
This work is on a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International (CC BY-NC-ND 4.0) license, https://creativecommons.org/licenses/by-nc-
nd/4.0/. Access to this work was provided by the University of Maryland, Baltimore County 
(UMBC) ScholarWorks@UMBC digital repository on the Maryland Shared Open Access 
(MD-SOAR) platform.  

Please provide feedback Please support the 
ScholarWorks@UMBC repository by emailing 
scholarworks-group@umbc.edu and telling us what 
having access to this work means to you and why 

it’s important to you. Thank you.  

https://creativecommons.org/licenses/by/4.0/
mailto:scholarworks-group@umbc.edu


Perfusion mediated assessment of ablation margins 

1 
 
 

Pre-operative Assessment of Ablation Margins for Variable Blood Perfusion 

Metrics in a Magnetic Resonance Imaging Based Complex Breast Tumour 

Anatomy: Simulation Paradigms in Thermal Therapies 

Manpreet Singha,c,d,*, Tulika Singhb, Sanjeev Sonic 

aDepartment of Mechanical Engineering, University of Maryland Baltimore County, 

Baltimore, Maryland, USA; bDepartment of Radio-diagnosis and Imaging, Post Graduate 

Institute of Medical Education and Research, Chandigarh, India; cBiomedical Instrumentation 

Division, CSIR-Central Scientific Instruments Organisation, Chandigarh, India; dDepartment 

of Mechanical Engineering, Thapar Institute of Engineering and Technology University, 

Patiala, Punjab, India. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

*Correspondence to: 
 

Manpreet Singh, Ph.D (P), M.E. 

Department of Mechanical Engineering, 

College of Engineering and Information Technology, 

University of Maryland Baltimore County,  

1000 Hilltop Circle, Baltimore, MD 21250, United States. 

Phone: +1-(908) 405-7554; E-mail: snamra.manpreet@gmail.com  

Journal: Computer Methods and Programs in Biomedicine  

Cover Title: Perfusion Mediated Assessment of Ablation Margins 



Perfusion mediated assessment of ablation margins 

2 
 
 

ABSTRACT 
Background and Objectives: Image-guided medical interventions facilitates precise 

visualization at treatment site. The conformal prediction for sparing healthy tissue fringes 

precisely in the vicinity of irregular tumour anatomy remains clinically challenging. Pre-clinical 

image-based computational modelling is imperative as it helps in enhancement of treatment 

quality, augmenting clinical-decision making, while planning, targeting, controlling, monitoring 

and assessing treatment response with an effective risk assessment before the onset of treatment 

in clinical settings. In this study, the influence of heat deposition rate (SAR), exposure duration, 

and variable blood perfusion metrics for a patient-specific breast tumour is quantified 

considering the tumour margins thereby suggesting need of geometrically accurate models.  
 

Methods: A three-dimensional realistic model mimicking dimensions of a female breast, 

comprising ~1.7 cm irregular tumour, was generated from patient specific two-dimensional 

DICOM format MRI images through image segmentation tools MIMICS 19.0® and 3-Matic 11.0® 

which is finally exported to COMSOL Multiphysics 5.2® as a volumetric mesh for finite element 

analysis. The Pennes bioheat transfer model and Arrhenius thermal damage model of cell-death 

are integrated to simulate a coupled biophysics problem. A comparative blood perfusion analysis 

is done to evaluate the response of tumour during heating considering thermal damage extent, 

including the tumour margins while sparing critical adjoining healthy tissues. 
 

Results: The evaluated thermal damage zones for 1 mm, 2 mm and 3 mm fringe heating region 

(beyond tumour boundary) reveals 0.09%, 0.21% and 0.34% thermal damage to the healthy tissue 

(which is <1%) and thus successful necrosis of the tumour. The iterative computational 

experiments suggests treatment margins < 5 mm are sufficient enough as heating beyond 3 mm 

fringe layer leads to higher damage surrounding the tumour approximately 1.5 times the tumour 

volume. Further, the heat-dosage requirements are 22% more for highly perfused tumour as 

compared to moderately perfused tumour with an approximate double time to ablate the whole 

tumour volume.  
 

Conclusions: Depending on the blood perfusion characteristics of a tumour, it is a trade-off 

between heat-dosage (SAR) and exposure/treatment duration to get desired thermal damage 

including the irregular tumour boundaries while taking into account, the margin of healthy 

tissue. The suggested patient-specific integrated multiphysics-model based on MRI-Images may 

be implemented for pre-treatment planning based on the tumour blood perfusion to evaluate the 

thermal ablation zone dimensions clinically and thereby avoiding the damage of off-target 

tissues. Thus, risks involving underestimation or overestimation of thermal coagulation zones 

may be minimised while preserving the surrounding normal breast parenchyma. 
 

Keywords: Thermal therapy; Bioheat transfer; Patient-specific reconstruction; Breast tumour 

perfusion; Treatment margins; Thermal damage. 
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1. Introduction 

In medical oncology, quantification of tumour safety margins always remains erratic and 

arbitrary, as it may not reflect true or actual distance for tissue fringes beyond the boundary of 

tumour that needs to be sacrificed. Furthermore, there is an inextricable connectivity between the 

tumour and surrounding healthy tissue that makes this quantitative assessment even more 

arduous and challenging for the cases where no safety margins can be found. Thus, the prediction 

for sparing healthy tissue margins/extents, around a tumour, remains a challenge for available 

cancer treatment modalities including the thermal ablation methods [1]. Generally, wider 

margins beyond tumour boundary are sacrificed to avoid recurrence of cancer. These tumour 

margins are generally referred to as “security rim” and approximate value of 0.5-1 cm is reported 

in literature [2-5]. 

Magnetic nanoparticle-assisted thermal therapy (MNATT) is a minimally invasive non-

surgical cancer treatment that uses heat, induced by nanoparticles to kill tumour cells and desired 

tumour margins. In MNATT, a tumour embedded with magnetic nanoparticles, is subjected to 

an alternating magnetic field of certain frequency to induce irreversible thermal damage to 

diseased tissue. For such a therapy it is necessary to understand the heat-induced cell-death for 

a tumour and the healthy tissue fringes that needs to be sacrificed with heat conduction. This 

help in identifying under-heating within tumour periphery and overheating/hot-spots in 

surrounding healthy tissue especially for irregular tumour shape. As of now, there lacks studies 

that can establish a link between three-dimensional pre-operative planning and post-operative 

assessment to quantify accurate tumour margins and thermally ablative fringes [6]. Accurate 

determination of tumour margins enables a physician to deliver controlled heat and exposure to 

maintain the desired tumour margins in close proximity to tumours. 

Furthermore, the decisions about tumour margins are widely impacted by the clinical 

imaging information. This patient-specific tumour information obtained through magnetic 

resonance imaging (MRI), computed tomography (CT) etc. thus can be used to generate a three-

dimensional model [7-9]. Image-based tumour computations improve the treatment efficacy 

opting for suitable clinical treatment parameters like SAR for magnetic nanoparticle thermal 

therapy. 

