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ABSTRACT

Human chondrocytes were seeded on porcine collagen scaffolds and cultivated for up to six weeks in a
cartilage bioreactor. To evaluate the influence of cultivation parameters on the proliferation and
migration of the cells into the scaffolds, microscopic images from histological and immunohistochemical
stainings were taken and digitalized. For evaluation of these pictures, image processing algorithms have
been developed that enable quantitative conclusions with regards to aggrecan and collagen type |
concentrations as well as the number of cell nuclei within the scaffold and respective migration depths.
Furthermore, the number of scaffold lacunae and their orientation relative to the scaffold’s surface can
be determined. A total of 85 images of different cultivations under various conditions were processed and
the results evaluated by an expert. Additionally, the findings were related to results of available
conventional biochemical laboratory results. The outcomes showed very few minor flaws but were valid
in most cases. Some findings - as the distribution of the total cell number between cells on the surface
and inside the scaffold - are superior to conventional laboratory methods that do not give this insight. A
further advantage compared to the established common expert evaluation of these images, is that this
approach is faster and less dependent on the judgement of the individual expert and offers quantitative
results. The software development will be continued and applied for further optimizing of cartilage culture
conditions.

Keywords: image analysis; histological images; cartilage; scaffolds; bioreactor
1 Introduction

Structural and functional facial cartilage defects are mainly caused by congenital lesions, traumata and
cancer. Multiple and complex surgical interventions are necessary to repair those defects [1]. Tissue
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Engineering (TE) with autologous cells is an alternative therapeutical approach. Human chondrocytes are
seeded on porous scaffolds and cultivated to form new vital cartilage. During ex vivo culture cells
proliferate and migrate into the scaffold prior to implanting the construct into the patient. Unfortunately,
cultivating chondrocytes on 3D scaffolds to form new vital cartilage is very challenging and success is not
guaranteed due to the complex influencing factors, which are not fully understood yet. Next to
biocompatibility, biodegradability, biochemical and mechanical properties the structure of the scaffold is
a decisive factor. Open and porous scaffolds are essential for nutrition, proliferation and migration of cells
as well as for the development of new cartilage tissue [2,3]. Decellularized porcine cartilage scaffolds seem
to be a promising material to restore cartilage defects. The decellularization process eliminates all
immunogenic components of the cartilage in particular cells and glycosaminoglycans (GAG) so that a pure
chondroconductive collagen scaffold remains [4]. To assess the quality of cell growth and migration it is
common to take microscopic images from ultrathin sections of the preparations after immunostaining of
selected components. These images are usually interpreted by experts whose evaluation depends on their
skills and training. Furthermore, even a highly competent professional has difficulties quantifying values
like average migration depth, cell numbers and concentrations or average lacunae properties. This makes
a precise and objective diagnosis based on histological images an ongoing challenge for scientists.

A computer-aided diagnosis with image processing algorithms and techniques could be an alternative
approach for the evaluation of histochemical images [5,6] but has not been applied to chondrocyte
migration into scaffolds so far. Among the advantages are the reproducibility of the results, the possibility
of determining quantitative values for the comparison of images and the speed of an automated
computer-based image evaluation.

Unfortunately, there are no standard procedures or standard algorithms for performing meaningful
analyses. A relevant review about computational histological analysis of hematoxylin-eosin (H&E),
fluorescence and multispectral images is presented by Fuchs and Buhmann in [7]. The authors discuss the
preprocessing of images and segmentation of different tissue components to distinguish relevant from
irrelevant information. Those regions of interest (ROI) are characterized by defined textures or distinct
colors and shades. For additional image processing mathematical-morphological operations are utilized
which were first mentioned by George Matheron in [8]. Morphological processing operations require the
interaction of the given image pixel with an external set of pixels which form a structure element (SE).
They are utilized to remove insignificant structures by retaining the characteristics of an image.

In this paper a novel approach of segmenting histological images is presented that should offer objective
and quantitative data from histochemically prepared cartilage sample images for improving future
cartilage cultivation parameters. Ultrathin sections from decellularized porcine septal cartilage scaffolds
seeded with human nasal chondrocytes were analyzed. The results of 85 image analyses were controlled
by an expert and compared to the results of standard laboratory methods.

2 Methods

2.1 Material and Histological Image Acquisition

3D scaffolds of decellularized porcine nasal septum cartilage were seeded with human nasal chondrocytes
and then cultivated in a bioreactor (BR) with automated nutrient and gas supply for up to 6 weeks.
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Samples were taken from culture after 14, 28 and 42 days [9,10]. Additionally, statical cultivations without
medium flow were conducted for comparison to the BR. In total three cultivation attempts were
evaluated. The immunohistochemical staining procedures for aggrecan and collagen type Il are presented
in [11], for collagen type | and histological alcian blue staining in [12]. All samples were analyzed with a
Zeiss Observer.D1 Microscope and visual recordings were performed with the Zeiss AxioCam MRc Camera
with 1380x1040 pixels. For this purpose, the Zeiss software package AxioVision was employed. The images

were taken with a tenfold microscope magnification by a skilled medical technician. Typical sample images
with many chondrocytes in a cell pellet on top of the scaffolds can be found in Figure 1. It is also
perceptible that the more important composition within the scaffold may be very different from the
situation in the cell pellet.

