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ABSTRACT

The number of people in risk of developing a neurodegenerative disease increases as the life expectancy grows due to
medical advances. Multiple techniques have been developed to improve patient’s condition, from pharmacological to
invasive electrodes approaches, but no definite cure has yet been discovered.

In this work Optical Neural Stimulation (ONS) has been studied. ONS stimulates noninvasively the outer regions of the
brain, mainly the neocortex. The relationship between the stimulation parameters and the therapeutic response is not
totally clear. In order to find optimal ONS parameters to treat a particular neurodegenerative disease, mathematical
modeling is necessary. Neural networks models have been employed to study the neural spiking activity change induced
by ONS. Healthy and pathological neocortical networks have been considered to study the required stimulation to restore
the normal activity. The network consisted of a group of interconnected neurons, which were assigned 2D spatial
coordinates. The optical stimulation spatial profile was assumed to be Gaussian. The stimulation effects were modeled as
synaptic current increases in the affected neurons, proportional to the stimulation fluence. Pathological networks were
defined as the healthy ones with some neurons being inactivated, which presented no synaptic conductance. Neurons’
electrical activity was also studied in the frequency domain, focusing specially on the changes of the spectral bands
corresponding to brain waves. The complete model could be used to determine the optimal ONS parameters in order to
achieve the specific neural spiking patterns or the required local neural activity increase to treat particular
neurodegenerative pathologies.
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1. INTRODUCTION

18.2% of European population is aged or over 65 in 2013 according to Eurostat [1]. By 2080 this percentage will be
28.7%. As a consequence more people will suffer from pathologies in nervous system. Nowadays several techniques of
nervous system stimulation have been studied. However, the definite cure has not been discovered yet. Noninvasive
techniques, like transcranial magnetic stimulation (TMS) or transcranial direct current stimulation (tDCS), have been
proven to be secure and efficient [2].

Outer deep brain regions can be stimulated noninvasively by optical radiation. The stimulation of deeper regions requires
a surgical intervention [2]. Neural activity can be varied by optical radiation by employing ONS over specific brain
regions. In this work ONS has been studied. ONS stimulates noninvasively the outer regions of the brain, mainly the
neocortex. In order to find optimal ONS parameters to treat a particular neurodegenerative disease, mathematical
modeling is necessary. Neural networks models have been employed to study the neural spiking activity change induced
by ONS. Healthy and pathological neocortical networks will be considered to study the required stimulation to restore
the normal activity. The network consists of a group of interconnected neurons, which were assigned 2D spatial
coordinates. The optical stimulation spatial profile was assumed to be Gaussian. The stimulation effects were modeled as
synaptic current increases in the affected neurons, proportional to the stimulation fluence. Pathological networks were
defined as the healthy ones with some neurons being inactivated, which presented no synaptic conductance. Neurons’
electrical activity was also studied in the frequency domain, focusing specially on the changes of the spectral bands
corresponding to brain waves. The complete model could be used to determine the optimal ONS to treat particular
neurodegenerative pathologies.
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Section 2 contains the fundamentals of the optical propagation model of ONS. From this data in section 3 neural network
model is described, as long as its relationship with optical radiation pattern. The main results of the work and presented
and discussed in Section 4. Section 5 contains the final conclusions.

2. LIGHT PROPAGATION

One of the most usual ways to treat light propagation is by means of Monte Carlo methods [3]. In this work, according to
the specifications of the application, open-source Mesh-based Monte Carlo method was used [6]. In this method packets
of photons are launched to a head structure. Afterwards their trajectory and energy is observed. Multiple scattering
events occur during the propagation. The energy of the photon package is attenuated between the scattering events as:
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where W is the package weight (or energy), u, is the extinction coefficient and 4, is the absorption coefficient of the
medium. The polar angle of the scattered photon package is:
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being g the scattering anisotropy. The ¢&,is a pseudorandom number that defines the scattering events and their

location, with uniform distribution between 0 and 1. To ensure the accuracy of the results, the process of launching and
propagating packages of photons is repeated 10° times. Some results are shown in Figure 1. It can be appreciated that
optical illumination shows a high degree of spatial specificity. Optical radiation is actually able to reach the cerebral
cortex.
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Figure 1. Optical propagation of a CW HeNe laser at 633 nm on the cerebral cortex.

