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Abstract 

The main goal of treatment of intracranial neoplasms is to eradicate tumor cells with minimal 

disruption of surrounding normal parenchyma. Stereotactic radiosurgery (SRS) has been used as 

one modality of treatment in appropriate cases. SRS is limited by the dose a patient can tolerate 

and adverse effects of radiation. These limitations provide a niche for alternative therapies. 

Furthermore, tissue samples cannot be obtained during treatment. Recently, thermal therapies 

including high-intensity focused ultrasound (HIFU) and laser interstitial thermal therapy (LITT) 

have been proposed as alternatives. The purpose of this study is to develop simplified 3D models 

of different types of brain tumors from MRI scans, investigate different ablation techniques for 

removal of such tumor, and optimize these techniques for different locations, sizes, and types of 

tumors. 

With the vast advancements in medical devices technology, brain tumors have become 

increasingly viable to cure through surgery and/or adjuvant noninvasive therapies. The choice of 

the treatment plan is highly dependent on the location of the tumor. Tumors located deep in the 

parenchyma of the brain can only be treated by ablative techniques and therefore, thorough 

investigation of techniques like High Intensity Focused Ultrasound (HIFU) and Laser Interstitial 

Thermal Therapy (LITT) is imperative. In this study, HIFU and LITT have been investigated 

and compared under four simulative environments in COMSOL Multiphysics which also 

accommodate the possibility of the presence of an artery or an organ near tumor site. It has been 

found out that HIFU is more focally contained compared to LITT. LITT causes more 

irreversible damage to the tumor compared to HIFU. Both the techniques resulted in damage to 

nearby artery, but the damage caused by HIFU was less compared to that caused by LITT. 

 

 

Key Words: High Intensity focused Ultrasound, Laser Interstitial Thermal Therapy, Ablation, 

Tumor reduction, Arrhenius Law 
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CHAPTER 1: INTRODUCTION 

           The research work in this thesis is laid out as follows: Introduction discusses the previous 

simulative work done in HIFU therapy and LITT and defines the need of this research. 

Methodology section explains the four case studies in detail namely, artery in the path of HIFU 

beam, artery away from the HIFU beam, artery 1.5 mm away from the LITT focal point, and 

artery 3 mm away from LITT focal point. Results section declares and discusses the findings of 

this research and conclusion presents the conclusive remarks of the paper and notes on future 

works. 

1.1 Background, Scope and Motivation 

            Brain tumors are excessive growth of abnormal cells in the brain, mainly categorized as 

malignant or benign tumors. Prevalence estimates depict a gradual increment in brain tumor 

patients through the years. In the years 1985 - 1989, 97.5 per 100,000 persons were diagnosed 

with brain tumors [1]. This number doubled to 221.8 per 100,000 in a span of 20 years [1]. In 

2015, 22,850 U.S. individuals were diagnosed with brain tumors out of which approximately 

15,320 cases resulted in death [2]. Brain tumors occur along the entire age spectrum, with a 

significant reduction in survival rates as the age bracket increases [3]. Although most common in 

adults, brain tumors have a fair representation in pediatric oncology as well.  

 

          Tumor morphology, such as its size, histology, and location, determine the context for the 

choice of appropriate treatment for a given tumor [4]. Until recently, brain tumors have been 

predominantly treated with the golden practice of Surgery, Whole-Brain Radiation Therapy 

(WBRT), Chemotherapy, and Stereotactic Radiosurgery (SRS) [5]–[8]. Surgical resection is 

useful for treating benign tumors with a single metastatic lesion in a non-eloquent cortex [4] and 

therefore, most benign tumors can be successfully excised via the process. However, malignant 

tumor surgery only provides symptomatic relief by reducing the raised intracranial pressure [9]. 

Histological heterogeneity of malignant tumor cases such as Glioblastoma Multiforme (GBM) 

deems complete eradication impossible [10]. In such cases, WBRT is used in conjunction with 

surgery to reduce recurrence rates [11]. However, radiation deforms both tumor cells and the 

normal brain [12]. Thus, radiation necrosis and leukoencephalopathy are concomitant with this 
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procedure[13], [14]. Therefore, any potential consequences must be weighed in with the benefits 

before opting for this procedure.  