Figure 1: Examples of histological images of decellularized porcine cartilage scaffolds seeded with
human chondrocytes. A: Imnmunohistochemical staining to detect collagen type Il as component of the
scaffold and synthesis product of the seeded cells (brown colouring). B: Tissue section after
immunohistochemical staining of collagen type I, which is produced by the seeded cells (red-brown
colouring). C: Alcian blue staining reveals the typical blue coloring of the muco-polysaccharids
produced by the chondrocytes and the darker cell nuclei whereas the scaffold’s matrix is nearly
transparent. D: Brown colouring indicates aggrecan production of the cells.
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2.2 Image Processing

The segmentation algorithm is divided into several stages and summarized in Figure 2. The algorithm was
implemented and realized with the Image Processing Toolbox™ in MATLAB®, Version R2016b (The
MathWorks, Inc.). For the observer’s comprehension of every single process step a user interface was
designed.

Brightness Correction

Segmentation and Image Cropping

Color Space Conversion

Object Classification

Evaluation Thresholding

Figure 2: Summarized segmentation process.

2.3 Brightness Correction

Because of different illumination conditions during image acquisition and variations in the staining
procedures the images differ in brightness and color intensities. To simplify the image analysis a first image
processing step normalizes the images and reduces illumination and staining differences.

All pixels contain information about red, green and blue intensities. A region of interest (ROI) is manually
selected, which complies with the background. This ROl with the size w X h is a subimage J of the original
image G.

The average red, green and blue channel values of the image J are calculated:
Rmean = =0y X1 1 (i j 1),Gmean = == 2oy S0 (1, 2) , Bmean = — 2=y TW1 1 (i), 3
mean = Wthzlzjzll(l:]' ),Gmean = Wthzl Zj:l](lv]: ), Bmean = Wthzl Zj:l](lv]: )

A new image F with size w X h is created containing the averaged values Ry,cqn, Gmean aNd Bmean in any
pixel. By subtracting F from G, a new image | is calculated as depicted in Figure 3.
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Figure 3: Four examples of brightness correction. In the two red images above collagen type | is stained. The
images below depict alcian blue stained samples. For each kind of staining an example for a brighter and darker
original image is given to prove that the normalized results are comparable. The green squares in the uncorrected
pictures on the left side represent the area, which is averaged (right pictures). Scales in the lower right corner are
removed because they interfere with the image analysis.
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2.4 Segmentation and Image Cropping

The aim of image segmentation is to highlight or differentiate objects from each other or from the
environment. Here, it is necessary to separate the cell pellet on the surface of the scaffold from the
scaffold matrix, in which the cells should migrate and differentiate. Therefore, several edge points of a
ROI are manually selected in the image on the surface line of the scaffold. These ROI points are used as a
polygon separation line. A binary mask is created with white pixels above and black pixels below this
polygon. The binary mask is then employed for separating the scaffold (SF) from the cell pellet (CP) on top

of the scaffold which results in two images I(SF) and I(CP), as illustrated in Figure 4.

Figure 4: Blue dots and lines represent selected ROI (left) and the resulting binary image (right).

2.5 Color Space Conversion

For further segmentation, the images I(SF) and I(CP) are converted from RGB color space into the HSV
color space. This transformation changes the pixel information from red, green and blue intensity into
Hue (H), Saturation (S) and Value (V), which represents the color, the purity of a color and the luminous
intensity of a pixel. H is defined in a range between 0 and 360 whereas S and V are defined in a range
between 0 and 1. The HSV color space is illustrated in Figure 5 and further explained in [13].

Value
Green A Yellow
120 1 60
Cyan /
180° B Red

Saturation

0.0 Black
Figure 5: lllustration of HSV color space.
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Active chondrocytes produce collagen type | & Il, glycosaminoglycans and aggrecan, with ratios depending
on their differentiation status. The concentrations of these substances can be evaluated after the
immunohistochemical staining and image analysis. Due to the unstained scaffold, which is bright and
transparent, good contrast to the stained area is given. The specific stained area in the aggrecan and
collagen type | stained images mark the ROls, which hue information are narrowed in a defined range. For
collagen type | the hue range is defined between 3 and 40 as well as between 350 and 358. For aggrecan
and collagen type Il the hue range is between 10 and 60 as well as 350 and 358. In Figure 6 two histograms
are presented that show the hue distribution of two images. Because of the bright color of the staining
methods, residues are left on the scaffold that are in the defined hue range of the ROI. The residues are
excluded by defining the value range. For collagen type | and aggrecan, the value channel V of every pixel
with V > 0.8 was set to zero. The value channel of every other pixel of the image that does not fit into the
defined hue range is also set to zero. When converted back to the RGB image, all pixels with V = 0 result
in black pixels. The new RGB images are then converted into grayscale images that are binarized into
I(SF)edited @and |(CP)edited (Figure 7) with a small threshold value slightly above 0. Every white pixel now
represents the ROI. Since the area of a camera pixel corresponds to approximately 0.42 pm?in the sample,
the size of the cell pellet and the area with produced aggrecan or collagen type | can be determined.