3. MODEL OF NEURAL NETWORKS AND STIMULATION

ONS is able to stimulate a small region of neocortex. Neocortex is composed of a neural network that can be
mathematically described. The most known neuron model is the one by Hodgkin and Huxley. This model can represent
any neuron dynamic as it describes the action potential generation from the transmembrane ionic currents and membrane
voltage [7]. In 2003 Izhikevich presented his simpler neuron model [8]. The model properly mimics neuronal behavior
without taking into account the transmembrane ionic currents. As a consquence the Hodgkin and Huxley model is
appropriate to study different effects on a single neuron, but the Izhikevich model will be more appropriate for networks,
as it requires less calculus. Izhikevich model is described by the following equations system
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where v is the membrane voltage of the neuron, u is the membrane recovery variable, a,b,candd are constant
parameters of the model and / is the input current.

The ONS effect is directly related to temperature increase induced by optical radiation absorption in the target brain
region [9]. As the tissue absorbs energy, its temperature grows and stimulated neurons’ membranes are depolarized.
Therefore the depolarization can be assumed proportional to the absorbed energy. Stimulation-induced depolarization is
modeled as a membrane voltage increase in the stimulated neurons. This increase is proportional to the Gaussian
function of the distance between the stimulated neuron and the central point of the stimulus incidence. Different
depolarization voltages have been tested to adjust the Gaussian stimulus. Neurophysiological parameters, such as the
axon’s length and width, were modeled as white noise.

4. RESULTS AND DISCUSSION

In the particular case we are dealing with, and according to biological data, the considered neural network is located in a
100pmx>100pum neocortical slab. As in [8], the network receives thalamic input, the number of inhibitory neurons is 1/5
of the total and the rest of the neurons are excitatory. All the neurons are interconnected, and there is no connection of
neurons to themselves. As in neurodegenerative diseases the neurons suffer different kinds of defects and end up dying,
the pathology modeled in this study randomly inactivates or kills 60% of neurons. In this study the maximum
depolarization is set to 50 mV and the Gaussian function’s variance to 100 pm®.
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Figure 2. Action potential events for several neural networks. X axis is time (ms), Y axis represents the 1000 neurons of the
network. a) Healthy network, b) Network with 40% of active neurons, c) Stimulated damaged network at SF=2.5.
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The response of the previously described neural network is present in Figure 2. Figure 2a shows the temporal appearance
of the activation of action potentials in a healthy network. A periodicity of the action potentials can be clearly observed.
If neurodegenerative pathology is present that makes just 40% of neurons remain active, the results are the ones
presented in Figure 2b. In this second case the periodicity of action potentials is almost lost, as it can be appreciated in
the figure. If optical stimulation is switched on over the optical network as a stimulation factor (SF), Figure 2c is
obtained. In this last case the synchronicity of the action potentials is recovered, as it can be easily appreciated.

Another very relevant issue is the analysis of the frequency bands (8, 6, a, B and v) of the action potentials events. This
analysis can be made for neural networks with different amounts of active neurons, under several optical stimulation
conditions. The results appear in Figure 3.
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Figure 3. Spectral power as a percentage over the total spectrum energy (Y axis) for the different frequency bands for a
healthy network (HN), a damaged network with no stimulation (NS), and several optical stimulation values for FE (equal to
ST). a) Damaged network with 80% of active neurons, b) Damaged network with 40% of active neurons.

According to Figure 3, optical stimulation modified the frequency power at the different frequency bands. In this sense,
it is possible to try to approach the behavior of a damaged network to that of a healthy network. This recovery is easier
with 80% of active neurons (Figure 3a), when compared with only 40% of active neurons (Figure 3b). Apart from that,
there is a tendency to accumulate energy at lower frequency bands when the intensity of the optical stimulation
increases. From these results, it would be possible to evaluate the particular optical stimulation parameters needed for the
recovery of damaged optical networks.

5. CONCLUSIONS

Along this work the effects of Optical Neural Stimulation have been analyzed. The analysis was made by a mesh-based
Monte Carlo model of optical propagation, combined with a model of neural networks. Optical stimulation was assumed
to be Gaussian. The results show the effect of neural damage on the periodicity of action potentials events, and the partal
recovery by optical stimulation. This effect is also appreciated in the analysis of the frequency bands of the brain. The
obtained results could be used to determine the proper ONS parameters to induce specific changes in brain activity
affected by neurodegenerative diseases.
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