 

           Advances have been made in the past decade for local chemotherapy delivery, but they 

come with myriad limitations such as reduced drug penetration, unpredictable distribution, 

elevated intracranial pressures, and long infusion times [15]. Lastly, SRS is only fully effective 

in treating primary glial tumors. In the case of GBM, which commonly infiltrates the brain 

parenchyma, SRS is only helpful as a salvage treatment after primary surgery, or WBRT has 

been performed to contain glioma tumors to some extent [16]. Although SRS significantly 

reduces exposure to ionizing radiation by pointedly targeting tumor cells and obviating the 

normal surrounding cells, 84% of postoperative cases still develop leukoencephalopathy within 4 

years [14].  

 

           The invasive and adverse nature of these techniques, sometimes resulting in debilitating 

concomitants or disqualification of patients from treatments altogether, has motivated research 

toward alternative therapies. Recently, there has been growing appeal for thermal therapies such 

as High-Intensity Focused Ultrasound (HIFU) and Laser Interstitial Thermal Therapy 

(LITT)[17]. HIFU and LITT have been aptly applied to treat essential tremors and epilepsy, 

respectively[18]– [20]. These two thermal therapies have a similar workflow, but the production 

and origin of the thermal energy vary, as does energy distribution. They prove most beneficial 

when treating a deep-seated, focally- contained lesion in the parenchyma, which is otherwise 

inapproachable through surgery [4]. Noninvasive HIFU used as primary therapy and palliative 

care represents a significant improvement in patient safety and survival in initial studies [21], 

[22]. Although invasive, LITT requires less healing period and speeds up adjuvant treatments 

such as chemotherapy and radiation therapy [4].  

1.1.1 High Intensity Focused Ultrasound 

 The physics of HIFU is based on ultrasound wave propagation through a medium of 

intervening tissue to a target ablative region. It increases the temperature of a specific point or 

brings about other biological changes in a noninvasive manner. Because of its noninvasive 
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property, this therapy has caught the attention of scientists and physicians alike in hopes of 

building a complication-free intervention tool.  

 

            Recent experimental developments have revealed that when one lung is flooded, it 

invokes its atypical acoustic nature as a saline tissue, providing access to central lung tumors 

through HIFU. In [23], an ultrasound simulation tool and a bioheat solver were made in 

MATLAB environment to predict HIFU induced heating congruent with ablation regions over 

time. It was discovered that heat induction and the size of the lesion were improved due to low 

attenuation in the flooded lung. The raster scheme was recommended for benign lung tumors, 

while the volumetric scheme was deemed suitable for malignant tumors. It was observed that in 

one flooding session, 3 cm tumors could be effectively ablated within a 3mm margin. While 

beneficial for HIFU implementation, the acoustic conditions of the flooded lung required 

customized therapy planning.  

            HIFU has also been used to precipitate Deep Vein Thrombosis (DVT) of the iliofemoral 

veins. However, damage to surrounding tissue or veins has been observed in all previous studies. 

In their simulation [24], Smirnov et al. used a phased array device instead of a single transducer 

to reduce the transducer's otherwise large focal region. Different geometries of the array were 

considered to figure out the optimum geometric configuration of the array. It was determined in 

the simulation model that 7680 elements placed at λ/2 distance from each other to form a 

cylindrical array with each element operating at a frequency of 500 kHz reduced the lesion zone 

within the femoral vein considerably. This study also depicted that an efficient array comprising 

fewer elements operating at lower frequencies could be built. 

 

            HIFU array has also been used to treat tumors in the thoracic region enveloped by ribs. 

Ribs hinder the HIFU therapy because they absorb the beam energy, which in turn raises the 

temperature of the ribs. Consequently, the beam and the HIFU temperature field get distorted. 

These challenges were addressed in a research investigation [25] wherein a refocusing algorithm 

called Limited Power Deposition (LPD) was developed, which limited the power accumulation 

in the ribs and focused maximum energy at the tumor zone. In [26], an Iterative Sparse Limited 

Power Deposition (ISLPD) was numerically simulated that utilized a smaller number of elements 

within a transducer array for HIFU while maintaining focal heating comparable to that in 
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previous techniques. It was achieved by running multiple sets of sparsity solutions and removing 

any least utilized elements in the previous runs. The remaining elements could be used for 

concurrent processes such as motion tracking and imaging. Wave propagation and temperature 

profiles were simulated to illustrate the advantages of this approach. 