4

% 10

10

Bin counts
[=}]

0 50 100 150 200 250 300 350
HSV hue (in degrees)
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« 104
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0 50 100 150 200 250 300 350
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Figure 6: Hue histogram of a collagen type | image (top) and an alcian blue image (bottom).

Figure 7: A: Image I(CP) shows the scaffold area with stained collagen type |, B: Image I(SF)edited depicts detected
collagen type | in the scaffold as white pixels in the binary image, C: Image I(SF) represents cell pellet area with
stained collagen type |, D: Image I(CP)edited illustrates detected collagen type | in the cell pellet as white pixels in
the binary image.
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2.6 Cell Numbers and Migration Depths

The number of cells inside the scaffold and their migration depths are very important values for the
desired engineered cartilage. In order to assess the migration depth of the chondrocytes, cell nuclei have
to be identified. Images of preparations stained with alcian blue turned out to be best for the detection
of cell nuclei, which are blue stained in every image and overlaid by the other stains. To separate and
detect the nuclei in alcian blue images, a range for value and saturation must be defined. The value of
every other pixel, which is not in the defined range, is again set to zero. In the binarized image, the cell
nuclei are white pixels. Connected regions of white pixels represent a nucleus and are labeled with a
connected-component labeling algorithm (MATLAB function bwlabel). First, connected regions are
determined using the Moore neighborhood (8 neighbors). Afterwards, distinct numbers are assigned to
the regions, which label them in a unique way. For this, the union find algorithm is applied [14]. For
determining the important parameter of cell migration depth, the shortest distance from a detected cell
nucleus to the surface of the scaffold was calculated. The coordinates of the center of a labeled nucleus
are utilized as the position of the cell. The coordinates E, ; and E,, ; of the surface line of the scaffold are
identified using a canny edge detector (MATLAB function edge) [15]. An example is given in Figure 8.

Figure 8: Binary image (A), which represents the scaffold is in black. Using the canny operator, the
surface of the scaffold is detected, which results in a new image B.

If N represents the number of white pixels of the edge line, N different distances can be calculated
between one nucleus (Ny, N,,) and the edge line pixels (Ey ;, E,, ;) of the surface line:

D[i] = J(Ex,i —N) +(Eyi—N,) i=1,.,N

The shortest distance from D[i] is selected as the distance from the nucleus to the surface. Figure 9
shows the result of the detected nuclei as well as the determined distances to the edge.

URL: http://dx.doi.org/10.14738/jbemi.46.3854 [ 9 |
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100 pm

Figure 9: Image of an alcian blue stained sample with detected nuclei in the cell pellet (black framed)

and inside the scaffold (dark blue framed). The red horizontal line represents the border between the

scaffold and the cell pellet. The lines, which connect the red horizontal line with the nuclei, represent
the shortest distances.

2.7 Lacunae Analysis

On the basis that the decellularized scaffold matrix mainly consists of collagen type II, the samples are
brown colored after immunohistochemical staining of collagen type Il. Because of the high contrast
between the brown stained scaffold and the bright lacunae, this staining was employed to determine the
orientation and density of the lacunae in the scaffold, which are supposed to influence the cell
proliferation and migration. In Figure 10 the principle of lacunae labeling is presented with Figure 10 A as
an example. In the binarized and corrected image in Figure 10 C the lacunae can be distinguished. This is
done using the major axis of a corresponding ellipse that has the same second moments as the region

(MATLAB function regionprops). Likewise, the major and minor axis length and the number of pixels of
each lacuna are calculated.
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Figure 10: Principle of lacunae detection with original image (A) as an example. Detected lacunae (B)
are corrected with erosion and dilatation (C) and labeled as red ellipsis (D).

Since the orientation of the detected lacunae is determined relative to the x-axes of the image, the
orientation must be corrected relative to the surface of the scaffold. A straight line is fitted into the surface
pixels (MATLAB function polyfit), resulting in the slope k of the surface line. The orientation of the lacunae
relative to this surface can then be corrected with the slope angle a:

180
a = arctan(k) T
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3 Results and Discussion

The results of each segmentation algorithm were presented to an expert, who was asked to assess the
detected ROIs and results of the software. According to the expert the results of the algorithm were
comprehensible and correct. A more precise comparison between the software results and the evaluation
of the expert is difficult, because the human expert does not generate quantitative values.

For additional validation of the quality of the results, the outcome has been compared to the results of
different conventional laboratory methods. The total number of cells in and on the scaffold was
determined with the QuantiFluor dsKits (Promega, Fitchburg; WI, USA) as described in [8]. The total
content of Glycosaminoglycans (GAG) in and on the scaffold was measured by the Dimethylmethylene
Blue (DMMB) assay [16].