The scope of this manuscript spans towards patient-specific tumour anatomy and 

implications of variable blood perfusion for evaluating the temperature distribution and thermal 

damage considering the tumour margins to specify blood perfusion based SAR and exposure 

durations for an irregular (real) tumour geometry. By incorporating various blood perfusion 

conditions, for moderately and highly perfused tumour, the thermal damage zones especially at 

irregular region of tumour are estimated while ensuring minimal damage to surrounding healthy 

tissue. Accordingly, thermal energy deposition i.e. SAR value and exposure duration are 

specified for the considered size of breast tumour to attain desired necrosis volume for two blood 
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perfusion cases. The ultimate goal is to improve precision while accurately determining the 

tumour margins with the aid of medical-imaging assisted computational analysis. 

2. Materials and Methods 

Simulations performed for hyperthermia sessions can be grouped into three distinct important 

tasks [10-15] 

1. Generation of patient model based upon the accuracy of obtained 

MRI/CT/MRA/Micro-CT scan to generate more uniform computational domain 

(Geometry); 

2. Pre-calculations for the distribution of power deposition in the tissue under analysis 

Specific Absorption Rate (SAR) in tumour , Metabolic heat generation (𝑄𝑄m) [16-17]; 

3. Spatiotemporal thermal distribution and thermal damage patterns within (ROI) region 

of interest: tumour core, interface (fringe heating zone~0-10 mm security rim) [2-3, 9, 18-

20, 63-64]; 

a. Identification of hot-spots to minimize collateral thermal damage [21]; temporal 

variation of blood perfusion as a function of thermal damage [22-23].  

b. Perfusion dynamics consideration (constant, variable (zero, low, moderate, high)) 

and mapping of thermo-physiological properties onto spatial coordinates [24].  

2.1 Patient specific 3D anatomical model generation 

Clinical breast MRI examination was performed at Post Graduate Institute of Medical 

Education and Research, Chandigarh, India with 1.5 Tesla (Siemens MAGNETOM Aera) using a 

standard and consistent clinical breast MRI protocol. One woman was imaged in the prone 

position using a dedicated multichannel surface array breast coil. After the native scan was 

obtained, Dynamic contrast-enhanced sequences (DCE) were acquired in axial plane employing 

3D T1- weighed fast gradient echo-based DCE series with one pre and three post-gadolinium 

(dose of 0.01 m-mol kg-1) contrast-enhanced sequences. The technical parameters employed were, 

Plane: axial, 8 channel breast coil, 3D mode, SPIR fat suppression, Parallel imaging Factor 1.5 

R/L, TR- 5.6 ms, TE-3 ms, Slice thickness of 1 mm and a flip angle of 10 degrees. The obtained set 

of DICOM images were used to locate the position and shape of the breast tumour. The 

reconstruction of complex multi-part geometries from the DICOM-compatible cross-sectional 

slices is difficult to incorporate due to inconsistencies caused due to face parameterization, and 

geometry decomposition errors. Till date, most of the previous reported studies had 

compromised the accuracy of the models by approximating the true shape of irregular biological 

tissues [23, 25-28]. Probably, our is the first reported work in context of breast cancer to address 

realistic three-dimensional irregular tumour geometry extracted from MRI scan. 
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The process of creating the multipart complex geometry from two-dimensional DICOM 

(Digital Imaging and Communications in Medicine) images sets is illustrated in Supplement file 

(section-1 Figs. S1 and S2). Two compartment model consisting of tumour and healthy breast was 

thus constructed from 108 images of MRI scan.  

The DICOM format data of MRI images was first imported into MIMICS 19.0® 

(Materialise’s Interactive Medical Image Control System), (Materialise, Leuven, Belgium) for pre-

processing prior to implementing simulation in COMSOL-Multiphysics 5.2® (Comsol AB, 

Stockholm, Sweden). Regions of interest were identified by different gray scale values (pixel 

values) for each identified tissue. Imported image slices were first cleaned with Gaussian filters 

to remove background noise and then segmented to identify the breast tumour and healthy fat 

tissue by selecting image contrast boundaries through thresholding operation for pixel values. 

Then the region growing (slice by slice) or dynamic region growing (extends the segmentation 

mask to other slices) operation was performed to eliminate noise and parts that were not 

connected. This operation enabled differentiation of tumour from the tissue by categorizing them 

with different masks. After threshold selection, the masks were subsequently used in a flood-fill 

operation during the reconstruction of the model. Thereafter, the model was meshed in 3-Matic 

11.0® to get surface layers for defining the boundary for use by COMSOL (Finite Element Method) 

packages. Quality of surface layers was further improved by applying morphology operations 

(Erode, Dilate) and techniques such as smoothing, stitching, wrapping, filling holes and triangle 

reduction to eliminate bad contours, intersecting and overlapping triangles, noise shells, planar 

holes and the inverted normal to facilitate error free computing. In this study, we have performed 

surface-volumetric meshing and exported the mesh geometry as .mphtxt file to COMSOL-

Multiphysics 5.2® and subsequently defined the material properties to the model domains. Linear 

interpolation and constant extrapolation were used to achieve smooth volumetric heat generation 

and to remove any incurring singularities. The constructed patient-specific two compartment 

breast model, including the tumour is shown in figs. 1 and 2. The white cloud appearance of 

tumour, in fig. 1, represents the pixel locations where the density was significantly higher than 

the healthy fat tissue as appeared during MRI scan [29].  

2.2. Computation of spatiotemporal temperatures 

Pennes bio-heat equation [30] was used to model the heat transfer to compute spatio-

temporal distribution of temperature within the domains i.e. breast tumour and healthy breast 

tissue, as per Eqs. (1) and (2).  

                                   𝜌𝜌𝑡𝑡𝑐𝑐𝑡𝑡
𝜕𝜕𝑇𝑇𝑡𝑡
𝜕𝜕𝑡𝑡

= 𝑘𝑘𝑡𝑡∇2𝑇𝑇𝑡𝑡 + 𝜌𝜌𝑏𝑏𝑐𝑐𝑏𝑏𝜔𝜔𝑡𝑡(𝑇𝑇𝑏𝑏 − 𝑇𝑇𝑡𝑡) + 𝑄𝑄𝑚𝑚𝑚𝑚𝑡𝑡
𝑡𝑡                    (1) 

𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐
𝜕𝜕𝑇𝑇𝑐𝑐
𝜕𝜕𝑡𝑡

= 𝑘𝑘𝑐𝑐∇2𝑇𝑇𝑐𝑐 + 𝜌𝜌𝑏𝑏𝑐𝑐𝑏𝑏𝜔𝜔𝑐𝑐(𝑇𝑇𝑏𝑏 − 𝑇𝑇𝑐𝑐) + 𝑄𝑄𝑚𝑚𝑚𝑚𝑡𝑡
𝑐𝑐 + 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐   (2) 
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Here, 𝑇𝑇 is temperature of tissue, 𝑘𝑘 is thermal conductivity of tissue, 𝜌𝜌𝑏𝑏 is density of blood, 𝜔𝜔 is 

blood perfusion rate, t is exposure duration, 𝑐𝑐𝑏𝑏 is specific heat capacity of blood, 𝑇𝑇𝑏𝑏  is arterial 

blood temperature (37°C), 𝑄𝑄𝑚𝑚𝑚𝑚𝑡𝑡
𝑡𝑡  and 𝑄𝑄𝑚𝑚𝑚𝑚𝑡𝑡𝑐𝑐  are amount of energy generated by metabolic processes 

within tissue and tumour (where superscript t denotes healthy tissue and c denotes cancerous 

tumour) respectively. 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐  is the heat generation due to magnetic field and nanoparticle 

interaction. Thermal and physiological properties of different materials considered in the present 

study are shown in Table I.  

