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Three methods are used for a numerical solution, the Monte Carlo method, diffusion approximation equation model, and beam broaden model based on Beer–Lambert’s law equation. The comparison between the first two methods is reported theoretically, and the latter is a better choice in the high-density tissue. However, the comparison between the third method and the first or the second method is rarely reported. Two classical theoretical models describing the interaction between the laser and the bio-tissue are analyzed and compared to determine which is more suitable for analyzing the interaction, the beam broaden model or diffusion approximation equation model. Intensity distribution is simulated and compared for the two models. Temperature distribution and thermal damage are investigated theoretically and experimentally for both models. The differences and the reasons are analyzed. The diffusion approximation equation model is more suitable for analyzing the mechanism between the laser and the bio-tissue based on the degree of fitting between the simulated and experimental data. Theoretical analyses for the two models are carried out in detail. The comparison between the two models is rarely reported, and it is reported in this article for the first time, theoretically and experimentally. This report provides a better choice for quickly analyzing the interaction mechanism between the laser and the bio-tissue.
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1 INTRODUCTION
Laser ablation has a great application in surgery with the advantage of high accuracy control, good hemostatic effects, no metastasis of excised tissue cells, and minimal need for local treatment. The interaction mechanism between the laser and the tissue is a hot research direction for laser ablation. The laser interaction with tissue can be categorized into several mechanisms, which include the photochemical interaction, photoablation, photodisruption, plasma-induced ablation, and thermal interaction [1]. Thermal interaction is an important part of the laser ablation process. Photon distribution in the tissue during the interaction induces the temperature rise and laser ablation. Therefore, the photon distribution is a key factor for thermal generation and then laser ablation.
Research status on photon distribution reported is analyzed in this article. The transient radiative transport equation is the basic law to analyze photon distribution, but it is hard to obtain the analytical solution [2]. Then, three methods are used for a numerical solution, the Monte Carlo (MC) method, diffusion approximation equation (DAE) model, and beam broaden (BB) model based on Beer–Lambert’s law equation. For the Monte Carlo method, it is regarded as the ‘gold standard’ in terms of photon distribution in simulated biological tissues [3, 4], but it also has a significant computational burden, often requiring hours or days for one accurate calculation usually. Alireza according to Monte Carlo calculated the photon distribution and simulated the thermal damage in different layers of the skin [5]. Regarding the DAE model, its calculation error is within 10% compared to the Monte Carlo method in high-density tissue. As the tissue density increases, the error decreases to less than 5%. However, to achieve a sufficiently low error level (<1%), its calculation speed is at least one order of magnitude faster than the Monte Carlo method when using a standard single-processor computer [6]. So, it is a better choice to calculate photon distribution in tissue quickly. The laser irradiation based on the solution of the diffusion equation is taken into account in the study of Jasinski [7]; Cavagnaro considering the water vaporization in the numerical models, which has a good agreement with the experiment [8]; for the BB model, it is also used to analyze the photon distribution and the temperature distribution. For example, Li concluded the theory of the thermal effects of laser irradiation on tissue, amending the BB model based on Beer–Lambert’s law to incorporate heat source Q, analyzing the temperature distribution by using different wavelengths [9, 10]; Wang simulated the temperature of tissue under different phase lag times and other parameters influencing the tissue by using Beer’s law to calculate the light distribution [11].
The three methods are analyzed theoretically in other reports [3–7, 10]. The comparison between the first two methods is reported theoretically, and the latter is a better choice in the high-density tissue. However, the comparison between the third method and the first or the second method is rarely reported. This paper reports the comparison between the second method and the third method, the DAE model and BB model, theoretically and experimentally. The comparison includes two parts: the first one is the comparison on photon distribution theoretically, and the second part is the comparison on temperature distribution and thermal damage distribution theoretically and experimentally. The DAE model is more suitable than the BB model for analyzing the interaction mechanism between the laser and the bio-tissue, based on the fitting degree between the simulated and experimental data.