 

            In most previous simulative studies, it was assumed that tissue properties do not change 

over time when HIFU is applied to a morbid tissue for the sake of smooth simulations and 

rudimentary results. However, the fact remains that whenever high temperature is applied to a 

focal region, it causes a temperature rise in the surrounding tissue, which in turn affects the 

temperature and acoustic fields of HIFU. In their numerical simulation [27], Tan Q et al. present 

an acoustic-thermal coupling model to predict the temperature distribution and tissue necrosis via 

the Westervelt equation and Pennes’ bioheat transfer equation. They also considered the isolated 

impact and the combined effect of all tissue properties. The results represented that acoustic 

absorption had the most impact of temperature and thermal necrosis amongst all dynamic tissue 

properties. Additionally, the acoustic absorption coefficient also contributed to elevated 

temperature in the focal region and a broader tissue damage region. Conversely, blood perfusion 

led to a lower temperature in the focal region and a smaller necrosis region than the other 

simulations performed using the rest of the dynamic tissue properties.  

 

           Based on a similar premise as the study mentioned above, another research [28] was 

carried out to increase the HIFU beam energy and focal region and reduce sonification time to 

minimize the cooling effect of blood circulation in the morbid tissue. A dual-concentric HIFU 

transducer run by multiple phase-inverted frequencies was proposed. It considerably expanded 

the focal region and reduced the notch point level formed between the two lobes whenever dual-

concentric geometry was used. The transducer acoustic field, electrical impedance, and impulse 

response were simulated to examine the proposed transducer's efficacy. A bioheat transfer model 

was simulated to investigate the lesion volume. The results showed potential because the 

proposed method cultivated a 141% increase in lesion size compared to a single element 

transducer, thus reducing the therapy's total treatment time.  

 

          Similarly, reference [29] investigated blood vessels' role in the HIFU therapy temperature 

profile during liver tumor ablation. A 3D acoustics-thermal coupling model simulated the 
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temperature distribution in the hepatic carcinoma zone. The hepatic vessels and parenchyma 

were modeled in linear Westervelt and Pennes’ equations and nonlinear Navier- Stokes’ 

equations. Acoustic streaming was also included in the simulation. It was ascertained that 

acoustic streaming and convective cooling in large blood vessels contributed significantly to the 

temperature profile and lesion zone near vessels.  

 

         Another reference [30] researched nonlinear propagation effects on the HIFU temperature 

distribution via the nonlinear Westervelt equation and Pennes’ bioheat equation. Weak effects 

were also taken into account. Correlation between measured and predicted temperature profiles 

and lesion sizes in the porcine muscle were studied. An acoustic power of 24-56 W was applied 

on the porcine muscle for 30 s. It was established that the measured and predicted temperature 

elevations correlated for temperatures below 85-90 °C. Temperatures above 85-90 °C resulted in 

cavitation, thence distorting the lesion zone and causing the simulated temperature to deviate 

from the measured temperature. 

1.1.2 Laser Interstitial Thermal Therapy 

            LITT therapy works on the principle of light absorption which releases thermal energy 

from low voltage laser. This procedure increases the temperature at the tip of the laser probe and 

results in liquefactive ablation. Although invasive, studies depict minimal complications and 

increased survival rate in patients with recurrent GBM [31]. However, it cannot be used near 

large vessels, or hemorrhages [31], [32].  