In Figure 11 the relation between the detected cell nuclei with the segmentation algorithm and the
determined cell number with QuantiFluor assay is presented. A dot represents the average of 6 samples.

1800000

y = 2467.9x + 487368 .

1600000 7 Rz = 0.5636 | | | °

1400000 -
1200000 -
1000000 -
800000 -

600000 -

400000 -

cells determined with QuantiFluor assay

200000 -

0 T T T T
0 100 200 300 400 500

cell nuclei detected with segmentation algorithm

Figure 11: Comparison between the cell count detected by QuantiFluor assay and the number of cell
nuclei identified by segmentation algorithm.

A correlation is clearly visible though the correlation coefficient seems not to be very high with R?=0.5636.
However, it should be considered that these biological samples show a high scatter even within the
laboratory results. Additionally, it must be emphasized that the laboratory methods and the algorithms
do not evaluate the same samples but only comparable samples, because each scaffold sample can only
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be used either for staining or for laboratory analysis, but the same sample cannot be used for a direct
comparison of both techniques. Regarding these boundary conditions, the correlation is quite reasonable.

Especially important is the fact, that this image analysis approach is the first method to distinguish
between cells in the pellet on the scaffold surface and the much more important cells within the scaffold,
which is not possible with the QuantiFluor assay or similar laboratory methods. The differentiation
between the cell count in the pellet on the scaffold’s surface and the migrated cells inside the scaffold can
be important, if different TE methods are compared to improve the migration of the chondrocytes into a
scaffold.

Another important value for cartilage quality or chondrocyte differentiation are the glycosaminoglycan
(GAG) and aggrecan concentrations, as these polysaccharides and proteins are relevant components of
cartilage produced by vital and well differentiated chondrocytes. The DMMB assay gives GAG content in
ug per scaffold. The developed algorithm delivers a different value: a relative area in um? that is stained
and detected as aggrecan. If both methods are valid they should exhibit a siginificant correlation. This is

depicted in Figure 12.
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Figure 12: Content of GAG in pg/scaffold determined by DMMB assay in comparison to the aggrecan
containing area defined by segmentation algorithm.

It should be repeated that the biological samples are highly variable and both methods were applied to
similar but not the same samples. This is an important reason for the seemingly low correlation coefficient
of R=0.5541. But even with this restriction there is a pronounced correlation that confirms the algorithm

results.
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In total 85 different images of three cultivation runs in the bioreactor and three cultivations under static
conditions were analyzed with the segmentation algorithm, which is able to determine cell nuclei,
aggrecan and collagen | on and in the scaffold separately. Additionally, the orientation, the size and the
density of lacunae in collagen type Il images is given as well as the migration depth of cell nuclei. For
example: In Figure 9 253 cell nuclei were detected in the cell pellet and 97 in the scaffold. The average
migration depth of the cells is 86 um while the largest detected distance is 287 um. Figure 10 D shows
214 detected lacunae with an average orientation of 57,7° relative to the scaffold surface. This newly
obtained data will be analyzed and investigated in more detail in a future paper.

4 Conclusion

This research work presents a novel approach of image segmentation algorithm, which seems to deliver
fast and meaningful results for the determination of cell numbers in and on top of the scaffold, migration
depths, aggrecan and collagen type | concentrations as well as the number of lacunae and their orientation
relative to the scaffold’s surface. To our knowledge, it is the first and only semi-automatic technique that
determines migration depths and lacuna properties. It also seems to be the first segmentation algorithm,
which separates the detection of cell nuclei, aggrecan and collagen type | between scaffold and cell pellet.
The algorithm will be employed to support the assessment of cultivation methods and conditions. Further
investigation will be performed to find out if the density, the size and the orientation of the lacunae have
an influence on cell migration and growth. More images will be analyzed to validate the results of the
algorithm, which will be also refined to improve the reliability of the method.
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ABSTRACT

Radiofrequency ablation (RFA) is a process that uses RF energy which is one form of electromagnetic
energy to destroy cancer cells. This is a minimally invasive technique to treat some kinds of cancer and
can be applied to nonsurgical patients. The frequency range of RF current is between 300 kHz to 1 MHz.
Tumors from lung, liver, kidney and bone may be removed by performing RFA. Here in our model a patient
specific simulator for Radiofrequency ablation (RFA) of liver tumors has been developed and the effects
of the presence of blood vessel inside the liver tissue on the temperature distribution and the volume of
ablation has been shown. And the effect of temperature distribution on the distance between large blood
vessel and electrode tip has been shown, all these effects has been shown for two different models one
is with vein wall and one without vein wall. Heat is generated within liver tumors utilizing RF energy from
RF current where the RF current is generated using a power generator. With the heat generation, the
tissue temperature reaches a temperature where cell death occurs. This cell death occurs when the cells
are heated to approximately 50 °C or above. Temperature should not exceed 100 °C because it will cause
overheating. We develop the model using ANSYS 16.2 and numerically solve the problem to view the
variation of temperature around the electrode tip within the liver tissue. We consider a model with blood
flow inside a vessel and which is in the vicinity of the heated tissue and a model without a vessel.

