finally, we conclude the paper in Section 5.

2. SYSTEM MODEL
2.1 Wireless Optogenetic Nanonetwork Architecture

The entire network of the Wireless Optogenetic Nanonetworking architecture is composed of three layers (Figure 1).
The lowest layer is the cerebral cortex where WiOptNDs are deployed and interfaced to individual neurons that require
stimulation (Figure 2). The cerebral cortex is the gray matter of the brain and is responsible for sensory, motor, and
associated functions. Horizontally, the cerebral cortex is categorized based on its functional areas, namely, the molecular
layer, the external granular layer, the external pyramidal layer, the internal granular layer, the internal pyramidal layer,
and the multiform layer. Those layers contain various types of cells, including pyramidal cells, spiny stellate cells, basket
cells, chandelier cells, and smooth stellate cells,” each of which can have an interfaced WiOptND. The next layer up is the
sub-dura transceiver, which is located on the dura and below the skull, and communicates with the WiOptNDs. The role
of the sub-dura transceiver is to emit ultrasound waves, which are used to charge the WiOptND. The sub-dura transceiver
contains the algorithm that determines both the charging and stimulation sequence of the WiOptND, and this in turn emits
the sequence of ultrasound signals. Above the sub-dura transceiver is the external transceiver, which communicates with
the sub-dura transceiver. While the communication between the external transceiver and the sub dura transceiver is a very
relevant aspect of the system, our focus is on the interfacing of the individual WiOptNDs with neurons through light.
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Figure 1: Illustration of the overall architecture of the Wireless Optogenetic Nanonetwork. The WiOptND are scattered in
the various layers of the cortex, and is charged by the ultrasound signals emitted from the sub-dura transceiver, which in
turn is communicated from the external transceiver.
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Figure 2: Tllustration of a WiOptND that interfaces to an engineered neuron that is sensitive to light at a specific wavelength.

2.2 Fundamentals of Light Propagation in Biological Tissues
When the light propagates in the biological tissue, there are four main phenomena that might occur (Figure 3).

* Scattering, which can be perceived as deflection of the ray of light from a straight path due to heterogeneous medium
or the interface between two media. As the light experiences scattering, it might be transmitted or back scattered.
Light scattering in biological tissues is well defined by the Henyey-Greenstein phase function introducing the coef-
ficient anisotropy factor, g.3 For biological tissues, typically this parameter is in the range of 0.5 < g < 0.95, which

indicates that forward scattering is dominant.® For a more accurate model of light propagation in biological tissues,
(1 —g)us, is used since the light undergoes multiple scattering effect.®

the reduced scattering parameter, p/,
* Absorption, where the light energy is absorbed and converted to heat as the result of atoms and molecule vibration.
The atoms and molecules have the selective natural behavior of certain light frequency absorption. For wavelength
—-18

used in optogenetics, which is less than 625 nm, the absorption parameters are in the range of 0.5 — 5 cm
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Figure 3: Model of refraction, reflection, absorption, and scattering of light on a neuron’s soma.

* Reflection is the phenomenon where the the direction of the light propagation is reflected back to the same medium
as it is originated. For biological tissues, diffuse reflection is most likely to occur. The common simplification for

biological environment is by assuming that the surface is Lambertian.’
* Refraction occurs due to the light traversing via two media with different density. This causes the change in propa-
gation direction. This phenomenon is described by Snell’s law where ratio of the angle of incident 6; and refraction
0, is proportional to the phase velocities (v1 /v2), or equivalently, inversely proportional to refraction indices of the

two media (na/n1):
sind;  vi g 0
sinfy  v.  n;

3. SINGLE CELL CHANNEL MODEL

3.1 Analytical Model
The light transportation through biological tissue can be modeled using the modified Beer-Lambert law as
I(/\) _ IO(/\)E—;LQ()\)dDPF()\)—}-G(/\)’ )



where I(\) is the measured A wavelength light intensity on distance d, I,()) is the light intensity on the source, p, is
the absorption coefficient of the biological tissue, DPF()) is the differential path length, which indicates the mean light
propagation distance in the tissue, and G(\) is a wavelength, medium, and geometry dependent constant. The value of the
DPF depends on the medium characteristics including absorption (i) and reduced scattering (i) as follows: !0

IRYETAC 1
prr) =3 (%5) [ i) @

The distance parameter d is less significant when d > 2.5 cm and d+/3pqpt% > 1. Given the very small separation
between the WiOptNDs and neurons, this parameter is crucial for D PF' calculation.