 

           In [33], a simple LITT model was mathematically simulated to assist physicians in 

thoroughly planning thermal treatment doses to optimize therapeutic effects of the procedure 

while curtailing any side effects occurring because of ill planning and management. The brain 

was simulated as seven compartments (A, B, C, E, V, S, F) illustrating the blood flow and the 

Cerebrospinal Fluid (CSF) flow. Four analyses were run on the model to check its robustness, 

namely, mechanical analysis, fluid dynamics, bioheat transfer, and laser beam. It was simulated 

such that LITT was applied to the brain model for 1 s, and the temperature was kept within the 

range of 50 °C – 90 °C. It was shown that LITT desiccated and ablated the tumor cells present 

within the brain tissue. 
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          When thermal ablation is applied, the dynamic brain tissue properties render post-

treatment effects of LITT unpredictable and limit its utility. A single-blind study [34] utilized the 

Arrhenius model to calculate the Thermal Damage Estimate (TDE), which evaluates the extent 

of tissue necrosis after ablation. The Medtronic Visualase console maintained a dataset of 22 

cases by providing post-therapy enhanced axial images and intraoperative TDE images of each 

patient. The cross-sectional ablation area of the enhanced images and necrosis area for the TDE 

images were calculated and tested for correlation. Two blinded raters determined a strong 

correlation between the experimental lesion zone and measured TDE hence proving TDE an 

accurate measure of lesion size caused by LITT in a human brain.   

 

           Similar to the previous study, in [35], intraoperative TDE maps and pre-, intra- and 

postoperative MRIs of the mesial temporal lobe of 30 patients with Mesial Temporal Epilepsy 

(MLE) treated with LITT were utilized to study short- and long-term effects of the laser therapy. 

Any preoperative independent variables that could affect the process were also studied. The 

overlap among the TDE maps and immediate post ablative and delayed ablative zones were 

calculated using Dice Similarity Coefficient (DSC). Moreover, ablative dynamics and thermal 

time constant τ of the amygdala and hippocampal head tissue were estimated using the first-order 

linear bioheat transfer model. These dynamics were then compared to 16 independent variables 

acquired from patient demographics, mesial temporal anatomy, and pre-, intra- and postoperative 

imaging characteristics. It was determined that TDE maps correlated with immediate ablative 

zones but were notably more massive than the delayed LITT effects, specifically at the amygdala 

and hippocampal head. TDE maps predicted accurately for delayed ablative zones in cases with 

smaller peri hippocampal CSF spaces. This study depicted that patient demographics, the medial 

temporal lobe anatomy, and pathology may control ablative tissue effects.  

 

           HIFU and LITT have been thoroughly investigated individually in previous papers but 

none of the papers compare them side-by-side under different simulated environments. In this 

paper, four case studies involving HIFU and LITT have been simulated and analyzed to compare 

the precision of both ablative techniques, their respective effects on the tumor site and to 

evaluate the thermal damage caused by these techniques to an artery placed close to the tumor. 

The position of the artery has been varied in the case studies. This research not only aims at 
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honing better insight into the fundamental working of these techniques but also in aiding 

physicians to develop accurate clinical protocols for the treatment plan of these ablative 

techniques, depending on the placement of the brain tumor and neighboring organs. 

 

CHAPTER 2: METHODOLOGY 

            This research focuses on the comparative study of high intensity focused ultrasound 

(HIFU) and laser interstitial thermal therapy (LITT). The techniques were compared with 

numerical models developed using finite element method.  

2.1 Software 

           The numerical simulation models were developed in commercial finite element code 

COMSOL Multiphysics that is capable of handling multiphysics problems by providing coupling 

between various fields. Simulation of the selected techniques involved pressure acoustics field 

and laser heat source, and their interaction with bio-matter resulting in bioheat transfer.  

2.2 Ablation Techniques 

            Both HIFU and LITT were employed to destroy a representative tumor in brain matter by 

ablation. A neighboring artery was also placed at different locations with respect to the tumor to 

compare the effects of both the techniques on the artery. Four case studies were carried out with 

the developed simulation models and the results were compared to provide a comparison of the 

two selected techniques. In this research study, cranium was not included in any numerical 

models. 