Keywords: RFA, vein, blood vessel,electrode .

1 Introduction

Liver cancer, also known as hepatic cancer and primary hepatic cancer, is cancer that starts in the liver [1]
. Cancer which has spread from elsewhere to the liver, known as liver metastasis, is more common than
that which starts in the liver [2]. Primary liver cancer is globally the sixth most frequent cancer (6%) and
the second leading cause of death from cancer (9%) [3][2]. In 2012 it occurred in 782,000 people and
resulted in 746,000 deaths [3]. There are many possible treatments for liver cancer which include surgical
resection, liver transplantation, microwaves, lasers, cryotherapy and finally RFA. Surgical resection has an
increased risk of complications such as liver failure and also depends on some factors such as tumor size,
multifocal diseases and position of the tumor. In cryosurgery liquid Nitrogen is used to freeze the tumor
tissue and thus destroys the tumor tissue. Liver transplantation requires a donor having a blood type that
matches or is compatible with the recipient’s. Microwave ablation is also a promising technique but
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currently RF is the most dominant treatment model as microwaves for ablation have to make an approach
with commercial and academic developments with less invasive and easier to use technique.

2 Background

RFA is a widely accepted method for treating liver cancer tumors, as it offers a less invasive alternative
compared to traditional surgical resection and is the method of choice for a large number of patients.
Surgical resection involves a major surgical operation that isn’t suitable for all patients due to multifocal
disease, tumor size and location of tumor in relation to key vessels [4]. RFA can be used for a greater
number of patients and it has a greater potential in repeated treatment of tumor recurrences or new
metastases compared to traditional surgical resection [5]. Although RFA is commonly used for many
patients, surgical resection still is the method with highest long-term survival rates [6]. This fact might
partially be a result of the high recurrence rates related to RFA which is a result of surviving tumor cells
close to large vessels due to the heat sink effect [7]. The liver is an organ with very high blood perfusion;
blood is supplied from two large vessels, the hepatic artery and the portal vein. Large veins branching
from the portal vein can be found throughout the whole liver. Numerous both experimental and
numerical modelling and simulation studies have been performed to investigate the nature of RFA in liver
tissue, several of these studying the effects of blood perfusion. The numerical approach is a common and
popular method of studying RFA. It is both fast and inexpensive compared to experimental studies; this
makes it a powerful tool both for investigating difficulties related to RFA and for the tryouts of new
approaches for improving the method total occlusion. Kolios et al. showed by a numerical simulation study
that microvascular perfusion of tissue plays a significant role in altering the amount of heat transferred to
large vessels, where an increased perfusion decreases the cooling effect from large vessels [8]. Different
approaches of decreasing blood perfusion in order to decrease the heat sink effect have been
investigated; vascular occlusion due to clamping and pharmacological decrease of blood flow has both
been shown to give an increase in ablation volume. According to Gilliam’s will a decreasing blood flow
decrease the cooling effects of perfusion but also increase the risk of vessel injuries due to ablation [9].

3 Equipment and Methods

3.1 Power Generator

The radiofrequency generator supplies RF current at a frequency at about 500 kHz and this RF current is
then applied to the patient’s target tissue. Then this current flows through the patient’s target tissue and
then back to a ground pad which is placed on patients back or thigh. As this current always changes its
direction, the ions in the area of target tissue try to follow the changes in direction of the current.
Therefore, for their movement a joule heating effect is obtained around the electrode. Power output for
different power generators lies between 60 W and 250 W.
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Figure 2 Application of RFA process

3.2 Electrode

Different types of electrode can be used in RFA.
Plain electrode
Cooled electrode

Wet electrode

R A

Expandable electrodes
l. Multitined electrodes
.  Coiled electrodes

5. Bipolar Electrodes
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plain

bipolar expandable, multitined expandable, spring

Figure 3 Different types of electrodes used in RFA

In this work, we consider a cooled electrode which has cool tip. The RF generator is supplying RF current
to the cool-tip electrode which has a needle like internally cooled geometry. An external pump is used to
pump cooling fluid. Cooling is done to ensure the deployment of more power into the whole tissue
compared to a non-cooled electrode and thus cooling protect the tissue near the electrode from charring.
Electrolyte solution can be injected into the tissue to improve thermal conductivity. But this is difficult to
model.

Figure 4 the Cool tip RF system [11]

Tissues can hold their stability functions upto about 40 °C but thermal injury can be occurred at any
temperature above 43 °C. Irreversible cell damage will occur in a few seconds if temperature is kept higher
than 50° — °55 C for around 5 minutes. Instantaneous cell death will occur if temperature is kept between
60 °C and 100 °C. Temperature should be kept within 100 °C because overheating occurs above this
temperature which vaporizes and carbonizes the tissues that produces an insulated layer on the electrode
surface and the volume of the tissue which can be treated is largely compromised [12]. The frequency of
RF Current is kept around 500 kHz and the voltage is 80 V.
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4 Principles of Heat Transfer and RF Tissue Heating

Here heat transfer takes place by two mechanisms: conduction and convection. Radiation can be ignored
[13].