As mentioned in Section 2.2, the traversing light rays undergo refraction phenomenon. Part of the rays, which are
transmitted through the cells, experience the propagation through two different media with different refractive indices. This
has been further analyzed in Johari et al.!! that the transmitted light is focused to certain points on the other side of the
illuminated part of the cell. Understanding this phenomenon is important in optogenetics considering the heterogeneous
population of neurons in the cortex. The light might penetrate beyond neurons and excite a neuron in a dense neuron
population. The most important aspects for optogenetics experiencing this situation is how far the light propagates after
traversing through neuron and what is its intensity as illustrated on Figure 4.

1, f(@)
Figure 4: Illustration of light propagation with a light source, a blocking neuron, and a target neuron.

In this first model, for mathematical tractability, we model neurons as spherical cells due to its shape of roughly
spherical.'?!® The distance between the center of a spherical cell and focus point is r,, f(), where « is the ratio of :—i
The lower and upper bounds, f;(« — 0) and f,,(cv — 1) of the focal points are dictated by the real part of refractive indices
of the media that the light traverse through as:!!

n2
filae) = —————, when a — 0;
2npy/n2 —n? @)
Nn
a)=————, whena — 1,
fu( ) 2(nn_nb)

where ny and n,, are the refractive indices of brain tissue and neuron respectively. The distance of focus points from the
center of the neuron is defined as 7 f; /,, ().

The light propagation decreases the intensity due to scattering and absorption while the focusing effect of the cell
aggregates the light rays, which increases the intensity. This focusing effect aggregates the light power with respect to
the ratio of spherical caps of both blocking, A; and target neurons, A;. The values of A;, and A; can be obtained by
geometrically analyzing the solid angles, [, and [3;, from the focus point angle 1) as shown in Figure 5. Assuming that
the half surface of total spherical cell of blocking neuron is illuminated by the light source, the effective arc, 23y, is 7 rad,
while the effective arc of the target neuron depends on the focus point and it can be formulated as:

rnf(a) —dss —Tq )

Tn

28, =29

&)
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(a) One blocking neuron and a target neuron. (b) Two blocking neurons and a target neuron.

Figure 5: Refraction and focusing effect due to blocking neuron(s).

Note that the maximum value of the intensity is achieved when r f,,(«) = r,, + dss, which means the light rays focus
at a single point on the target neuron surface. The solid angles and spherical cap of both blocking and target neurons can
be obtained by:

wy/¢ = 2m(1 —cosBy;y), 6)
Ay = wb/tri, @)
where subscript b/t indicates either blocking or target neuron.

The final intensity after the blocking neuron penetration depends on the light-exposed spherical cap area ratio v between
the blocking neuron A and the target neuron A;. Thus, the final intensity can be formulated as:

I, = At o ni(NADPEAGO)
¢ _ ®)
=~ I,e HaNdiDPFi+G(\)
For multiple blocking neurons between light source and target neuron, the focus distance should be calculated based
on the output of the previous blocking neuron. Therefore, the distance of focus point can be obtained by:!!

sin(m —0;)

raf(@) =1 sin(0; —0,)

€))