2.2.1 High Intensity Focused Ultrasound 

            In the HIFU simulation model, the pressure acoustic field was solved to determine the 

temperature increase in the tumor caused by a beam of focused ultrasound. The governing 

equation of the pressure acoustic field was Helmholtz equation based on the assumptions that the 

ultrasound wave propagation was linear and the amplitude of shear waves was insignificant 

compared to the amplitude of acoustic pressure waves. The Helmholtz equation is given in Eq 

(2.1). 
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 𝝏

𝝏𝒓
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𝒓
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[−
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𝝆𝒄
 (

𝝏𝒑

𝝏𝒛
)] − [(

𝝎

𝒄𝒄
)

𝟐

]
𝒓𝒑

𝝆𝒄
= 𝟎          (2.1) 

 

            where r is radial coordinate, z is axial coordinate, p is acoustic pressure, ω is angular 

frequency, ρc is complex density and cc is complex speed of sound. ρc and cc incorporate the 

damping properties of the material. 

              Coupling medium was assumed lossless and the case study models aptly simulated 

tissue heating during HIFU therapy provided the acoustic pressure at the focal point was well 

below acoustic cavitation threshold. Given the acoustic pressure field, acoustic intensity field and 

heat source Q, the tissue heating was calculated with the Pennes’ Bioheat Transfer equation 

given below; 

 
𝝆𝑪𝒑

𝝏𝑻

𝝏𝒕
=  𝜵. (𝒌𝜵𝑻) − 𝝆𝒃𝑪𝒃𝒘𝒃 (𝑻 − 𝑻𝒃) + 𝑸 + 𝑸𝒎𝒆𝒕          (2.2) 

 

              where T is temperature of the tissue, ρ is density of the brain tissue, Cp is brain tissue 

specific heat, k is thermal conductivity, ρb is blood density, Cb is blood specific heat, wb is blood 

perfusion rate, Tb is blood temperature, Q is heat source, and Qmet is metabolic heat source. Qmet 

was not included in this study. 

2.2.2 Laser Interstitial Thermal Therapy 

         The laser-induced tissue ablation in the LITT simulation model and the temperature profile 

of the irradiated tumor were modelled by Eq (2.2). The heat source Q in Eq (2.2) depicts the 

laser-tissue interaction and was modelled using Beer-Lambert Law under the assumption that the 

emitted light comprised a single wavelength and was parallel. The Beer-Lambert law is given as; 

 𝝏𝑰

𝝏𝒚
= 𝜶(𝑻) ∗ 𝑰          (2.3) 

 

           where 
𝜕𝐼

𝜕𝑦
 is the differential form of light intensity along the laser beam direction which is 

also the heat source Q in this scenario and α(T) is temperature dependent light absorption 

coefficient of the tissue. It was assumed that the emitted light refracted, reflected, or scattered 
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minimally inside the brain tissue. Tissue was assumed to be homogenous and isotropic. The 

incident laser beam propagated from the origin following a Gaussian profile. 

2.3 Case Studies 

2.3.1 Artery in the path of HIFU beam 

           The 2D-axisymmetric geometry to model High Intensity Focused Ultrasound in a scenario 

wherein artery lay in the path of the beam was developed, as shown in Figure 2.1. The model 

geometry comprised an acoustic transducer, coupling medium, brain tissue, artery, and tumor. 

The concave transducer was 10 mm in radius with a focal length of 17 mm, and a thickness of 3 

mm. The cylindrical tissue was 40 mm in length, and a 1 mm layer of coupling medium existed 

between the brain tissue and transducer. An artery of 3 mm diameter was simulated in the path of 

the HIFU beam to test the effect of focused ultrasound beam on the artery. The transducer and 

brain tissue were arranged coaxially. Hence, the model was developed as 2D-axisymmetric. An 

ellipse was made at the focal region of the transducer to depict tumor tissue. The ellipse 

dimensions were 2.5 mm a semi-axis and 0.65 mm b semi-axis to accommodate a finer mesh in 

this area compared to the rest of the geometry to incorporate the sharp acoustic and heat 

gradients here. Perfectly Matched Layers (PMLs) of width 3 mm were introduced on the top and 

right side of the brain tissue and the right side of the medium to absorb outgoing waves and 

simulate linear wave propagation while neglecting shear waves.  