4.1 Conduction

Fourier’s law of conduction is
oT
q=—k— (1)
Where g [W m?] is the heat flux, k [W m™? K] is the thermal conductivity and x is the direction of
temperature gradient.

Fourier’s law together with the first law of Thermodynamics gives the general heat conduction equation.
The following equation will help us to know the spatial and time dependent changes of the temperature
field in a heat transferring medium.

oT
pC > +V - (—=kVT) =0Q (2)
Here p [kg m?] is the medium’s density, C [J kg K] is the medium’s heat capacity and Q [W m™] is either
a heat source or sink.

4.2 Convection

Here a convective term is added to the general heat conduction equation to represent the convective
heat transfer within the flowing medium.

a
pCos+ V - (=kVT + pCuT) = Q (3)
Here u [m s!] is the velocity field vector of the flowing fluid.
Again Newton’s law of cooling represents the convective heat transfer from a medium to a fluid.

qs = h(Ts — To,) (4)

Here h [W m K] is the heat transfer co-efficient which depends on material property, geometry and
motion of the fluid flow and on fluid properties.

4.3 Bio-heat transfer

Heat transfer in tissue is also affected by the blood perfusion. Convection occurs between solid tissue and
flowing blood for blood vessel of all sizes. Vessel size, flow velocities and number of vessels in the volume
of interest have impact on the convection between tissue and blood. Pennes Bio-heat equation adds blood
perfusion and generated metabolic heat terms in general heat conduction equation.

pCI = V- (KVT) = myCy(T = Ty) + Qny (5)

Where my, C, and Ty, is mass flow rate, specific heat and temperature of the blood respectively [14]. Qn is
the heat generated in the metabolic process and this is negligible [15]. It is assumed in the Pennes Bio-
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heat equation that all the heat transfer between tissue and blood occurs in the capillary bed that means
capillary blood flow act as a heat sink [16].

4.4 REF tissue heating

RF tissue heating is based on the principle of inducing an ion current into tissue by the application of a RF
field between an electrode and a grounding pad. The friction that ion movement in the tissue causes
results in so-called joule heating (resistive heating). Biological tissues can be treated as quasi-static in the
RF range (300kHz — 1Mhz), this means that they can be described as purely resistive, neglecting the small
part of impedance that dielectric permittivity constitutes. Electric field, E [V m-1], applied to a tissue can
be described by Laplace’s equation:

—V(oVE) = -VeE =0 (6)

Where o (S/m) is the electrical conductivity, V (V) is the potential and V the gradient Operator. The
electrical conductivity o is the ability of a material to carry the flow of an electric current and depends on
concentration of the ions, temperature of the solution, specific nature of the ions. Conductivity value also
depends on time and temperature.

Although the exact behavior of o dependency of temperature in tissues in unknown, for temperature
ranges around body temperature the electrical conductivity increases linearly; when 1002 C are achieved
in the tissue, boiling and vaporization will occur, and thus raise of tissue impedance and insulating effects
of gas bubbles, leading to an electrical conductivity decrease .

Moreover, the determination of the electrical conductivity is a rapid and convenient means of estimating
the concentration of ions in solution [17].

The Ohm’s law demonstrates the relation between current flux J, the intensity of the electric field E and
the electrical conductivity:

] =cE (7)
where J is the current density (A/m?) and E is the electric field intensity (V/m).

The product of current density J and electric field intensity E generates the power density.

4.5 Fluid flow type

Fluid flow are of two types: turbulent and laminar. When the fluctuations of velocity are random it is
turbulent flow and the fluctuations of velocity don’t occur, it is laminar flow [18]. The Reynolds number is
an important parameter to determine whether a flow is laminar or turbulent. When Reynolds number is
less than 2300, the flow is laminar and any value greater than 4000 is turbulent. This are valid for flow in
pipes. Reynolds number for a pipe can be expressed by the following equation

ubD

Re = (8)

v
Here D is the diameter of the pipe, U is the mean velocity and v is the kinematic viscosity.
The blood flow in human body is laminar. It can be seen from the velocity profile which is parabolic in

shape with v=0 at the vessel wall and highest at the center of the stream. So the energy losses in the
flowing blood is reduced due to the orderly movement of the adjacent layer of blood flow [19].
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Figure 5 Parabolic flow profile[19] Figure 6 Fully developed laminar

velocity profile

5 RFA modelling with ANSYS

5.1 Geometry and materials properties
5.1.1 Liver

The liver tissue is assumed cylindrical in shape. The diameter of the cylinder is 50 mm and height is 100
mm. Thermal conductivity of perfused liver is 2.18 W m™ K[20] The material properties of the liver tissue

is shown in the figure below:

Name Symbol Unity Value
Density P kg/m’ 1,060
Specific heat ¢ Jkg-K 3,600
Heat conductivity k W/m-K 0.512
Resistivity o Q'm 3.003

Figure 7 Thermal and electrical properties of liver [21]

5.1.2 Blood and vein

The vein is hollow cylindrical with a diameter of 4 mm and the thickness of the vein is 0.5 mm. The blood
flows inside the vein. The property for blood and vein is given in the figure below:

Property Symbol Value
Density of blood P 1050 kg,"ms
Dynamic viscosity of blood My 0.0035 kg/m-s
Density of vein wall Pu 1120 kg/m’
Specific heat of blood Chp 3820 J/kg"C
Specific heat of vein wall Cruw 3780 J/kg°C
Thermal conductivity of blood < 0.492 W/m-K

Thermal conductivity of vein wall K, 0.56 W/mK

Figure 8 Material property of blood and vein [22].

