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Fig.2 The framework of ensemble learning-based collaborative optimization
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Table 1. Thermodynamic property parameters of blood and tissues

I8 5 IR EE A B ok LB MV A

pilkg/m?] Co[J/(kg * K)] T(°C) Wy[ml/(m3 * s)]
1000 3639 37 6000

HEVE L HIR LR SR FR L HAHGTH

plkg/m3] ClJ/(kg * K)] u(cm™) K[W/(m * K)]
1095 3375 71.2 0.45
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Fig.3 Evolution of glioma tissue temperature at 1.6 W at different time: (a) 15 s; (b) 30 s; (¢) 45 s;

(d) 60 s.

2 1.2 W HUGIER 30 s ARIARLIREE XS b
Table 2. 1.2 W laser exposure for 30 s at different depths of temperature

TR (mm) 0 0.5 1 1.5 2 2.5 3

SEIGECC)  83.82 72.19 61.53 53.11 47.03 43.56 41.30
FEAECC)  83.99 72.96 59.51 52.24 45.07 42.55 41.05
% (°C) 0.17 0.77 2.02 0.87 1.96 1.01 0.25

%3 1.2W BOGIER 60 s AN FJR i B2 HE
Table 3. 1.2 W laser exposure for 60 s at different depths of temperature

TR (mm) 0 0.5 1 1.5 2 2.5 3
SIS AR (°C) 87.7 76.12 65.42 56.85 50.52 46.71 44.08
/i EAE(°C) 88.85 77.80 64.29 56.92 49.63 46.99 45.40

RE 2 (°C) 1.15 1.68 1.13 0.07 0.86 0.28 1.32
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Kl 4 1.2 W TAFER 2B H 2R FEEALE (a) 1585 (D) 30s; (c)45s; (d) 60s.
Fig.4 Evolution of glioma tissue temperature at 1.2 W at different time: (a) 15 s; (b) 30 s; (¢c) 45 s;

(d) 60 s.
x4 ZVPANFRAERT B

Table 4. Comparison of various evaluation criteria

R 1] (5) 15 30 45 60
Arrhenius 7F 7 (mm) 0.7 0.9 1.1 v 9)
CEM43 P 3E (mm) 1.0 1.3 1.5 2.0
I 5% 8 17 5E (mm) 1.0 1.2 1.4 1.6

4.2 SRR PR BOR K520
AR 7R OET T B TR s 0 (R R P LR A S o 2 O IR 1 RE 2 ) 32
MR, A SCULROE TR HURH ek IR A SR v &, E

AR AR BIRHAT S EA M. K 5 NSRS HHE T

® 5 e S 8o B Ve
Table 5. Range of heat damage control parameters setting
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Fig.5 Evolution of glioma tissue temperature and injury depth under heat conduction:
(a)Temperature and damage depth diagrams varying with depth under different power levels;
(b)Temporal evolution of rear surface temperature under varying power levels; (c)Temporal
evolution of rear surface temperature under varying power levels; (d)Temperature and injury depth
maps varying with depth under different blood perfusion rates; (e)Temporal evolution of rear
surface temperature under varying blood perfusion rates; (f)Temporal evolution of rear surface

temperature under varying blood perfusion rates.
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Table 6. Parameter setting range of the sample set
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Table 7. Comparison of multiple algorithm parameter settings, errors, and training times

) . Training
Algorithm parameter setting MAE RMSE )
Time(s)

Number of hidden nodes :10
BP L . . . 0.002819 0.008082 2.23
activation function:Sigmoid

Input layer size: [4, 1, 1]