            The HIFU transducer was operated for 1 s at a frequency of 1.965 MHz and then turned 

off to allow the tissue to cool down to its surrounding temperature of 310.05K [37]. A step 

function was defined to model this heating and cooling phenomenon. Water was used as the 

coupling medium in these case studies. The properties of water were defined as per COMSOL 

library. The material properties of the rest of the layers were defined as listed in Tables 2.1 and 

2.2. Pressure Acoustics, Frequency Domain (acpr) module was run on the entire geometry while 

Bioheat Transfer was only run on the brain tissue. Pressure Acoustics was defined separately for 

water, tissue, and artery domain to simulate their respective absorption coefficients. The 

temperature of tissue and artery domains was set at 310.05K while the temperature of the 

transducer and the coupling medium was set at 300.15 K. The displacement amplitude of the 

transducer was defined. 
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Fig 2.1: 2D axisymmetric model of artery lying in the path of the ultrasound beam 

 

             For bioheat transfer, the entire brain tissue served as a heat source. Q0 was calculated 

while running Pressure Acoustics, Frequency domain study. Bioheat transfer was defined 

separately for brain tissue and artery domain to simulate their different material properties such 

as density, thermal conductivity, and heat capacity. The inner borders of the tissue domain were 

set to 310.05K. 

            Two separate meshes were made for each module. For Pressure Acoustics, Frequency 

Domain, the entire geometry was meshed at λ/5 in free triangular elements save for the elliptic 

region and the artery which were finely meshed at λ/8. A mapped rectangular mesh was laid in 

the top and cylindrical PMLs to account for anisotropy without compromising the quality of the 

mesh even if each element had more degrees of freedom. A coarser and localized mesh in the 

brain tissue was made for Bioheat Transfer module with a fine mesh of λ/8 at the focal region 

and the artery. 
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Fig. 2.2: Complete mesh of Pressure Acoustics module with finer focal region and artery, and 

precisely mapped rectangular border meshes (left), 

 Localized mesh for Bioheat transfer module (right) 

2.3.2 Artery away from the path of HIFU beam 

For the scenario where the artery lay away from the HIFU beam, the orientation, and parameters 

of the HIFU model were identical as mentioned in the previous study with the only difference 

lying in the position of the artery, as depicted in Figure 2.3.  

 

Fig. 2.1:  2D axisymmetric model of artery lying away from the path of the HIFU beam. 
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2.3.3 Artery at a distance of 1.5mm from the LITT focal point 

           In case of LITT, the 2D-axisymmetric model was developed, as shown in Figure 2.4. The 

model geometry comprised brain tissue, artery, tumor, and a laser probe. The diffuse-tip catheter 

was 1.65 mm in radius. The tip of the catheter was placed in the middle of the tumor. The 

geometry of brain tissue and artery was similar to that in HIFU case studies with the absence of 

coupling medium and acoustic transducer. In this scenario, the artery was placed at 1.5 mm from 

the tumor region.  

 

Fig. 2.4: 2D axisymmetric model of artery lying 1.5mm away from LITT focal point 

 

           Bioheat transfer was defined separately for brain tissue and artery domain to simulate 

their different material properties such as density, thermal conductivity, and heat capacity. The 

material properties of the probe were defined as per COMSOL library as fused silica. Beer-

Lambert Law (2.3) was implemented and solved in COMSOL as a partial differential equation. 

A zero-flux boundary condition was introduced on all the boundaries (except the illuminated 

one) of the geometry depicting that any light reaching these boundaries would leave the domain. 

Laser intensity at the origin of the catheter was 3 W/mm2 with a spot radius of 2 mm. It was 

delivered continually for 20 s. This was implemented in the geometry as a Dirichlet boundary 
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condition at the catheter tip, where it made contact with the tissue. The entire geometry was 

finely meshed as shown in the Figure 2.5.  

 

Fig. 2.5: Complete fine mesh of the LITT geometry 

 

2.3.4 Artery at a distance of 1.5mm from the LITT focal point 

            Another LITT simulation was made wherein the artery lay 3mm away from the LITT 

focal point as shown in Figure 2.6. In this case, the orientation, and parameters of the LITT 

model were identical as mentioned in the previous study with the only difference lying in the 

distance of the artery from the tumor site. 
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Fig. 2.6: 2D axisymmetric model of artery lying 3mm away from tumor region 

 

2.4 Damage Integral 

           For all the case studies, damage integral was utilized to compute the fraction of necrotic 

tissue and neighboring artery. The degree of tissue damage α was evaluated by Arrhenius eq 

