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ABSTRACT

Electrical nerve stimulation (ENS) technique has been tested on nerve mapping devices, which are intraoperative
diagnostic tools. However, these technologies suffer from general limitations. Optical Nerve Stimulation (ONS) has been
a developing technique as a potential alternative to ENS. This new technique using infrared laser radiation can offer
many advantages, including a non-contact stimulation mode, improved spatial selectivity, and elimination of stimulation
artifacts. However, the stimulation parameters, including laser power, beam diameter, and surface scanning speed,
provide a large variable matrix that must be optimized for consistent and reliable nerve mapping using ONS. This
preliminary study explores a computational tool to provide a guiding map for determining optimal stimulation
parameters for laser-scanning subsurface ONS. It consisted of three parts: (1) Monte Carlo simulations for generating
laser energy distribution in the tissue sample, (2) laser-scanning model by moving the heat source at the surface, and (3)
thermal transfer simulations to calculate the tissue temperature. The tool was tested on laser wavelengths of 1455 nm,
1490 nm, and 1550 nm. According to the results of calculations, nerve temperature maps were generated for those
wavelengths. Each map demonstrated specific optimal parameter values to reach the nerve activation temperature.
Additionally, the results of laser power densities at the lowest scanning speeds of 0.4 mm/s in x-axis and 0.5 mm/s in y-
axis showed proximate results with our previous study about ONS on rat model. With further development, this tool may
hold promise in the development of an intraoperative optical stimulus device for surgical applications.
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1. INTRODUCTION

Optical nerve stimulation has been a developing technique as a potential alternative to electrical nerve stimulation
(ENS). ENS technique has been tested on intraoperative nerve mapping devices [1]. However, these technologies suffer
from the general limitations caused by ENS, including the need for physical contact between the electrode and nerve,
lack of spatial selectivity, and electrical stimulation artifacts. In contrast, ONS can offer many advantages over ENS
limitations for both scientific studies and clinical applications [2]. Recently, we have demonstrated subsurface ONS in
the rat model as an intermediate step towards a support device for intraoperative diagnosis and preservation of the
cavernous nerve tissue [3]. However, the stimulation parameters indicated a large matrix of variables that need to be
optimized to perform a safe and efficient ONS. Stimulation variables might include laser power, beam diameter, and
surface scanning speed.

The ONS technique mainly relies on the interaction of infrared light with the soft tissue. This interaction is described as a
thermal process, which is the result of light emission in biological tissue. Monte Carlo simulation [4] based on
statistically random physical quantity sampling has become the gold standard for analyzing light scattering in biological
tissue. The applicability of this technique to multilayered tissue provides a platform to quantitatively examine the
photothermal response of biological tissues [5]. Therefore, ONS can be studied in the framework of a photothermal
process to obtain preliminary results for pre-clinical applications.
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This study aims to further investigate the previously reported Mote-Carlo based photothermal simulation model of the
cavernous nerve that lies beneath a fascia layer along the prostate surface [6]. The advanced model intends to generate a
map of nerve temperature as a function of laser power density and surface scanning speed for different laser wavelengths
(1455 nm, 1490nm, 1550 nm).

2. METHODOLOGY

The calculation tool consisted of three parts. The first part was Monte Carlo modeling of laser radiation in tissue. The
multi-layer approach provided by the Monte Carlo technique was utilized to model the three-dimensional probability
distribution of the absorption and scattering events of laser energy. The absorption and scattering coefficients defined
these events at each step of light propagation in the tissue sample. The step size was randomly sampled according to the
optical properties (the absorption coefficient and scattering coefficient). Additional optical properties (i.e., refractive
index and anisotropy factor) were used in the calculations to determine the propagation direction of light in the tissue
sample. A three-layered medium consisting of fascia, nerve, and prostate from top to bottom defined the tissue model.
The physical dimensions of the tissue model were 4 mm (x, y) X 3 mm (z), where z is the depth of tissue. This three-
dimensional tissue structure was determined to be a single mesh size of 40 pm x 40 pm x 40 pm with a 100 x 100 x 75
mesh system. The nerve layer was placed along the y-axis. Each layer of the three-dimensional tissue model was
exemplified with the thickness and laser wavelength-dependent optical properties. The source codes were available in
Ref. [5, 7]. The calculated energy absorption profile was convoluted to obtain a pooled Gaussian laser beam of 0.5 mm
in diameter.

The second part was the laser-scanning model over the tissue surface. To model the laser surface scanning, the
distribution of the laser energy used as a heat source was moved at a constant speed on the x-axis and the y-axis,
respectively, as shown in Figure 1.