Table I: Material, thermal and physiological properties of breast tissue 

Parameter Symbol Type of Tissue 
  Breast Fat   Breast tumour Blood 

Thermal conductivity, [Wm-1K-1] k 0.21[16] 0.48[16] 0.52[8] 

Density, [kgm-3] 𝜌𝜌 920[32] 1080[34] 1060[16] 

Specific heat, [Jkg-1K-1] 𝑐𝑐 3000[32] 3500[32] 4200[16] 

Blood perfusion, [𝑠𝑠−1] 𝜔𝜔𝑏𝑏 ∗ 4 × 10−3[35] 

∗∗ 8.3 × 10−3[33] 
    ∗ 2.1 × 10−2[35] 

∗∗ 5 × 10−4[33] 
---- 

Metabolic heat, [Wm-3] Qmet 400[16] 10936.45# ---- 
Source:        * highly perfused tissue 
                ** moderately perfused tissue 
                # calculated values from relation defined by [16-17]. 

As the tumour shape is irregular, the tumour diameter was calculated by averaging the 

information obtained from three principle planes X-Y (Axial), Y-Z (Sagittal), X-Z (Coronal) as 

shown in fig. 1. The diameter of tumour was found to be ~1.7 cm. The metabolic heat generation 

inside a breast tumour for diameter > 1 cm can be evaluated as follows: The tumour doubling 

time and the metabolic rate are related by hyperbolic function as 𝑄𝑄𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚𝑏𝑏𝑠𝑠𝑚𝑚𝑚𝑚𝑐𝑐 ∗ 𝜏𝜏 = 𝐶𝐶 (W day m-3) 

where, 𝐶𝐶 is constant; 3.27×106 (W day m-3) and 𝜏𝜏 is the time required for the tumour to double its 

volume. Further, tumour diameter (in meters) is related to 𝜏𝜏 (the time required for the tumour to 

double its volume) as 

                                                     𝐷𝐷 = exp [0.002134(𝜏𝜏 − 50)] × 10−2                                        (3) 

Therefore, the metabolic heat for the tumour was calculated as 10,936 (Wm-3) [16]. The influence 

of this parameter significantly affects the temperature distribution [31].  

In MNATT, the heating is induced due to Neél-relaxation losses for magnetic 

nanoparticles (<20 nm) and is defined through Specific Absorption Rate (SAR) which is the 

𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑐𝑐𝑚𝑚𝑐𝑐  term in Pennes’ equation [36-39]. It is measure of absorption of magnetic energy per unit 

volume of tumour tissue embedded with suitable magnetic nanoparticles when exposed to 

electromagnetic field [for formulation refer Supplementary section-II] [65]. In this study, SAR is 

averaged over the entire volume of the tumour tissue assuming uniform distribution of 

nanoparticles. Initially different SAR’s are chosen for different blood perfusion rates to narrow 

down on to a specific values between 1.6×106 Wm-3 to 2.2×106 Wm-3 with trade-off with exposure  



Perfusion mediated assessment of ablation margins 

7 
 
 

 

 

 
Fig. 1. MRI images of the tumour within predominantly fatty breast tissue are shown in three different views 
(Axial, Sagittal, Coronal). Tumour (white pixels) of 1.7 cm diameter is located within the left breast.  
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durations to ensure whole of the tumour is damaged considering sufficient margins. 

This volumetric heat generation rate is in agreement with the recently reported magnetic 

nanoparticle based in-vivo experimental study [40]. Considering this with different variable blood 

perfusion conditions (blood flow within a tumour), the objective function is to map the necrosis 

within tumour and tumour-healthy tissue interface for the treatment duration. A number of 

iterative computational experiments were performed to evaluate the spatiotemporal temperature 

and thermal damage by choosing different values of SAR and exposure durations based on 

tumour blood perfusion. 

 (a)  (b)  

 (c)  (d)  
Fig. 2. Constructed geometrical details of the tissues (a) 3D two compartment meshed model of breast, (b) 
Breast tumour in X-Y plane (Axial), (c) Breast tumour in Y-Z plane (Sagittal), (d) Breast tumour in X-Z plane 
(Coronal). 

2.3. Computation of thermal damage considering variable blood perfusion variation 

Arrhenius model was used to evaluate thermal damage as given by Eq. (4) which 

accounts for both the temperature and time.  

Ω(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝜏𝜏) = 𝑙𝑙𝑙𝑙 �𝐶𝐶(0)
𝐶𝐶(𝜏𝜏)

� = ∫ 𝐴𝐴𝑒𝑒�
−𝐸𝐸𝑎𝑎

𝑅𝑅𝑢𝑢𝑇𝑇𝑡𝑡(𝑥𝑥,𝑦𝑦,𝑧𝑧,𝑡𝑡)�𝑑𝑑𝑑𝑑𝜏𝜏
𝑡𝑡=0    (4) 

where, A is Frequency factor [s-1], 𝐸𝐸𝑚𝑚 is Activation energy for irreversible damage reaction    

[Jmole-1] (refer Table-II), 𝑅𝑅𝑠𝑠 is universal gas constant [8.3143 Jmole-1K-1], 𝑇𝑇𝑡𝑡 is absolute tissue 

temperature [K] at a specific location (𝑥𝑥, 𝑦𝑦, 𝑧𝑧),  𝜏𝜏 is duration of exposure [seconds], 𝐶𝐶(0) is original 

concentration of cells, 𝐶𝐶(𝜏𝜏) is undamaged tissue cells. Arrhenius damage parameter Ω=1.0 

represents 63.2% cell death while Ω=4 suggests 98.2% cell death [41]. It is reported that values of 
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Ω exceeding 10 don’t have any physical significance [42]. Therefore, thermal damage in the range 

of 4≤ Ω ≤10 was reported as acceptable criterion for complete tumour damage [15].  

Blood flow within a tumour is an important contributing factor governing the thermal 

damage and thus the efficacy of magnetic nanoparticle thermal therapy based treatments. During 

heating, there is substantial increase in the blood perfusion within tumour due to vasodilation of 

capillaries and then there is decrease due to the thermal damage caused to vasculature [24]. 

Different models for blood perfusion, where the blood perfusion is varied as a function of 

temperature or thermal damage or degree of stasis, are reported in literature [15, 22-24, 43-46]. In 

this study, two blood perfusion conditions, for a homogeneously perfused tissue, were 

considered viz., (a) moderate perfusion and (b) high perfusion. Blood perfusion is varied as a 

function of thermal damage (Ω) as defined by Eq. (5) [22].  

 𝜔𝜔𝑏𝑏(𝑑𝑑) = �
𝜔𝜔𝑏𝑏,0;                                                       for Ω(t) ≤ 0            
𝜔𝜔𝑏𝑏,0[1 + 25Ω(𝑑𝑑) − 260Ω2(𝑑𝑑)];      for 0 < Ω(t) ≤ 0.1
𝜔𝜔𝑏𝑏,0{𝑒𝑒𝑥𝑥𝑒𝑒[−Ω(𝑑𝑑)]};                             for Ω(t) ≥ 0.1        

    (5) 

where, Ω(t) is thermal damage and 𝜔𝜔𝑏𝑏,0 represents initial blood perfusion rate.  