(2.4); 

 𝜕𝛼

𝜕𝑡
= (1 − 𝛼)𝑛𝐴𝑒

𝛥𝐸

𝑅𝑇 
        (2.4) 

Where A is the frequency factor, ΔE is the activation energy required to induce irreversible 

damage to the tissue, and R is the universal gas constant. The values for the parameters are 

tabulated in Table (3). The fraction of necrotic tissue was then determined as Eq (5); 

CHAPTER 3: RESULTS AND DISCUSSION 

           Three aspects of the ablation techniques were scrutinized in the four case studies 

mentioned above: precision of the techniques, tumor reduction, and the effects of these 

techniques on a neighboring artery.  

3.1   Precision 

         Precision of HIFU and LITT were compared by multiple temperature profiles for each 

technique. Figure 3.1 (a) and (b) depict temperature profiles along the width of the tumor for 

both therapies. Since the transducer, in case of HIFU, was insonated for 1 s and then turned off, 

HIFU showed highest peak of rise in temperature at t = 1 s which gradually diminished over 

time. In case of LITT, the laser application was continuous and hence, rise in temperature 

increased over time. However, the point of difference between these two therapies lies in their 

ability to induce rise in temperature in a focally contained region i.e. tumor. Figure 3.1 (a) and 

(b) depicted HIFU therapy to be more radially focused compared to LITT. For HIFU, as the 

temperature rise peaked at ΔT = 14.264 K, the peak became slenderer and more focused. In 

LITT, however, as ΔT increased, the graph became wider at the base, depicting a considerable 

reduction in radial focus. Figure 3.2 (a) and (b) depict temperature profiles along the length of 

                             𝜃𝑑 = min (max(α, 0) , 1)                                       (2.5) 
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the tumor for HIFU and LITT respectively. In Figure 3.2 (a), most of the heating occurred in the 

elliptical tumor region between 14.5 mm and 19.5 mm along the axis of the tumor. Heat was 

absorbed by the surrounding healthy tissue as well. A slight increase in temperature was 

observed below 10 mm. This was because the artery 1.5 mm below the tumor caused the side-

lobe heating effect with pressure maxima lying outside the tumor region. In (b), LITT showed 

better focusing ability in the axial direction compared to its radial direction. Overall, HIFU was 

more focally-contained compared to LITT.  

 

 

Fig. 3.1: Temperature profiles along radial direction of tumor (a) in case of HIFU and (b) in case 

of LITT. 

 
Fig. 3.2: Temperature profile in axial direction of tumor (a) in case of HIFU and (b) in case of 

LITT. 

 

3.2   Degree of Tissue Damage 

          Figures 3.3 (a) and (b) and 3.4 (a) and (b) depict degree of tumor tissue injury along radial 

and axial directions in case of HIFU and LITT respectively. In figure 3.3 (a), most damage 

occurred to tumor tissue at the radial focus with a damage degree of approximate 0.0017. A 
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damage integral value of 1 signifies 63% cell necrosis volume [38]. Tumor tissue damage 

decreased gradually along the radial axis of the tumor. In figure 3.4 (b), most damage to the 

tumor occurred at the radial focus with a damage degree of 0.2924. Injury to tumor tissue 

decreased rather erratically along the radial axis of tumor in case of LITT. In figure 3.4 (a), least 

damage to the tissue was noticed at the farthest edge of the tumor. Damage was focused on the 

axial center of the tumor. The tumor edge close to the HIFU transducer showed considerable 

damage. In figure 3.4 (b), damage peak was maintained at the axial focus of the tumor. The 

degree of damage decreased gradually along the axial length of the tumor. The damage was 

maximum at the central region of the tumor. In general, LITT depicted a higher degree of tumor 

tissue injury as compared to HIFU.  

 

 
 

 

Fig. 3.3: Tumor reduction along radial direction (a) in case of HIFU and (b) in case of LITT 

  

 
Fig. 3.4: Tumor reduction in axial direction (a) in case of HIFU and (b) in case of LITT 
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3.3   Effect on neighboring artery 

         Lastly, the effects of HIFU and LITT on neighboring artery were graphed in Figures 3.5 

through 3.8. In Figure 3.5, the first case study was utilized wherein the artery lay in the path of 

the HIFU beam and at a distance of 1.5 mm from the tumor site. Tissue damage of 0.0015 was 

depicted in the arterial wall closer to the tumor site as contoured in (a).  