3.2 Numerical Results

Table. 1 lists the parameters used in the MATLAB simulation. Figure 6 shows the output intensity, path loss, and time delay
characteristics comparison among three difference cases. For the output intensity, no-blocking case shows no significant
changes, while cases with blocking neuron, intensity tends to rise and followed by decrements due to focusing effect of
the light rays. Maximum intensity reaches when the rays focus to approximately infinitesimal point. This effect can be
explained theoretically by ratio -y in (8) with the target neuron spherical area A; as the denominator. Not only +, the focus
point r f («) determines at which distance the maximum intensity occurs. Without blocking neuron(s), the propagation path
loss tends to decrease faster since the energy propagate to all directions, unlike in the presence of blocking neurons where
the light energy aggregates due to the effect of the blocking cell. Regarding the light ray arrival to the target neuron, the
blocking neurons causes more propagation delay. This mainly depends on the light speed on the medium, which depends
on refractive index. In this simulation, the speed of light propagating via neuron is 2.05x 108 m/s, while via brain tissue, the
speed is 2.15x 10® m/s. Therefore, the more blocking neurons between light source and target neuron, the delay increases.
However, the delay is considered small and the whole transmission process is only within pico second unit (one blocking
neuron introduces additional delay of approximately 0.02 pico seconds).

To further validate the light focusing effect in the neurons, we have run extensive simulations by using COMSOL
Multiphysics.'® Photon diffusion by solving Helmholtz Equations has been considered to simulate the light propagation
through the soma of neurons as shown in Figure 7. This figure shows the propagation of light through the nervous tissues
when (a) there is no neuron and (b) there are three neurons in a row. The pattern intensity depicted on Figure. 7 shows the



Table 1: Simulation Parameters

Parameter  Value [Unit] Description

Tn 50 [um] Spherical radius of neuron
D 0.5 [%] Reflectance index of neuron'*
Vvacuum 3% 108 [m/s]  Speed of light in vacuum
A 456 [nm] Wavelength of light
np 1.35 Refractive index of brain tissue!’
Ny 1.36 Refractive index of neuron
b1/2 % [rad] Half power point angle
Baneuron 0.9 [/mm] Absorption coefficient of neuron'®
Hsronron 3.43 [/mm] Reduced scattering coefficient of neuron'®
Hagissue 20 [/mm] Absorption coefficient of brain tissue'’
[ 1.34 [/mm)] Reduced scattering coefficient of brain tissue'”
6 0 60
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Figure 6: Light measurements on the surface of the target neurons. The distance between blocking and target neuron (ds)
is varied for (a) and (b), while it is kept constant on (c).

possibility of farther extension where neurons are positioned along the propagation path. The color map indicates the soma
has positive effect in increasing the light propagation distance due to focusing effect phenomenon. Therefore, the blocking
neuron scenario can be exploited in the dense neuron population environment.

Figure 8 shows the photon counts in a logarithmic scale to compare the with- and without-neuron scenarios. Measuring
the perpendicular path from the source, the with-neuron scenario is able to maintain the light intensity longer. At around
the distance of 400pm from the light source, the intensity difference between two scenarios is approximately 18 dB.
Each neuron along the propagation path contributes in maintaining the higher intensity longer with respect to distance.
Considering the neuron diameter of 100um, the intensity is approximately 6 dB higher after the light traverses the neuron.

4. MULTIPATH PROPAGATION MODEL

Considering the heterogeneous neuron population in the brain tissue, the light propagation in the tissue might include three
components, namely, a line of sight (LoS) component, time delayed components, and reflected components.

4.1 Analytical Model

In this case, the power delay profile (PDP) can be used to analyze the light intensity with regards to multipath channel as a
function of time delay. The PDP for LoS component is given by:!'

hO) (¢ ) :L0P06<t—d0), (10)
&

where
Lo = e Ha(M)doDPE(A)+G(A) (1)
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Figure 7: COMSOL simulations for light propagation in nervous tissue a) without neurons b) with three neurons.
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Figure 8: COMSOL simulations for light propagation in nervous tissues a) without neurons b) with three neurons.