Table II: Arrhenius parameters considered in this study 

Parameter Symbol Type of Tissue 
  Blood Breast tissue 

Activation Energy, [𝐽𝐽𝑚𝑚𝑚𝑚𝑙𝑙𝑒𝑒−1] Ea 4.5 × 105[60] ∗ 6.03 × 105[24] 

Frequency factor, [𝑠𝑠−1] 𝐴𝐴 7.6 × 1066[60] ∗ 3.1 × 1098[24] 

Source:       * Thermal damage [24, 60] 

2.4. Boundary conditions and numerical solution 

The rate of heat loss at the surface of the breast tissue is expressed as follows 

                               −𝑘𝑘 𝜕𝜕𝑇𝑇(𝑥𝑥,𝑦𝑦,𝑧𝑧)
𝜕𝜕𝜕𝜕

�
𝑏𝑏𝑠𝑠𝑚𝑚𝑚𝑚𝑠𝑠𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑐𝑐𝑚𝑚

= ℎ𝑠𝑠(𝑇𝑇𝑠𝑠(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) − 𝑇𝑇∞)                                             (6) 

where, 𝑇𝑇𝑠𝑠 and 𝑇𝑇∞ are the breast surface temperature and ambient air temperature, respectively; 

ℎ𝑠𝑠 called surface conductance (where, ℎ𝑠𝑠 = ℎ𝑐𝑐𝑠𝑠𝜕𝜕𝑐𝑐 + ℎ𝑠𝑠𝑚𝑚𝑟𝑟) which includes radiative and convective 

components. The combined heat transfer coefficient, ℎ𝑠𝑠 as reported in literature is 13.5 W/m2°C 

[27, 47-49]. The bottom surface of the breast is the thoracic wall and which is at the core 

temperature of body, thus, the boundary condition in this region is 𝑇𝑇 = 𝑇𝑇𝑏𝑏 . Initial temperature 

(Tb) condition of 37°C, which is core body temperature, was imposed along with an ambient 

temperature (𝑇𝑇∞) considerations of 25°C. 

Overall algorithm was implemented in commercially available Finite Element Method (FEM) 

based solver, COMSOL Multiphysics 5.2 (Comsol Inc., AB, Stockholm, Sweden) by importing the 
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volumetric mesh of patient specific breast. After assigning material properties to the domains, a 

grid independence study was carried out for mesh quality and computation time. Extremely fine 

tetrahedral mesh elements were used to discretize the physical domain and quadratic lagrangian 

elements were used to discretize the solution space. The numerical convergence was occurred by 

updating pre-specified relative tolerance to 0.001 mm. Equation based modelling approach was 

used to compute thermal damage while simulating the dynamic effect of blood temperature. A 

direct linear solver, MUMPS (Multifrontal Massively Parallel sparse direct Solver) with default 

pre-ordering algorithm was used for solving the temperature field. The Backward Difference 

Formula (BDF) was used for time marching, and care has been taken to store the data at each step 

by assigning strict steps for the solvers. The Newton-Raphson algorithm was used for iteration 

in direct solver. The temporal resolution was selected as 0.01 with a time step of one second. 

Regarding the mesh convergence analysis, it is observed that that lowering the temporal 

resolution by half resulted in a less than 0.01% change in the average temperature distribution. 

The five-fold increase in the mesh elements (i.e. from 133707 to 513507) resulted in a difference of 

less than 0.1 °C in the average temperature of tumour and less than 1% deviation in volumetric 

temperature of tumour domain. The adaptive time stepping scheme was used to solve time 

dependent problem wherein the convergence criterion was kept at 10-6. Mesh Convergence 

analysis/Grid Independency test along with the flow chart representing the steps performed for 

the analysis are summarized in Table S1 and fig. S1 (refer Supplementary section-I) respectively. 

2.5. Criteria/protocol for tumour treatment 

A treatment protocol may be accepted if there is complete thermal damage to the tumour 

and less than 5% thermal damage for the surrounding healthy tissue [21, 50]. Few authors have 

mentioned in their work that there is problem of detecting tumour boundaries so a safety margin 

(fringe heating/security rim) of 10 mm is allowed in temperature range of 51-55°C [2]. In our 

study, a safety margin of 5 mm (from tumour boundary) is taken which is comparable with that 

reported for typical tumour diameter of 1.5 cm [19, 51]. Also, a fringe heating of 1-3 mm (‘fringe’ 

means distance from tumour boundary) which accounts for less than 5% damage to the healthy 

tissue is considered as threshold limit. The volume of the damaged healthy breast, was calculated 

as per Eq. (7) [46, 50] as follows: 

 % of damaged healthy breast tissue 

                              =�𝑉𝑉𝑑𝑑𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑒𝑒𝑑𝑑 ℎ𝑒𝑒𝑑𝑑𝑙𝑙𝑑𝑑ℎ𝑦𝑦 𝑏𝑏𝑏𝑏𝑒𝑒𝑑𝑑𝑠𝑠𝑑𝑑
𝑉𝑉ℎ𝑒𝑒𝑑𝑑𝑙𝑙𝑑𝑑ℎ𝑦𝑦 𝑏𝑏𝑏𝑏𝑒𝑒𝑑𝑑𝑠𝑠𝑑𝑑

� × 100% = �
𝑉𝑉𝑑𝑑𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑒𝑒𝑑𝑑 ℎ𝑒𝑒𝑑𝑑𝑙𝑙𝑑𝑑ℎ𝑦𝑦 𝑏𝑏𝑏𝑏𝑒𝑒𝑑𝑑𝑠𝑠𝑑𝑑
𝑉𝑉𝑏𝑏𝑏𝑏𝑒𝑒𝑑𝑑𝑠𝑠𝑑𝑑−𝑉𝑉𝑏𝑏𝑏𝑏𝑒𝑒𝑑𝑑𝑠𝑠𝑑𝑑 𝑑𝑑𝑡𝑡𝑚𝑚𝑚𝑚𝑡𝑡𝑏𝑏

� × 100%                (7) 

Here, V is volume of tissue. Also, another protocol proposed for prostate tumours implanted in 

mice defines the damage to healthy tissue as per Eq. (8) [21]; 
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                                 % Volumetric damage = �
𝑉𝑉𝑑𝑑𝑑𝑑𝑚𝑚𝑑𝑑𝑑𝑑𝑒𝑒𝑑𝑑 ℎ𝑒𝑒𝑑𝑑𝑙𝑙𝑑𝑑ℎ𝑦𝑦 𝑏𝑏𝑏𝑏𝑒𝑒𝑑𝑑𝑠𝑠𝑑𝑑

𝑉𝑉𝑏𝑏𝑏𝑏𝑒𝑒𝑑𝑑𝑠𝑠𝑑𝑑 𝑑𝑑𝑡𝑡𝑚𝑚𝑚𝑚𝑡𝑡𝑏𝑏
� × 100%                   (8) 

where, 𝑉𝑉𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚𝑟𝑟 ℎ𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡ℎ𝑦𝑦 𝑏𝑏𝑠𝑠𝑚𝑚𝑚𝑚𝑠𝑠𝑡𝑡 is volume of thermally damaged healthy tissue beyond tumour 

periphery and 𝑉𝑉𝑏𝑏𝑠𝑠𝑚𝑚𝑚𝑚𝑠𝑠𝑡𝑡 𝑡𝑡𝑠𝑠𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠  is volume of breast tumour. Thermal damage (Ω) is accounted as 10 

within the tumour and 4 ≤ Ω ≤ 10 for 3 mm fringe distance beyond tumour boundary for use in 

Eq. (7) and Eq. (8). Both the protocols were considered for evaluation of thermal damage in the 

present work. 