Figure 1 shows a representative model of tissue sample consisting of fascia (yellow), nerve (white), and prostate (brown)
layers. The fascia layer covered both the nerve and the prostate layers. A 300 um diameter nerve was placed between the
prostate and fascia layers along the y-axis and centered on both axes. The laser beam (red) began scanning on the x-axis
and then on the y-axis.
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Figure 1. A 3D (x-axis, y-axis and depth) representation of the tissue model that contains the fascia (yellow), nerve (white)
and prostate (brown) layers. The diameter of the nerve is 300 um and the nerve extends along the y-axis under fascia.
Surface scanning starts in x-axis and goes toward the nerve and after reaching the nerve, it continues in y-axis.

The last part was thermal transfer simulations to calculate tissue temperature. We used a time-dependent finite difference
element method to simulate heat transfer in three-dimensional tissue according to the described laser surface scanning
model. Time-dependent laser-induced heat transfer calculations were based on Pennes’ bio-heat transfer equation as
follows:
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p is the density, Cis the specific heat, and & is the thermal conductivity. These parameters were considered as constant
thermal properties of the anisotropic medium. T is the resulting tissue temperature obtained in functions of time and
space. Q represents the heat source of the laser irradiation (computed by Monte Carlo simulation). The initial tissue
temperature was set to 37°C. The time step to advance the temperature solutions of the surface scan was 11 ps. To
accurately model the distribution of absorbed radiation in tissue layers, the required unit-weighted photons were used as
one million, depending on the spatial resolution in the simulation. At each time step, the heat source was moved
according to the defined speed in the x-axis or y-axis. The calculated tissue temperature profiles represented the effects
of the laser-scanning model.

Besides, laser-induced thermal damage was estimated in a model based on the Arrhenius integral using calculated tissue
temperature profiles (T(t)) as follows [8]:

Ea
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12 is the degree of tissue damage, ¢is the frequency factor, zis the total heating time, Ea is the activation energy of the
transformation, R is the universal gas constant, and T is the absolute temperature of the tissue in degrees Kelvin. When (2
reaches to 1, the degree of tissue damage is associated with thermal necrosis.

Considering the results of our previous study [3], 1455 nm, 1490 nm, and 1550 nm were selected as laser wavelengths in
computer simulation studies. Table 1 summaries the thermal properties, thermal Kinetic properties, layer thicknesses, and
optical properties of the model tissue at 1455 nm, 1490 nm, and 1550 nm. The thickness of the fascia layer above the
nerve was assumed according to the ONS of the rat cavernous nerve [3] .

Table 1. Optical Properties at 1455 nm, 1490 nm, 1550 nm, layer thicknesses, and thermal properties.

Optical Properties and Layer Thicknesses

| Fascia | Nerve (white matter) | Prostate
1455 nm
Absorption coefficient, cm™ 919] 42110] 56.81 [11, 12]
Reduced scattering coefficient, cm 18 [9] 5.93[11] 5.82 [11]
Anisotropy factor 0.76 [9] 0.9[13] 0.9 [13]
Refractive index 1.319 [14] 1.467 [15] 1.4 [15]
Layer thickness, cm 0.011[3] 0.03 [16] 0.259
1490 nm
Absorption coefficient, cm! 719] 28 [10] 53.9[11, 12]
Reduced scattering coefficient, cm 15[9] 5.9 [11] 5.61 [11]
Anisotropy factor 0.8 [9] 0.9 [13] 0.9 [13]
Refractive index 1.318 [14] 1.467 [15] 1.4 [15]
Layer thickness, cm 0.038 [3] 0.03 [16] 0.232
1550 nm
Absorption coefficient, cm 419] 20 [10] 32.16 [11, 12]
Reduced scattering coefficient, cm™ 12[9] 5.86 [11] 5.28 [11]
Anisotropy factor 0.87 [9] 0.9 [13] 0.9 [13]
Refractive index 1.317 [14] 1.467 [15] 1.4 [15]
Layer thickness, cm 0.045 [3] 0.03 [16] 0.225

Thermal Properties
Thermal conductivity, W/m°C 0.47 [17] 0.503 [18] 0.5[19]
Specific heat, J/kg°C 3.2 [17] 3.6 [18] 3.78 [19]
Density, kg/m? 1.085e6[17] 1.027e5 [18] 1.06e° [19]
Thermal Kinetic Properties
Retina Cell

Frequency factor, st 1.6e% [20]
Activation energy, J/mol 3.4e%[20]
Universal gas constant, J/K mol 8.32
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3. RESULTS