CNN . i 0.008268 0.103207 46.45
Convolution kernel size :[3, 1]
Elman Network: [1:2,10] 0.003028 0.003760 14.57
Number of hidden nodes :50
ELM 0.002683 0.003137 0.10

function :Sigmoid

Radial basis function expansion
RBF 0.044842 0.010241 2.74
speed: 1

Number of decision trees: 100
RF o 0.006292 0.001687 3.08
Minimum number of leaves: 5

penalty factor:4
SVM 0.000598 0.003257 1.23
nuclear parameter :0.8

EL - 0.000504 0.000583 21.21
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5w, Ho SVM FEFT EAER K, K 5E 6(a) SVM HiZEK MAE 5
RMSE s/MHVLHC - A 2 i /MP) & RE 579%, 51K 6(a)F RF 51741 MAE 24 0.13054
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Fig.6 (a)Comparison of Normalized Errors of 7 Basic Algorithms; (b)The weight distribution

of each algorithm in the filtered EL model.
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analysis graph.
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Table 8. Parameter settings of each integrated algorithm and error comparison



Training
Time(s)

Algorithm parameter setting MAE RMSE

decision trees:1000;tree
XGBoost depth:5;learning 0.003434 0.004330 4.97
rate:0.01;MinLeafSize:5;
decision trees:1700;tree
. depth:10;learning
LightGBM . . 0.003623 0.004534 6.28
rate:0.01;MinLeafSize:20;feature
sampling ratio:0.8;

EL - 0.000504 0.000583 21.21
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Table 9. Comparison of inversion parameters and errors for various optimization algorithms

. Actual Inverted
. Fitness Depth
Algorithm  P(W) i(s)  Wp[ml/(m3s)] 7(°C) damage damage
value error(mm)
depth(mm)  depth(mm)

PSO 230 2198 1.84*10% 27.8 8.62*10¢ 1.4 1.4 0
GWO 2.05 48.62 2.35*10* 22.1 1.34*10% 1.4 1.5 0.1
DE 2.13 2451 9.42%103 33.7 1.19*104 1.4 1.3 0.1
FATA 2.72  24.03 1.69*10% 37.2 3.12*10% 1.4 1.5 0.1
GA 2.21 19.19 1.34*10% 30.5 1.30%1072 1.4 1.2 0.2
EL-SDO 1.85 37.86 1.09*10* 32.9 7.05*%107 1.4 1.4 0
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Abstract

Laser thermotherapy possesses precise and high-efficiency advantages for malignant
tumor ablation. Accurate prediction of tissue thermal damage ranges and optimal
selection of therapeutic parameters are core scientific’ challenges restricting the

clinical popularization of thermal therapy. Taking rat subcutaneous glioma xenografts
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as the research subject, this study numerically solves the Pennes bioheat transfer
equation via the finite difference method and quantitatively assesses tissue thermal
damage based on the Arrhenius thermal damage integral model. The influences of
thermophysical and laser parameters on the formation mechanism and spatial
distribution characteristics of tumor thermal damage are systematically investigated.
On this basis, seven representative machine learning algorithms are comprehensively
compared in terms of prediction accuracy and applicability, and an ensemble learning
(EL) model with controllable prediction errors is further established. The results
demonstrate that the proposed EL model outperforms all single baseline algorithms in
generalization ability and robustness, with a mean absolute error (MAE) of 0.000504
and a root mean square error (RMSE) of 0.000583, exhibiting substantially superior
prediction accuracy. Compared with two mainstream ensemble frameworks, extreme
gradient boosting (XGBoost) and light gradient boosting machine (LightGBM), the
developed EL model achieves an outstanding fitting performance with a coefficient of
determination (R?) up to 0.9998. Furthermore, an EL-based parameter inversion
framework integrated with the sled dog optimization (SDO) algorithm is constructed
for thermal damage optimization. With the preset tumor thermal damage depth
defined as the constraint condition, comparative experiments are conducted against
genetic algorithm (GA), Fata Morgana algorithm (FATA), gray wolf optimizer (GWO),
differential evolution (DE), and particle swarm optimization (PSO). The validation
results reveal that the hybrid EL-SDO collaborative optimization model can stably

obtain the optimal key parameters for laser thermotherapy (including laser power and



irradiation time), with the maximum parameter inversion error limited within 0.1 mm
for arbitrary target thermal damage depths. This work provides a robust theoretical
foundation and technical reference for individualized and intelligent treatment

planning of clinical laser thermotherapy.

Keywords: Laser ablation, Organ thermal injury, Ensemble learning, Parameter

inversion