2 MATHEMATICAL MODELS
2.1 Photon distribution model
2.1.1 Beam broaden model
Based on Beer–Lambert’s law, the distribution energy of laser when the laser irradiates in the highly absorbed tissue can be expressed as follows [12]:
[image: image]
where R0 and I0 are the light reflection coefficient and the initial irradiance intensity at the surface, respectively; [image: image], [image: image], and w0 is the radius of laser beam in the surface; n is the mean refractive index depending on w, water content of biological tissue [13], whose value is about 75.5% [14]; and P is the average power of laser. μt is the attenuation coefficient defined as μt = μa +μs, μa is the absorption coefficient, and μs is the scattering coefficient. However, owing to the absorption and scattering phenomena, the first term will lead the temperature to rise and the second term will broaden the range of photon distribution in tissue. Therefore, the expression of the photon distribution with the BB model is changed as expressed as follows [13, 15]:
[image: image]
2.1.2 Diffusion approximation equation model
The solution to the transient radiative transport equation is very difficult and only exists in some special cases. Therefore, the DAE model is often used to solve the intensity distribution in the biological tissues instead of the former [4].
According to the DAE model [1, 16], the total light intensity [image: image] is the sum of the collimated part [image: image] and diffuse part Id [7]:
[image: image]
The collimated intensity Ic of the CW laser is given by
[image: image]
where μ’t is the effective attenuation coefficient defined as
[image: image]
where [image: image] represents the effective scattering coefficient. Scattering in a biological tissue is not isotropic, and forward scattering is predominant, which is determined by the anisotropy factor g.
Based on the radiative transfer equation, the redistribution of intensity due to absorption and scattering inside the tissue medium can be obtained by solving the diffusion equation [17]:
[image: image]
where Id is the diffuse intensity, v is the velocity of light in the medium, and [image: image] is the diffusion coefficient.
The initial conditions are as follows:
[image: image]
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The boundary condition is
[image: image]
where n is the unit normal vector.
2.2 Bio-heat transfer model
As the classic bio-heat transfer model, Pennes’ theoretical model is widely used in biological tissue laser ablation and is expressed as follows [18]:
[image: image]
where ρ is the density, c is the specific heat of tissue, k is the thermal conductivity, and T is the tissue temperature.
Qext is the source function associated with the external heating of tissue, and Qbio is the sum of the blood heat source and metabolic heat source. The heat source function Qbio is 0 because the liver tissue is isolated. Pennes’ bio-heat equation is based on the classical Fourier’s law of heat conduction, which is the most frequently used model to determine the temperature distribution on the biological tissue.
The heat source function Qext connected with laser heating is defined as follows [9, 10]:
[image: image]
For the long-time continuous irradiation condition, the part of time is defined as the truncation function φ(t):
[image: image]
The heat source function QH expressed the energy changes associated with the laser-induced evaporation of water within the tissue:
[image: image]
where Ha is the latent heat of water and P (%) is the percentage of necrotic tissue to characterize the damage, which is related to the degree of thermal damage Ω, which will be explained in the description in detail in Section 2.3. It is available in the bio-heat transfer model in COMSOL Multiphysics software.
The initial conditions and the boundary conditions in bio-heat transfer of the liver are shown in Figure 1.
[image: Figure 1]FIGURE 1 | Initial and boundary conditions in the bio-heat transfer of the liver.
The initial temperature is 20°C, the initial conduction is
[image: image]
and the convective heat transfer coefficient q0 is
[image: image]
where Text is the ambient temperature of 20°C and T represents the temperature of the tissue.
2.3 Thermal damage model
The Arrhenius rate process model is widely recognized to calculate the thermal damage in the tissue [19]:
[image: image]
The damage probability P (%) is also used to indicate the degree of the thermal damage:
[image: image]
where A is the frequency factor, Ea is the activation energy of the denaturation reaction, R is the universal gas constant, and T(t) is the temperature, which varies with time when the laser irradiates the biological tissue. It is commonly used to represent 63% of cell death if Ω = 1. In this present study, a threshold of Ω = 4.6, which means a 99% probability of cell death that was used to quantify thermal damage [20].
3 SIMULATION PARAMETER
Table 1 contains the parameter value of thermophysical and optical properties for simulating laser irradiation of the tissue. Table 2 lists the parameters for predicting thermal damage, and Table 3 details the parameters for the laser irradiation experiment setup.
TABLE 1 | Thermophysical and optical properties of the liver tissue.
[image: Table 1]TABLE 2 | Parameter for the thermal damage prediction.
[image: Table 2]TABLE 3 | Parameter for the irradiative laser.
[image: Table 3]4 RESULTS AND DISCUSSION
In these two different models, triangular elements are all chosen with a super-fine size for the mesh, with a total thickness of 30 mm and a radius of 15 mm, where the maximum cell size is 0.6 mm and the minimum cell size is 2.25 μm. The maximum unit growth rate is 1.2, and the curvature factor is 0.25, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Mesh schematic representation of the liver in the 2D axisymmetric model.