3. Results and discussion 

Figs. 3a, 3b, 3c, 3d and 4a, 4b, 4c, 4d shows typical maps and contours illustrating the temporal 

evolution of spatial distribution of temperature and thermal damage spread over time at tumour 

core and tumour-healthy tissue interface regions respectively. Both perfusion considerations i.e. 

moderate and high perfusion are reported with an effective demarcation of required thermal-

damage boundaries in healthy tissue region. Variable blood perfusion is considered as                

𝜔𝜔𝑏𝑏 = 5.3 × 10−2[𝑠𝑠−1] for highly perfused tissue and 𝜔𝜔𝑏𝑏 = 5 × 10−4[𝑠𝑠−1] for moderately perfused 

tissue. Earlier experimental studies on electromagnetic heating of breast tumours reported 

temperatures above 55°C near tumour boundaries [9] which are in agreement for present 

perfusion considerations. The quantitative and qualitative comparisons with the literature 

showing possible resemblances and differences are reported in Supplementary section-II. After 

performing multiple computational experiments for a moderately perfused tumour, it is found 

that it is indeed difficult to attain temperatures otherwise in irregular nodal region of tumour 

with SAR values less than 1.5×106 Wm-3. So, two SAR values i.e. 1.6×106 Wm-3 and 1.8×106 Wm-3 

are chosen. 

 Similarly for highly perfused tumour, repeated simulations suggests two SAR values of 

2.0×106 Wm-3 and 2.2×106 Wm-3. Corresponding intermediate computations for the temperature 

and thermal damage profiles are presented in Supplementary section-I. 

 It can be seen from fig. 3 that the spatial temperature distribution in the central tumour 

core region is nearly symmetrical. The spatially heterogeneous temperature distribution at the 

vicinity of tumour peripheral regions is attributed to small variations in the thermal-diffusion-

mediated heat transfer and the blood-perfusion mediated heat loss across the tumour tissue. The 

perfused tumour-vascular interface is considered as heat sink and has the ability to quickly 

dissipate heat. The irregular nodes of the tumour show small temperatures as expected for 

realistic cases. Insufficient thermal energy deposition in these irregular tumour nodes is probably 

due to the incurring significant heat loss for varying blood perfusion (between moderate and 

high blood flow). The small temperature changes at nodes is also evident from surface area to 

volume ratio relationship as indeed, it needs more time for temperature gradients to develop and 

propagate towards irregular nodes. Center slice plot for thermal damage mapping is shown for   
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1-3 mm fringe heating region adjacent to the tumour periphery suggests successful necrosis of 

whole tumour with clear demarcation of final layer of damage with yellow dotted line. For the 

moderately perfused tumour with SAR value of 1.6×106 Wm-3 for 218 seconds, Ω value of 10 is 

achieved within tumour core with corresponding temperatures of 60-95°C. From fig. 3c(ii), Ω of 

10 was attained in entire tumour core with some portions of tumour having Ω value of 8-9. 

Previous experimental estimates of Pearce et al., 2013 [42] suggests that thermal damage higher 

than Ω ≥ 10 doesn’t holds any useful significance. When Ω ≥ 10, i.e. C(t) ≥𝑒𝑒−Ω=5 × 10-5; thermal 

damage process is fully developed and no information is added by continually accumulating the  

Ω integral. It is a quantitative measure to show remaining undamaged tissue constituents and 

mapped within a cross-section of MRI slice (axial plane) for true tumour shape possessing 

irregular nodes which were otherwise difficult to be treated surgically.  

For effective protocol design; heat propagation front once cover entire tumour zones, 

treatment end point was defined for prevailing perfusion in tumour. Propagation of damage is 

confined within 5 mm distance from tumour boundary such that Ω is 6-7 within 1 mm distance, 

while Ω of 3-4.5 is observed for next 2 mm distance. Beyond 3 mm, as seen from fig. 3a(ii), the 

thermal damage is nil with corresponding temperature of 40°C while temperature within 

irregular tumour region is in hyperthermic range of 45°C. Thus, the exposure duration for 

moderately perfused tumour is equivalent to ~4 minutes. Therefore, it can be inferred from the 

results of figs. 3c, and 3d that the highly perfused tumour needs higher exposure duration as well 

as higher SAR for propagation of thermal damage to tumour boundaries and up to 3-5 mm 

distance beyond tumour. The exposure duration required to ablate the highly perfused tumour 

is approximately double as compared to that for moderately perfused tumour. 

Figs. 4a, 4b, 4c, 4d shows comparison of temperature and thermal damage focussing on 

the tumour boundaries and tumour irregular region. The white portion in the centre indicates 

that complete thermal damage is achieved on overall tumour volume. Further, the realistic breast 

tumour is irregular and comprises with an uneven spread in transversal (W) and longitudinal (L) 

directions. This patient-specific breast tumour extracted from MRI images have crests (or peaks) 

and troughs on surface with irregular nodes that are usually difficult to treat during surgical 

excision. These crests and troughs can be seen from temperature contours in 

fig.4a(i),4b(i),4c(i),4d(i).  Thus, for the chosen SAR value for moderately perfused tumour tissue, 

there is negligible tumour region left with temperatures less than 43°C and thermal damage of 4 

is attained. Furthermore, by increasing the SAR from 1.6×106 Wm-3 to 1.8×106 Wm-3, there is slight 

increase in thermal damage by an order of one at tumour boundaries while thermal damage starts 

propagating towards tumour irregular region.  

Higher perfusion suggests longer exposure duration with an approximate 97.65% 

increase in exposure time as compared to moderate perfusion with an average increase of energy 

deposition to 22.22%. It is indeed very interesting observation that heat transfer rate is lower in  
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(i) 

 
(ii) 

Fig. 3a. Center slice plot of temperature distribution and thermal damage at tumour core with reported SAR 
value of 1.6 × 106 Wm-3 at time instant of 218 sec for moderate blood perfusion as 𝜔𝜔𝑏𝑏 = 5 × 10−4[𝑠𝑠−1]. 
Thermal damage is shown for 1-3 mm fringe heating region adjacent to the tumour periphery. Yellow dotted 
line represents final layer of damage. 
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(i) 

 
(ii) 

Fig. 3b. Center slice plot of temperature distribution and thermal damage at tumour core with reported SAR 
value of 1.8 × 106 Wm-3 at time instant of 170 sec for moderate blood perfusion as 𝜔𝜔𝑏𝑏 = 5 × 10−4[𝑠𝑠−1]. 
Thermal damage is shown for 1-3 mm fringe heating region adjacent to the tumour periphery. Yellow dotted 
line represents final layer of damage. 
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(i) 

 
(ii) 

Fig. 3c. Center slice plot of temperature distribution and thermal damage at tumour core with reported SAR 
value of 2.0 × 106 Wm-3 at time instant of 510 sec for high blood perfusion as 𝜔𝜔𝑏𝑏 = 5.3 × 10−2[𝑠𝑠−1]. Thermal 
damage is shown for 1-3 mm fringe heating region adjacent to the tumour periphery. Yellow dotted line 
represents final layer of damage. 
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(i) 

 
(ii) 