Figure 2 shows the transient tissue temperature distribution solved by a time-dependent laser-induced heat transfer
equation. These en-face frames represented changes in the temperature profiles of a subsurface slice of the tissue sample.
This subsurface slice was 0.52 mm deep from the surface. In this simulation, the laser power was 100 mW at the
wavelength of 1550 nm (the corresponding laser power density was 51 W/cm? for a beam diameter of 0.5 mm). The
scanning speed was set to 1.2 mm/s on the x-axis and 0.5 mm/s on the y-axis. Total scanning time was calculated as 4 s
(from Panel a to Panel d in Figure 2). The maximum tissue temperature reached during the surface scanning was 63.4°C.
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Figure 2. En face frames of transient tissue temperature profiles (from upper left to upper right). Orange arrows show the
transition of temperature profile in time, in sequence. (a) Starting of laser surface scanning on x-axis. (b) Surface scanning
forward through the x-axis. (c) Facing with nerve at the center of tissue. (d) Surface scanning on nerve through the y-axis.

To map the maximum nerve temperature, the simulation procedure was repeated for lased power density ranging from
2.55 W/cm? to 51.0 W/cm? and different scanning speeds that changed from 0.4 mm/s to 1.2 mm/s for the x-axis, and
from 0.5 mm/s to 2.0 mm/s for the y-axis. With this approach, three guiding maps were created for the laser wavelengths
of 1455 nm (Figure 3), 1490 nm (Figure 4) and 1550 nm (Figure 5). Wavelength dependent optical properties changed
the absorbed photon weight distribution ultimately affecting temperature profile. Thermal damage was calculated by
using Arrhenius integral for each laser power density. The solid white lines on the maps show the thermal damage
threshold with the calculated critical temperature of 48.4 °C. The thermal damage threshold shifted on the power density
axis with changing laser wavelengths.

The reported critical nerve temperature for successful optical nerve stimulation in the rat model was ~43°C [21]. The
optimal power density to reach the nerve temperature at >43°C varied as a function of laser wavelengths. At 1455 nm,
we estimated the optimal power density as 7.6 W/cm? at the scanning speeds of 1.2 mm/s in the x-axis and 0.7 mm/s in
the y-axis. Besides, the estimated laser power density was 12.7 W/cm? at 1490 nm and 15.3 W/cm? at 1550 nm at the
scanning speeds of 1.2 mm/s in the x-axis and 1.0 mm/s in the y-axis.

At the lowest scanning speeds of 0.4 mm/s in the x-axis and 0.5 mm/s in the y-axis, the optimal power densities for
successfully ONS were estimated as 7 W/cm?, 8 W/cm?, 10.2 W/cm? for the wavelengths of 1455 nm, 1490 nm and 1550
nm, respectively. The calculated results for the power densities were very close to the experimentally obtained results
presented in the previous study [3].
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Figure 3. The map of maximum nerve temperature reached during surface scanning as a function of laser power density and
surface scanning speed for laser wavelength at 1455 nm. The white solid line indicates the thermal damage threshold caused
by the laser radiation at a critical temperature of 48.4°C.
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Figure 4. The map of maximum nerve temperature reached during surface scanning as a function of laser power density and
surface scanning speed for laser wavelength at 1490 nm. The white solid line indicates the thermal damage threshold caused
by the laser radiation at a critical temperature of 48.4°C.
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Figure 5. The map of maximum nerve temperature reached during surface scanning as a function of laser power density and
surface scanning speed for laser wavelength at 1550 nm. The white solid line indicates the thermal damage threshold caused
by the laser radiation at a critical temperature of 48.4°C.

4. DISCUSSION

As an emerging technique, optical nerve stimulation can be used in many complex clinical applications, including nerve
mapping. However, the stimulation parameters are highly variable to suggest a reliable, robust and reproducible method.
Therefore, critical parameters (i.e., power density, surface scanning speed, and laser wavelength) need to be carefully
optimized. This simulation study investigates a calculation tool based on the Monte Carlo algorithm to simulate
photothermal modulation of the cavernous nerve underlying a fascia layer along the prostate surface.

There are a few points that should be discussed briefly for future experimental studies and further development of the
calculation tool. First, in this study, it is assumed that the absorption and scattering coefficients and thermal properties of
the tissue are constant over time. Second, it may also be necessary to investigate the more complex tissue structure
involving blood vessels to analyze heat dissipation. Finally, the laser surface scan simulation can be applied to the field
at several speeds instead of applying to the lines on both axes to expand the variable matrix of the surface scanning
subsurface ONS.

5. CONCLUSIONS

This study successfully demonstrated a computer simulation tool as a complementary component to future pre-clinical
and clinical optical nerve stimulation studies. The applicability of the tool for different parameters provides an
opportunity to advance improvements. With the numerical specification of the parameters, the necessity for repeated pre-
clinical studies will be decreased. With further development, this tool may hold promise for the development of an
intraoperative optical stimulus device for surgical applications.
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