4.1 Photon distribution in the liver
The two-dimensional (2D) sections of intensity distribution parallel to the axial direction based on different theoretical models are shown in Figure 3. In each small part of Figures 3A–C, the laser power represents as 14 W, 22 W, and 30 W from left to right, respectively. Photon distribution is different for the two models, the BB model shown in Figure 3A and the DAE model shown in Figure 3B. The differences in the intensity distribution between two models along the radial and axial directions are compared. In radial direction, the BB model exhibits an emanative distribution, which is about 1.9 times greater than that of the DAE model when the photon intensity drops to 80%. In the axial direction, the penetration depth is deeper for the DAE model compared to the BB model, which is nearly 24 times.
[image: Figure 3]FIGURE 3 | Two-dimensional section of intensity distribution parallel to the axial direction based on different theoretical models. (A) For the BB model, (B) for the DAE model, and (C) for the diffuse part of the intensity distribution in the DAE model. The laser power is 14 W, 22 W, and 30 W from the left to the right for each picture, respectively.
The reason for the differences is analyzed in detail. Intensity distribution along the radial and axial directions with different irradiated laser powers based on the two models is shown in Figure 4. On one hand, the photon intensity increases with the increasing laser power. The maximum of intensity distribution is 116 W/mm2 with a laser power of P = 30 W, and the minimum is 55 W/mm2 with a laser power of P = 14 W in both models, respectively. On the other hand, the intensity decreases along the radial direction, following a Gaussian distribution for the both models as the distance increases, reaching e−1 at r = 0.61 mm and 0.3 mm, respectively. The photon intensity decreases along the axial direction reaching e−1 at z = 0.26 mm for the first model and z = 5.4 mm for the second model. The decay rate is faster for the second model than the first model along the radial direction and slower than that along the axial direction, respectively. So, the effective penetration depth is deeper for the second model than the first model with values of 5.4 mm for the first model and 0.26 mm for the second model. The DAE model adds the influence of absorption in the axial direction and also considers the loss of scattering and the forward probability factor, explaining the reason for the distribution difference between the two models.
[image: Figure 4]FIGURE 4 | Intensity distribution along (A) radial and (B) axial directions with different irradiated laser power based on the two models. The solid lines represent the BB model, and the dashed lines represent the DAE model. The inset in (B) shows the details from z = 0 to z = 2 mm.
The effective penetration depth [image: image] represents the distance of the photon intensity reduced to e−1 of the initial photon intensity, as seen in Figure 5.
[image: Figure 5]FIGURE 5 | Effective penetration depth.
The DAE model is combined with the collimated part Ic and the diffuse part Id. The latter influences the width of ablation. To provide a clear understanding of its contribution, the diffuse part Id is analyzed in Figure 3C. Further details are presented in Figure 6 along both the radial and axial directions. The photon intensity increases with increasing irradiated laser power. The diffuse part of photon intensity decreases widely along both radial and axial directions, and the value in both two directions is equal initially. The diffuse part of photon intensity decreases along the radial direction as distance increases, reaching e−1 at r = 4.1 mm. The diffuse part of photon intensity reaches a peak at z = 1.7 mm and then decreases along the axial direction as the distance increases, reaching e−1 at z = 14 mm. The depth of the peak in photon intensity is due to the total internal reflection caused by the index mismatch boundary. These simulation data are used to evaluate the contribution of the diffuse part Id to the photon distribution inside the tissue. If necessary, the DAE model is a better choice, whereas the BB model may not suffice.
[image: Figure 6]FIGURE 6 | Intensity distribution for the diffuse part irradiated with different power. (A) Distribution along the radial direction. (B) Distribution along the axial direction.
4.2 Temperature distribution in the liver
As shown in Figure 7, it illustrates a 2D section of temperature distribution parallel to the axial direction based on different theoretical models. In each small part of Figures 7A, B, the laser power is depicted as 14 W, 22 W, and 30 W from left to right, respectively. Broadly speaking, the higher the power, the higher the temperature and the larger the range of temperature in the liver. Moreover, the temperature distribution differs between the two models, the BB model in Figure 7A and the DAE model in Figure 7B. The differences in temperature distribution between the two models along the radial and axial directions are compared. In the radial direction, the temperature distribution appears approximately like an ellipse for the BB model. Its width of temperature higher than 60°C is nearly 1.6 times than the DAE model. In the axial direction, the temperature distribution resembles like a droplet for the DAE model. Additionally, its penetration depth of temperatures higher than 60°C is deeper compared to the BB model, which is nearly 5.8 times. These differing phenomena in temperature distribution are consistent with the intensity distribution in Section 4.1.