Fig. 3d. Center slice plot of temperature distribution and thermal damage at tumour core with reported SAR 
value of 2.2 × 106 Wm-3 at time instant of 510 sec for high blood perfusion as 𝜔𝜔𝑏𝑏 = 5.3 × 10−2[𝑠𝑠−1]. Thermal 
damage is shown for 1-3 mm fringe heating region adjacent to the tumour periphery. Yellow dotted line 
represents final layer of damage. 
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(i) 

 
(ii) 

Fig. 4a. Comparison plot of temperature distribution with thermal damage, at reported SAR values of      
1.6 × 106 Wm-3, and moderate blood perfusion of 𝜔𝜔𝑏𝑏 = 5 × 10−4[𝑠𝑠−1] for time instant of 218 sec at tumour 
interface. Thermal damage is shown for 1-3 mm fringe heating region adjacent to the tumour periphery. 
Yellow dotted line represents final layer of damage. White colour surface in center of tumour shows that 
thermal damage spreads over the entire tumour center while surface contours over tumour irregular region 
show poorly heated region with mild hyperthermia temperature of 42°C. 
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(i) 

 
(ii) 

Fig. 4b.  Comparison plot of temperature distribution with thermal damage, at reported SAR values of      
1.8 × 106 Wm-3, and moderate blood perfusion of 𝜔𝜔𝑏𝑏 = 5 × 10−4[𝑠𝑠−1] for time instant of 170 sec at tumour 
interface. Thermal damage is shown for 1-3 mm fringe heating region adjacent to the tumour periphery. 
Yellow dotted line represents final layer of damage. White colour surface in center of tumour shows that 
thermal damage spreads over the entire tumour center while surface contours over tumour irregular region 
show poorly heated region with mild hyperthermia temperature of 42°C. 



Perfusion mediated assessment of ablation margins 

19 
 
 

 
(i) 

 
(ii) 

Fig. 4c. Comparison plot of temperature distribution with thermal damage, at reported SAR values of      
2.0 × 106 Wm-3, and moderate blood perfusion of 𝜔𝜔𝑏𝑏 = 5.3 × 10−2[𝑠𝑠−1] for time instant of 510 sec at tumour 
interface. Thermal damage is shown for 1-3 mm fringe heating region adjacent to the tumour periphery. 
Yellow dotted line represents final layer of damage. White colour surface in center of tumour shows that 
thermal damage spreads over the entire tumour center while surface contours over tumour irregular region 
show poorly heated region with mild hyperthermia temperature of 42°C. 
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(i) 

 
(ii) 

Fig. 4d. Comparison plot of temperature distribution with thermal damage, at reported SAR values of      
2.2 × 106 Wm-3, and moderate blood perfusion of 𝜔𝜔𝑏𝑏 = 5.3 × 10−2[𝑠𝑠−1] for time instant of 336 sec at tumour 
interface. Thermal damage is shown for 1-3 mm fringe heating region adjacent to the tumour periphery. 
Yellow dotted line represents final layer of damage. White colour surface in center of tumour shows that 
thermal damage spreads over the entire tumour center while surface contours over tumour irregular region 
show poorly heated region with mild hyperthermia temperature of 42°C.  
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this nodal region as compared to rate of heat transfer in remaining tumour volume. 

 The moderate perfusion metrics from fig.4(a) and fig.4(b) suggests 12.5% increase in heat 

deposition requirements for a compensatory reduction in exposure duration by 22.02%. There is 

absolute no change in maximum temperature while there is an evident modification of 

temperature contours on irregular nodes with an even more uniform spread of heat front. For the 

high perfusion, it is evident from fig.4(c)-(ii) and fig.4(d)-(ii) that adjoining tumour nodes near 

surface has completely attained thermal damage of Ω≥4.6 with a 10% increase in energy 

deposition and an average reduction in exposure duration by 34.12%. From fig. 4(c), fringes 

within 1 mm distance attained thermal damage, Ω of 5-7 with corresponding temperatures of 60-

70°C while 47°C is achieved at tumour irregular region. For this highly perfused tumour with 

SAR value of  2.0×106 Wm-3 for 510 seconds, as shown in fig. 4(c) is 20% more than that considered 

for moderately perfused tumour shown in fig. 3a. By further increasing the SAR to 2.2×106 Wm-3, 

the thermal damage propagates to 5 mm distance (beyond tumour boundary in some regions) 

within 336 seconds as seen from fig. 3d(ii) with an effective temperature increase of 2°C in tumour 

irregular region i.e. 49°C is reported.  

Thus, the decision regarding excessive energy deposition is based on energy balance at 

lowest trough and the highest crest that is balanced at the tumour surface. The effective cancer 

treatment protocol is based on the fact that the minimal tumour zone must develop temperatures 

in the hyperthermia zone while restricting damage within 3 mm distance. We estimated that the 

ablation tumour margins develops 50-55°C temperatures by heat conduction ensuring a safe 

margin which is an accepted criterion in context of breast cancer [9]. This can be well verified 

through visual inspection for higher perfusion metrics from fig.4(c)-(i),(ii) and fig.4(d)-(i),(ii) as it 

follows boundaries as per our defined function/algorithm in Comsol-Multiphysics 5.2 ensuring 

that the minimal thermal damage of Ω≥4.6 is achieved. Usually the thermal ablation zone is 

computed as per 𝑉𝑉 = (𝜋𝜋/6)𝐿𝐿𝑊𝑊2, which is an over-estimation of coagulation volume considering 

simpler ellipsoidal shape assumption [28, 69]. This drawback of ellipsoidal shape consideration 

around tumour is corrected with true boundaries rather than simply relying on 10 mm security 

rim and hence projecting better cosmesis for preserving the breast tissue. The designated 

boundaries represents voxels in 2D plane and can be extracted as three-dimensional coordinates 

via Comsol Multiphysics platform and mapped to original MRI image orientation and thereby 

ensuring effective pre-treatment planning. Those extracted voxel information can then be 

mapped with additional fringe damage at interface and restricted within 3 mm distance. It is 

evident from fig.4(c)-(i) and fig.4(d)-(i) that indeed additional 10% heat-deposition results in 

decrease in maximum temperature of tumour by 1°C but resulting in more uniform temperature 

distribution on the tumour surface. This is therefore, a trade-off between heat deposition, blood-

perfusion, and exposure duration while covering whole tumour parenchyma while sparing 

healthy tissue fringes near the vicinity of tumour.  
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3.1. Estimation of tissue/necrosis volume  

Breast tumour volume is approximated as 2572 mm3. Radius of tumour is approximated 

from the anatomical information from three principal planes (Axial/Transverse, Sagittal, and 

Coronal) as 8.5 mm (as per Figs. 1(b), 1(c), 1(d)). Volume of complete breast tissue is 1104000 mm3. 

The surface area of tumour is 1013 mm2 and that of complete breast tissue is 65220 mm2. Necrosis 

volume for 1 mm heating (beyond tumour boundary) is 1019 mm3, for 2 mm it is 2277 mm3 and 

for 3 mm it is 3798 mm3. The volumetric percentage of healthy breast tissue for 1 mm fringe 

heating reveals 0.093% thermal damage, for 2 mm fringe heating accounts to 0.21% thermal 

damage, for 3 mm fringe heating results in 0.34% thermal damage to healthy tissue which is well 

below 5% criterion. Also, the total necrosis volume including tumour and healthy tissue for              

1 mm, 2 mm, 3 mm fringes are 3591 mm3 (0.33%), 4849 mm3 (0.44%), 6370 mm3 (0.58%) 

respectively. As these volumetric percentages are very small (<1%), which indicates successful 

necrosis of tumour without affecting much of the healthy breast tissue. 