COPYRIGHT® SOCIETY FOR SCIENCE AND EDUCATION UNITED KINGDOM m



Md. Mohaiminul Islam, Muhammad Asadul Islam; Radio Frequency Ablation of Liver Tumor-Influence of Large Vessels location and vein
wall. Journal of Biomedical Engineering and Medical Imaging, Volume 4, No 6, Dec (2017), pp 16-34

5.1.3 Electrode

The electrode has two parts, electrode base and electrode tip. The electrode base is made of plastic. The
electrode has a height of 90 mm. and diameter of 2 mm.

Constant Value
Electmc!c :f.:lcctrical 7 4eb S/m
conductivity

Electrode thermal

conductivity i
Electrode density 8000 kg/m’

Electrode specific heat 480 J/kg'K
Plastic electrical

conductivity le-5 S/m
Plastic thermal ;
conductivity 0.026 W/m'K
Plastic density 70 kg/m’
Plastic specific heat 1045 J/ke K

Figure 9 Material property of electrode [23]

All the parts are sketched in Solidworks 2016 and assembled to get the final assembly.

[l——Electrode base slestode
e

———— vein

L]} —— +—Electrode tip

v Electrode
Tip

)

*—— Liver

Figure 10 Schematic view of the model Figure 11 Schematic view of the model
(with vein wall) (without vein wall)

5.2 Mesh

The principal concept of FEM is to divide a region (1D, 2D or 3D), over which a certain physical behavior
and differential equation is valid, into smaller elements. A region divided into elements is called mesh.
The mesh element for a 1D-region constitutes of linear segments where the end points constitute the
nodes of the mesh. For 2D, triangular shaped mesh elements can be used where the three corners
constitute the nodal points. For 3D, tetrahedrons can be used as mesh elements where the four corner
points constitute the nodes [24]. Both for 2D and 3D cases other geometries then the above mentioned
can be used as mesh elements, such as rectangular- and box like geometries. The number of elements
that the region of interest is divided into will partly steer the accuracy of the solution, where more mesh
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elements offers a more accurate approximation. An increase in the number of mesh elements also
increases the size of the equation system that has to be solved.

The mesh size in the liver was set to increase smoothly from the middle of the model to the outer
boundary so that we keep a finer mesh around the electrode and the vessel but a coarser one in the liver
external walls. It is important to set a slow transition between the center of the model to the its
boundaries in order to prevent numerical instabilities. Details of mesh analysis is described in appendix 1.

Figure 12 (a) Schematic view of the mesh Figure 12 (b) Schematic view of the mesh
distribution (sectional view) distribution.(top)

5.3 Boundary conditions (BCs)

The geometry is divided into so called sub-domains that are regions separated by boundaries. It is very
important to impose correct computational domains and boundary conditions for not affecting the
accuracy of the results. Once the boundary conditions for all domains (liver and vessel) are set correctly,
it is possible to launch the simulation.

The outer boundaries of the liver and the inlet of the blood vessel are modeled with a Dirichlet condition
of 37° C equal to the body temperature.

The symmetry plane is set with the condition of zero heat flux (Newman condition) and the blood flow
velocity has been randomly set at a low value of 2mm/s.

According to the operating principle of the Cool-tip electrode and to the Dirichlet conditions, the
convective cooling by fluid flow is large enough to guarantee a constant temperature on the outer surface
of the electrode. Moreover, measurements done by Welp et al. in ex vivo experiments on liver tissue with
a cool-tip 2 mm electrode, demonstrated that for the entire duration of the thermal treatment the tip
electrode temperature were almost constant at 10°C.Based on that, the assumption for the temperature
electrode wall is equal to 10° C.

Table 1 for boundary conditions
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Domain Boundary Conditions
vein Initial temperature 37°C
blood Initial temperature 37°C and velocity 2mm/s
liver Initial temperature 37°C
electrode Temperature fixed at 10°C and fixed 80V at
electrode tip

e A *SE

5
-

Figure 13 Shows different domains

6 Result

Figure 14 shows the unaffected symmetrical Figure 15 shows the impact of large blood vessel
ablation volume which is created when no large considering no vein wall (6 mm from electrode)
blood vessel is present in the model
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Figure 16 shows the impact of large blood vessel considering vein wall (6 mm from electrode)

In this model the blood vessel of 4mm diameter was 6mm from electrode (center to center) .It can be
seen that maximum temperature in the absence of blood vessel was a little higher. And ablation zone was
larger in the absence of blood vessel. Both can be described by heat sink effect of large blood vessel. For
6mm distance of large vessel, presence of vein wall had no effect. And temperature distribution was
symmetric. For effective RFA modelling It was necessary to set an assumption - Ablative temperature less
than 100° C to be maintained constant during the therapy;

Because temperature higher than 100° C causes vaporization, carbonization, charring of tissue and cause
to increase impedance. Taking into account both assumptions and considering the initial temperature
value (body temperature of 37° C) in the model, it was possible to define an ideal curve.