[image: Figure 7]FIGURE 7 | Two-dimensional section of temperature distribution parallel to the axial direction based on different theoretical models: (A) BB model and (B) DAE model. The laser power is 14 W, 22 W, and 30 W from the left to the right for each picture, respectively.
Temperature distribution along the radial and axial directions is depicted and thoroughly analyzed, with irradiated laser power based on the two models, as shown in Figure 8. A higher peak temperature and a wider range of distribution are observed with increasing laser irradiation power in both models. Significantly, differences emerge between the two models as the laser power changes. The peak temperatures are 339°C and 426°C with a laser power of P = 14 W for the two models, respectively. With a laser power of P = 30 W, the peak temperatures are 702°C and 1073°C for the two models, respectively. The temperature decreases to 60°C at r = 1.45 mm and 0.90 mm along the radial direction for the two models with the distance increasing when P = 14 W, respectively. The temperature exponentially drops to 60°C at z = 1.97 mm along the axial direction for the BB model as the distance increases when P = 14 W. The temperature peaks at z = 0.76 mm and then gradually decreases to 60°C at z = 11.42 mm for the DAE model along the axial direction as the distance increases when P = 14 W. The temperature distribution is higher for the first model than for the second model along the radial direction and lower than that of the second model along the axial direction. The temperature trend is consistent with the diffuse part of intensity distribution for the second model. The intensity distribution determines the temperature intensity as it is absorbed by the tissue. Due to the mismatch boundary, many photons are reflected back into the tissue unless absorbed. It is the scattering and absorption under the boundary conditions that determine the coordinate position of the peak temperature, occurring at a point near the laser incident surface.
[image: Figure 8]FIGURE 8 | Temperature distribution along (A) radial and (B) axial directions with different irradiated laser powers based on the two models. The solid lines represent the BB model, and the dashed lines represent the DAE model. The inset in (B) shows the expended curves from z = 0 to z = 5.0 mm.
The intensity distribution and the temperature distribution exhibit obvious differences for the two models. To clarify which one is more suitable for analyzing the interaction between the laser and the tissue, a laser ablation experiment is conducted. The laser ablation experimental setup is shown in Figure 9, which is drawn by Figdraw. The home-built continuous wave (CW) laser source has a wavelength of 980 nm and a maximum average power of 300 W. The core diameter is 800 μm and NA = 0.22 for the fiber. The fresh liver is taken away from the slaughterhouse within less than 3 h. Four thermocouples (WRNK-191) are placed in different locations to measure the temperature of the liver along the axial direction. Its diameter is 1 mm, and the precise location values are measured to be 1 mm, 3 mm, and 4 mm from the laser output surface of the fiber. Their accuracy of temperature measurement is ±1.5°C, and the response speed is 0.5 s. The digital display (XSR40-V0) is used to record the temperature during the laser irradiation, and the total recorded time is 50 s with accuracy ±0.2% F.S. Temperature and thermal damage distributions in the liver ex vivo are then discussed theoretically and experimentally.
[image: Figure 9]FIGURE 9 | Experimental setup for laser ablation.
Temperature distribution is analyzed in detail for the two models both theoretically and experimentally along the axial direction with different laser power, as shown in Figure 10. It is observed that the experimental data fit better for the DAE model than the BB model, as seen in Figure 10. For P = 10 W, the maximum deviation is 72.9% at z = 7 mm and the minimum deviation is 2.43% at z = 1 mm. For P = 14 W, the maximum deviation is 82% at z = 7 mm and the minimum deviation is 10.4% at z = 1 mm. For P = 18 W, the maximum deviation is 67.3% at z = 7 mm and the minimum deviation is 9.4 at z = 5 mm. For P = 22 W, the maximum deviation is 37.2% at z = 8 mm and the minimum deviation is 3.5 at z = 4 mm. However, for the BB model, the minimum deviation is even more than 65%. Based on the temperature simulation results, the minimum deviation in the BB model is 26 times higher than that in the DAE model. This suggests that the numerical simulation of temperature distribution has a greater error in the BB model. Thus, it can be concluded that the DAE model is more suitable for analyzing the temperature distribution during the interaction between the laser and the tissue.