Fig. 5 shows the volume of damaged healthy tissue w.r.t. volume of healthy breast, 

calculated as per Eq. (7), within security rim of 10 mm fringe distance, with less than 5% thermal 

damage to healthy tissue [18,50]. This security rim is restricted to 5 mm in present analysis [19, 

51]. It can be seen from fig. 5 that % volumetric damage to healthy breast is less than 1% for 3 mm 

fringe distance and less than 3% for 10 mm fringe distance. Overall it is less than 5%, a criterion 

recently reported as subjective and arbitrary definition since there is no established protocol that  

 

Fig. 5. Volume percentage of damaged healthy tissue tissue w.r.t. volume of healthy breast within security 
rim of 10 mm fringe distance beyond tumour periphery. This security rim of 10 mm margin is generally 
considered due to difficulty in locating tumour boundaries. Fringe distance means heating of additional 
healthy tissue layers surrounding tumour i.e. at tumour-healthy tissue interface that is sacrificed to avoid 
recurrence/reappearance. 
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defines acceptable amount of collateral thermal damage [21]. 

Fig. 6 shows in percentage, the volume of damaged healthy tissue w.r.t. tumour volume, 

calculated as per Eq. (8), for fringe distance beyond tumour boundary. It can be seen from fig. 6 

that heating is restricted to 3 mm distance because beyond this, volume of damaged healthy 

tissue becomes more than 1.5 times the tumour volume. It seems the protocol as per Eq. (8) as 

shown in fig. 6 is better as it directly correlates with tumour volume. The analysis show that 

thermal damage (Ω) of 10 is achieved within entire tumour region and of 4-10 is attained beyond 

tumour margins ensuring the protocol that volume of damaged healthy tissue should not exceed 

the tumour volume. 

 

Fig. 6. Volume percentage damaged healthy tissue w.r.t. tumour volume for fringe distance beyond tumour 
periphery. The fringe heating is restricted to a margin of 3 mm as per the protocol designed in this study 
because beyond this, the thermal damage is approximately 1.5 times the tumour volume. Fringe distance 
means heating of additional healthy tissue layers surrounding tumour i.e. at tumour-healthy tissue interface 
that is sacrificed to avoid recurrence/reappearance. 

As per the protocol reported in most of the thermal damage studies, a security rim of      

10 mm is allowed to be thermally damaged with corresponding temperature of 50-55°C because 

it is difficult to map the tumour boundaries. Fewer studies report this damage within 5 mm fringe 

distance while other studies restrict the thermal damage within 5%. We followed the one with 

5% thermal damage threshold condition, which is widely reported in previous studies. So, 

thermal damage to healthy tissue must remain less than 5% and also it should not exceed twice 

the tumour volume. Both these conditions are achieved for 3 mm distance beyond tumour 

periphery and corresponding SAR values and exposure duration are reported to ensure complete 

ablation of the considered tumour while minimising the damage beyond 3 mm of tumour 

boundary. 
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In this study, we have addressed the requirement of Specific Absorption Rate (SAR), for 

an irregular shaped realistic tumour, considering the variable blood flow conditions. For this, the 

thermal damage propagation is evaluated at the interface of tumour and peripheral healthy 

tissue. Despite of difficulty to incorporate complexity and additional enhancement in 

computational time, investigators [8, 24, 28, 52-55] did suggested non-uniform 3D breast 

geometries with irregular tumours as part of future investigation in order to be used in clinical 

scenario which was successfully addressed in present work. The detailed extensive review 

regarding choice of inter-relational parameters can also be referenced from Singh M., 2016 [56]. 

Although the effect of blood perfusion on the temperature and thermal damage has been 

extensively studied by some investigators using simpler geometrical assumptions of cubical, 

cylindrical and spherical regions. But in reality neither the tissues are cubical nor spherical but 

are mostly composed of irregular shape [61-62]. The current study is, to our knowledge, the first 

numerical investigation that compared various blood perfusion based requirements of 

nanoparticles to map the clinically desired irregular tumour margins that needs to be sacrificed 

for the conformal treatment of tumour. Given the improved quality resolution of MRI images, 

superimposed on MRI angiogram, patient-specific modelling may lead to the development of 

geometrically-accurate models that can be used by interventional radiologists to design patient-

specific protocols. Simpler geometrical assumptions may lead towards underestimation or 

overestimation of the induced thermal coagulation volume (treatment margins) if the 

computational predictions are translated into patient-specific actual treatment protocols. An 

underestimation of thermal coagulation zone may result in over ablation while overestimation 

could result in incomplete ablation [57]. More recently, the importance of patient-specific 

modelling has been reported for liver anatomy in which exact liver shape is extracted from CT 

images but the shape of irregular tumour is sacrificed by manually constructing a hypothetical 

tumour domain [25]. 

The technical success of thermal ablation therapy is to fully encompass a tumour volume 

with adequate ablation margins while ensuring the safety of important anatomical landmarks 

(Organs at Risk). Both delineations (tumour and ablation zone) are projected in axial plane in 

present work. Our aim here, is to demarcate boundaries when it satisfies the ablation protocol for 

a patient-specific tumour. The literature reports a “Security Rim” of 0.5-1 cm [2-5]. Generally,           

5 mm ablation margin is advised as a denominator of complete ablation. Kim et al., 2010 [73] 

compare-and-contrast retrospectively qualitative visual assessment with 3D quantitative 

assessment using CT image fusion finds that 97.3% (107/110) of the cases were failed to achieve 

a 5 mm ablative margin in all surrounding directions practically. Their findings using CT image 

fusion analysis and radial multiplanar reformation technique supports the conjecture of 

restricting the ablation to a 3 mm ablative margin. They postulate that where there is no space, 

the consideration of thinnest ablative margin (≥ 3 mm) may be considered as minimum 
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requirement/criterion to circumvent any further chances of tumour recurrence (LTP-Local 

Tumour Progression-0%). Previous experimental assisted numerical investigation on gold-

nanoparticle assisted thermal ablation therapy demonstrates that it is possible to control the 

thermal damage within ≤ 3 mm distance from the nanoparticle region while sparing the healthy 

tissues fringes within 3 mm distance beyond tumour boundary for a uniform nanoparticle 

distribution assumption [68]. Thus, it is very important to remark that sacrificing 3 mm tissue 

fringes may be a subjective opinion but is very substantial where organs at risk (OR) are in near 

vicinity and the ablation margins > 5 mm-10 mm are not feasible as thermal damage beyond may 

reach the healthy anatomical structures such as in cases of Chest Wall Recurrence (CWR) [72]. 
Thus, we anticipate that the correlation to restrict the excessive ablation is expected to preserve 

for similar irregular tumour anatomies. However, this biological signature of thermal damage 

injury reach may seems to be intuitively correct but we still consider this as a subjective definition 

and the issue needs further attention to design more objective and reproducible methods to assess 

ablation margins. 