For the reflected component (after & bounces), the PDP is given by:

_di+dat ---dk+1)]
C

h (t; @) :/ [LlLQ...LkHF(k) X 5<t dAres k> 1, (12)
S

where each path-loss term for each paths is represented by:

Al
L= ﬁe‘““o‘)dlDPF(AHGO‘) //(m—i— 1)cos™ ¢ cosby doy don,
1

A2
Ly = Lée_““()‘)dQDPF(A)J"G()‘) //cosd)g cosbtls dopo db, ...,
2mds

Atarget

—pa(N)d2,_ \DPF(A)+G(A
L(k-i—l) = %6 Ha(X) (k+1) ) ( )// COS¢(k+1) COSQ(;H_I) d¢(k+1) d9(k+1).
ﬂd(k +1)
The PDP is integrated with respect to all neighboring neuron S and A, is the effective area on which the light is
reflected.The directivity of the light source can be represented as m = —1/loga(cosdq /2), where 2¢ /5 indicates the angle
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Figure 9: One hop reflection model.

of the light half power point. The angles of irradiance and incidence are represented by ¢, and 6y, respectively. The speed
of light in the brain tissue is represented by c. The parameter dy, is the distance between light source and target neuron.

The reflected power after & bounces is represented by:

2
™) = Pop1pa...pr=kpPo=k fo =M Py, 13)
ny +np,
where p is the reflectance index.
Finally the total PDP can be obtained by:
Nadj
h(t) =Y B (t:®y). (14)
k=0

Figure 9(a) illustrates two dimensional projection of one hop light reflection. The LoS component is not illustrated and
the light rays are propagated on the x-axis and polarized on the y-axis. The A,. is obtained by intersecting the projected
area of the LED and the target neuron to the reflecting neuron. When Zw represents the angle connecting the center of
the LED, reflecting neuron, and target neuron, the effective reflection arc angle is Z(180° —w) = (7 — w) rad. Let the

azimuthal and polar angle of the cone formed between the center and the surface of the neuron be w’ and 3 respectively,
the solid angle (2 can be calculated by:

27 %(ﬂ'*w) 1
0= //sinw'do/ dg = / / sinw’ dw’ df = 27 (1 —sin iw) (15)
o Jo
S

Thus, the spherical cap of the cone, which represents the reflecting area A, s, can be obtained by:

Aref = QT?LCU’FO’I’L' (16)
4.2 Numerical Results

The time delay caused by the path of the light propagation hitting the Lambertian surface is shown in Figure 9(b). The
power transmittance of reflection components is very low since the reflectance index of neuron cell is very low (=~ 0.5%'%)
and the multipath time is approximately 0.5 pico seconds for one reflecting neuron.



The in-vivo neuron population structure is randomly scattered, therefore, the reflection interference might occur due
to this reason. Figure 10(a) depicts one case where Light source 2 unintentionally illuminates cell Target 1 with the light
reflected by cell Target 2. The simulation is conducted by varying both the angle w and the distance dss. The output
shows that the pathloss is so high (more than 80 dB) that the light interference does not cause any significant effect to the
undesired target (Figure 10(b)).
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Figure 10: Reflection intereference model.

5. CONCLUSION

Considering the brain morphology where diverse population of neurons in the neocortex can effect the light propagation
for optogenetics at the nanoscale, deeper analysis on the phenomenon is required to observe its behavior at such scale.
The interaction of the light wave on the biological tissue includes a combination of scattering, absorption, reflection,
and refraction, where all this depends on the optical and geometry properties of the light wave on the medium and the
neurons. Taking into consideration the optical properties while assuming spherical geometry of neuron for simplification,
the focusing effect occurs as the light wave propagates in the brain tissue. This phenomenon results in an intensity increase
(= 6 dB/neuron for 100 ym diameter neuron) once the light wave leaves the soma. The analysis is based on the one
axis polarized light propagation on the soma that is perfectly aligned to the propagation path. The COMSOL simulation
confirms the focusing effect resulting in farther light propagation when the blocking neurons exist between the light source
and the target neuron. With respect to the delay, blocking neurons cause insignificant delay (at the pico second level).

At the same time, the effect of reflection is extremely small compared to the LoS component so the interference from
adjacent neurons can be ignored. The reason for this is because, for each hop of reflected light rays, the reflected light
power is multiplied by a very small value of reflectance coefficient. The reflection analysis has considered the angle of the
neurons for various possible position in the brain. Based on the blocking and multipath propagation models, we found that
highly dense neuron population can benefit from having a blocking neuron in between a light source and the target neuron,
to assist in directing and increasing the light intensity required for successful stimulation.
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