 

Fig. 3.5: Case Study I - Tissue damage in artery lying in the path of HIFU beam (a) 2D view (b) 

radial direction 

 

 

Fig. 3.5: Case Study I - Tissue damage in artery lying in the path of HIFU beam (c) axial 

direction 

 

          In Figure 3.6, the second case study was used wherein the artery lay away from the path of 

the HIFU beam and at a distance of 1.5 mm from the tumor site. Tissue damage trend was 

similar to that in case study I. 
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Fig. 3.6: Case Study II - Tissue damage in artery away from HIFU beam (a) 2D view (b) radial 

direction 

 

 

Fig. 3.6: Case Study II - Tissue damage in artery away from HIFU beam (c) axial direction 

 

         In Figure 3.7, the third case study was analyzed in which artery was placed 1.5 mm away 

from LITT focal region. Artery wall close to the tumor underwent tissue damage of 0.007 as 

shown in 2D contour in Figure 3.7 (a).  
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Fig. 3.7: Case Study III - Tissue damage in artery 1.5 mm away from LITT focus (a) 2D view (b) 

radial direction 

 

 

Fig. 3.7: Case Study III - Tissue damage in artery 1.5 mm away from LITT focus (c) axial 

direction 

 

            Figure 3.8 employed the last case study to test LITT environment wherein the artery lay 

at a distance of 3 mm from the tumor site. Damage integral of 0.0057 was shown in the arterial 

wall closer to the tumor site as contoured in Figure 3.8 (a).  
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Fig. 3.8: Case Study IV - Tissue damage in artery 3 mm away from LITT focus (a) 2D view (b) 

radial direction 

 

Fig. 3.8: Case Study IV - Tissue damage in artery 3 mm away from LITT focus (c) axial 

direction 

           It was observed in figures 3.5 and 3.8 that an organ in the path of the HIFU beam bore 

similar effects to one away from the beam but placed at the same distance from the tumor site. 

The determining factor for the effect of HIFU on a neighboring organ was the distance of the 

organ from the tumor site instead of its presence in the path or away from the beam. In case of 

LITT, its effect on the neighboring artery decreased by 1.23% over a distance of 1.5 mm. 

 

3.4   Conclusions 

 

          The findings of this study allow the conclusion that HIFU is more focally contained 

compared to LITT. LITT caused more irreversible necrotic damage to the tumor site compared to 
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HIFU by 172%. Both the techniques resulted in thermal damage to neighboring artery, however 

the damage caused by HIFU was 4.67% less compared to that caused by LITT.  
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Table 2-1: Material properties of brain tissue [39, 40] 

 

 
 

 

 

 

 

 

Table 2-2: Material properties of arterial blood [39, 40] 

 

 
 

 

 

 

 

 

Table 2-3: Tissue properties used to compute fraction of necrotic tissue [33] 
 

 

 

 

 

 

 

 

 

 

 

 

 

Material properties of brain 

tissue 

Value 

Density 1050 kg/m3 [39] 

Speed of sound 1562 m/s [40] 

Thermal conductivity 0.537 W/ (m.°C) [39] 

Heat capacity at constant 

pressure 

3682 J/(kg.°C)  [39] 

Absorption coefficient 8.6 Np/m/MHz [40] 

Material properties of arterial 

blood 

Value 

Density 1057 kg/m3  [39] 

Speed of sound 1584 m/s [40] 

Thermal Conductivity 0.488 W/ (m.°C) [39] 

Heat capacity at constant 

pressure 

3651 J/(kg.°C) [39] 

Blood perfusion rate 0.866 1/s [33] 

Absorption coefficient 1.7 Np/m/MHz [40] 

Arrhenius equation 

parameters 

Value 

Frequency factor A 7.39 x 1039 1/s [33] 

Activation energy ΔE 2.577 x 105 J/mol [33] 

Polynomial order 1 [33] 
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