It is certainly true to remark that the computational model becomes more robust if 

additional tissue compartments are added into the priori-simulations. Breast Imaging Reporting 

and Data System (BI-RADS) classifies breasts into four categories in the order of radiographic 

breast density composition namely extremely dense (ED), heterogeneously dense (HD), scattered 

fibroglandular (SF) and predominantly fatty (PF), wherein predominantly fatty breast is found 

in about 10% of women  [66]. It can also be well verified from fig. 1 that the left breast, for which 

the results were computed, is a case of predominantly fatty (PF) breast. So, we have adopted this 

predominantly fatty breast composition as the base case to compute the treatment margins 

during magnetic nanoparticle assisted ablation therapy. Furthermore, it is reported in the 

literature that the temperatures are not significantly influenced by the breast density, wherein the 

authors used the thermal parameters of different breast densities for finite element simulations 

of heat transfer in biological tissue through COMSOL [67].  

Kindly note that the major focus of our work is to address the irregular tumour margins. 

The results are sensitive to irregular tumour geometry and so the manuscript is an improvement 

over simplified ellipsoid, cylindrical, spherical shaped geometrical tumour assumptions 

generally used by researchers.  

The limitations of present numerical work are, Firstly, this work was limited to only one 

breast scenario i.e. a female breast belonging to Class-I category. This limitation is modulated by 

the fact that this study aims to demonstrate the importance of computational tools, image 

processing (irregular tumour anatomy) rather than studying the associated complexities of 

variable scale within this model. For the discussed results, additional breast heterogeneities or 

tissue compartments may be added for a computational domain to investigate the sensitivity of 

thermal damage as a function of breast heterogeneity. Secondly, regarding the nanoparticle 

https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000390257&version=Patient&language=English
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distribution, there are multitude of studies that focus on multiple injections at several sites in 

tumour to attain uniform nanoparticle distribution but multiple injections may induce cracks on 

the surface of tumour and resulting in metastasis of cancerous cells. However, uniform 

nanoparticles distribution assumption taken in the present numerical computation is based on 

MicroCT imaging assisted experimental studies dealing with nanoparticle injection analysis. 

LeBrun et al., 2016 [21] reported that slower infusion rates at 3 µL/min with single injection site 

resulting in repeatable uniform distribution of nanoparticles within a tumour. Furthermore, the 

nanoparticles undergoes redistribution and possibly migrate during low-intensive and high-

intensive heating from the regions of higher concentration to the regions of low concentration 

due to heat mediated porosity enhancement. The numerical model will become more 

comprehensive if heat mediated porosity enhancement aspect can be considered by researchers 

working in such area. Implementation of the nanoparticle heterogeneity is out of scope of the 

present manuscript but this issue may be incorporated in future work. Thirdly, in the manuscript, 

the macro-perfusion based approach is adopted over micro-perfusion to model thermal damage 

as the detailed vasculature was presently missing in a given set of MRI Images and needs more 

contrast agent injections in patients to capture and reconstruct the detailed tumour 

microvasculature by using high resolution-techniques [70-71]. The possible option to incorporate 

the effect of blood vessels can only be addressed by acquiring MRI angiogram of breast cancer 

patient. In the current work, image acquisition was done at 1.0 mm slice thickness which implies 

that more refined information is further needed to incorporate lesser distance between slices i.e. 

around 0.5 mm thickness or less with a larger number of data sets (>500). Thus, the retrospective 

nature of present work limits the provided MRI data to moderate spatial resolution. Furthermore, 

this study only examines the temporal variation of blood perfusion based on thermal damage for 

a homogeneously perfused breast tumour tissue. However, tumours are often heterogeneous and 

possess leaky tortuous vessels resulting in the spatial heterogeneity of blood flow. Therefore, 

such an attempt of numerical computation can further be refined with inclusion of spatial 

heterogeneity of blood perfusion. Lastly, the thermal damage front is highly dependent on kinetic 

parameters i.e. Arrhenius coefficients namely activation energy and frequency factor. Only one 

of the widely reported values of Arrhenius coefficients are used to compute the thermal damage 

and therefore, appropriate range can be studied in future computational experiments to 

understand the significance of these coefficients and their relative effect on ablation margins.  

Blood perfusion rate in breast tumours varies within an order of magnitude from      

5.3×10-3 to 5.3×10-2 m3s-1m-3 as reported in literature and adapted in this work [58]. Furthermore, 

perfusion rates in patients can be purposely modified (reduced or enhanced) via pharmacologic 

modulation to obtain typically considerable ablation zones. This pharmacological modulation or 

modification to tumour blood flow can be induced by injecting vasoactive agents or 

vasodepressants such as hydralazine (HYZ), phenylephrine (PE), halothane, vasopressin, or 
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epinephrine [45, 59]. Also, ethanol injection has been shown to augment the ablation zone by 

reduction of blood flow in a rat breast tumour model [74]. Thus, this preliminary work on ablation 

fringes using patient-specific integrated multiphysics models based on MRI-Images, can address 

the perfusion variation to evaluate the ablation zone dimensions. Hence, this study may serve as 

a link between three-dimensional pre-operative planning and post-operative assessment.   

4. Conclusions 

In this study, the influence of heat deposition rate (SAR), exposure duration, and variable 

blood perfusion metrics for a patient-specific breast tumour anatomy is quantified. The focus of 

the work is to evaluate the extent of tumour damage considering the tumour margins, for 

irregular tumour while sparing the healthy tissue. For moderately perfused tumour, SAR of 

1.8×106 Wm-3 with exposure duration of 170 seconds is required to completely ablate the breast 

tumour with Ω=10 at tumour core and of 4.5 at 3 mm distance beyond tumour boundary. 

Whereas, SAR of 2.2×106 Wm-3 for 336 seconds is required for tumour with high blood perfusion 

conditions and this exposure duration to treat highly perfused tumour, is approximately double 

than that for moderately perfused tumour.  

The analysis show that thermal damage (Ω) of 10 is achieved within entire tumour region 

and of 4-10 is attained beyond tumour margins ensuring the protocol that volume of damaged 

healthy tissue should not exceed the tumour volume. Both the conditions (i.e. temperatures above 

55°C near tumour boundaries and less than 5% thermal damage to healthy tissue) are achieved 

for 3 mm distance beyond tumour periphery. Corresponding SAR values and exposure duration 

are reported to achieve ablation of the considered tumour while minimising the damage beyond 

3 mm (margin) of tumour boundary. In summary, the iterative computational experiments 

suggest margins less than 5 mm are sufficient enough for the given patient-specific tumour rather 

than sacrificing typical 10 mm excessive healthy tissue fringes criterion used clinically. 

The present study is expected to unveil a deeper understanding of spatio-temporal 

perfusion dynamics in quantifying the tumour safety margins for magnetic nanoparticle assisted 

thermal therapy. Perfusion mapping derived from DCE-MRI utilizing patient-specific and site-

specific tissue perfusion could allow even more accurate predictions of ablation zone dimensions. 

In nutshell, this study demonstrates the methodology of patient-specific medical image based 

computation for estimating the thermal damage especially at irregular region of tumour as well 

as the margin of healthy tissue to be sacrificed for magnetic nanoparticle assisted thermal 

therapy. This is useful for future clinical translation to predict the therapeutic region in realistic 

time while incorporating real tumour geometries and blood perfusion for a patient-specific 

tumour anatomies. The expected outcome of this work is to develop a comprehensive 

understanding of: (1) How does the thermal ablation zone dimensions may be affected with 

perfusion mediated tissue heating? (2) How does the rate of heat transfer influence the volume 
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of coagulation? (3) Why irregular tumour shape and boundaries are important in order to predict 

accurate thermal ablation margins for sparing the healthy tissues?  
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