[image: Figure 10]FIGURE 10 | Temperature distribution from simulation data based on two models and experiment data, along the axial direction with different laser power P. (A–D) for P = 10 W, 14 W, 18 W, and 22 W. Blue lines: the BB model; green lines: DAE model; red triangles: experimental data.
4.3 Thermal damage in the liver
Thermal damage is analyzed in detail for the two models both theoretically and experimentally with different laser powers. The simulated thermal damage differs in two theoretical models, as shown in Figure 11. In the radial direction, changes are not obvious for the BB model but are noticeable for the DAE model when the laser power changes. Additionally, for the DAE model, the width of thermal damage increases by more than 3 mm with laser power increasing from 10 W to 30 W. In the axial direction, the length of thermal damage is more than 3 times greater for the DAE model than the BB model.
[image: Figure 11]FIGURE 11 | Two-dimensional section of thermal damage distribution parallel to the axial direction based on different theoretical models: (A) BB model and (B) DAE model. The laser power is 14 W, 22 W, and 30 W from the left to the right for each picture, respectively.
The ablation depth with different laser power is analyzed theoretically and experimentally (shown in Figure 12). For P = 10 W, the damage length is 1.2 mm, 5.0 mm for both the BB model and the DAE model in simulated results, and 5.0 mm for the experimental data. The deviation is 75.9% for the BB model and 0.5% for the DAE model, compared with the experimental data. For P = 14 W, the damage length is 1.2 mm, 6.3 mm for both the BB model and the DAE model in simulated results, and 6.9 mm for the experimental data. The deviation is 82.7% for the BB model and 9.4% for the DAE model, compared with the experimental data. For P = 18 W, the damage length is 1.8 mm for the BB model, 9.6 mm for the DAE model, and 9.25 mm for the experimental data. The deviation is 80.6% for the BB model and 3.8% for the DAE model, compared with the experimental data. For P = 22 W, the damage length is 1.9 mm for the BB model, 11 mm for the DAE model, and 10.8 mm for the experimental data. The deviation is 83.1% for the BB model and 2.2% for the DAE model, compared with the experimental data. Moreover, in the BB model, the minimum deviation is even more than 70% compared with the experimental values. Simulated results agree well with the experimental data for the DAE model. Additionally, the amount of error is within the mean square error range of the experimental measurements compared with the DAE model. Based on the simulated results of the damage length, the minimum deviation in the BB model simulations is 140 times that of the DAE simulation model, indicating a highly significant discrepancy from the experimental results. Therefore, the DAE model is more suitable for analyzing the thermal damage distribution during the interaction between the laser and the tissue.
[image: Figure 12]FIGURE 12 | Thermal damage depth and deviation with different laser power. The column diagram shows the thermal damage length, and the value is shown on the left coordinate. The yellow column: BB model; the green column: DAE model; the purple column: experimental data. The dashed lines represent the deviation and the value shown on the right coordinate. The orange line: BB model; the green line: DAE model.
5 CONCLUSION
Three methods are used for a numerical solution, the MC method, DAE model, and BB model based on Beer–Lambert’s law equation. The comparison between the first two methods is reported theoretically, and the latter is a better choice in the high-density tissue. However, the comparison between the third method and the first or the second method is rarely reported. Two classical models to describe the interaction between the laser and the bio-tissue are analyzed and compared, to make it clear which one is more suitable for analyzing the mechanism.
First, intensity distribution is simulated and compared for the two models, the BB and DAE models. In the radial direction, it is about 1.9 times for the BB model compared with the DAE model when the intensity drops to 80%. In the axial direction, it is nearly 24 times for the DAE model compared with the BB model. The reason is that absorption is added in the axial direction, and the model also considers scattering loss and the forward probability factor for the DAE model.
Second, temperature distribution and thermal damage are investigated theoretically and experimentally for both models. The differences and the reasons are analyzed. In comparison to the experimental results, the minimum temperature deviation in the BB model is 26 times higher than that in the DAE model, while the minimum thermal damage deviation in the BB model is also 140 times higher than that in the DAE model. The DAE model fits better in temperature and thermal damage depth with the experimental data than the BB model.
The DAE model is more suitable for quickly analyzing the mechanism between the laser and the bio-tissue, based on the degree of fitting between the simulated and experimental data. This report provides a better choice for analyzing the interaction mechanism between the laser and the bio-tissue.
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