Temperature vs Time [without blood vessel]
100

0

80

70

60

Temperature(C)

50

40

30
0.00 100.00 200.00 300.00 400.00 500.00 600.00

Time (s)

Figure 17 shows variation of temperature with time at electrode tip (doesn’t contain blood vessel)

COPYRIGHT® SOCIETY FOR SCIENCE AND EDUCATION UNITED KINGDOM m



Md. Mohaiminul Islam, Muhammad Asadul Islam; Radio Frequency Ablation of Liver Tumor-Influence of Large Vessels location and vein
wall. Journal of Biomedical Engineering and Medical Imaging, Volume 4, No 6, Dec (2017), pp 16-34

Temperature distribution(containing large blood vessel)
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Figure 18 shows variation of temperature with time at electrode tip (containing large blood vessel 6mm from
electrode)

Figure 5.12 was obtained keeping blood vessel at 6mm from electrode in both cases (considering vein wall

and not considering vein wall) gave same temperature distribution. Temperature distribution was uniform
throughout.

Similar simulation was done using COMSOL and the result is following graph.

SOURCE https://www.comsol.com/model/download/326381/models.heat.tumor_ablation.pdf

Point Gragh: Temperaturs (degC)

100 =

804 7

60+

Temperature (deqC)

40 —

Temperature ("C)
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L L
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) 0 10 20 30 40 50 60
Time (s)

- - - Solid model
—— Porous model

(Similar results were obtained by Montree Chaichanyut and Supan Tungjitkusolmun in 2016 [25])

To find the effect of large blood vessel location, position of the blood vessel was changed to 5mm from
electrode and figure 5.13 and 5.14 was obtained.
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Figure 19 shows the impact of large blood vessel
not considering vein wall (5 mm from electrode)

Figure 20 shows the impact of large blood vessel
considering vein wall (5 mm from electrode)

An interesting observation in this simulation was, though temperature was lower at vessel side when we

didn’t consider vein wall it changed when we considered vein wall. Temperature was higher at vein wall
than other side.

Temperature distribution (2mm from electrode tip)

&

Temeprature{C)

10

Time({s)

Temperature distribution{2mm opposite from blood veszel)

—Temperature distribution|{2mm along blood vessed)

Figure 21 Shows variation of temperature between equally spaced (2mm) one in blood vessel side and
another on the opposite side (not considering vein wall).
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Temperature distribution (2mm from electrode tip)

Temperture(C)
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Time(s)
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Temperature distribution|2mm opposite from vein)

Figure 22 shows variation of temperature between equally spaced (2mm) one in blood vessel side and
another on the opposite side (considering vein wall).

Figure 4.15 & Figure 4.16 shows temperature distribution 2mm from electrode one considering vein wall
another not considering vein wall. Again temperature was little lower at blood vessel side when vein wall

was not considered, But this trend changed when vein wall was considered, In this case temperature was
higher at blood vessel side.

Temperature distribution (1.5mm from electrode tip)
BO

70

&0

50

&0

Temperature(C)

30
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] 100 200 300 400 500 00 70D
Time (s}

— TEmperature distribution]1.5mm dong blood vessel)"

Figure 23 shows variation of temperature between equally spaced (1.5mm) one in blood vessel side and
another on the opposite side(not considering vein wall).
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Temperature distribution (1.5mm from electrode tip)
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Time(z)

= Temperature distribution{1.5mm aong blood vessel)"
= Temperature distribution|1.5mm oppasite from bl ood vessel)"

Figure 24 shows variation of temperature between equally spaced (1.5mm) one in blood vessel side and
another on the opposite side ( considering vein wall).

This trend continues for temperature distribution at 1.5mm distance. Again temperature was higher at
blood vessel side when vein wall was considered and lower vein was not considered.

Now we decreased distance of blood vessel and electrode tip to 4mm.

T The et Teweiter b

Figure 25 shows the impact of large blood Figure 26 shows the impact of large blood vessel not
vessel considering vein wall (4 mm from electrode) considering vein wall (4 mm from electrode)
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Temperature distribution (1.5mm from electrode tip)
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Figure 27 shows variation of temperature between equally spaced (1.5mm) one in blood vessel side and
another on the opposite side (not considering vein wall).

Temperature distribution (1.5mm from electrode tip)
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Figure 28 shows variation of temperature between equally spaced (1.5mm) one in blood vessel side and
another on the opposite side (considering vein wall).

And again the same thing happened. So it can be seen that as the distance between large vessel and
electrode decreased effect of sink effect of blood increased. When vein wall was not considered
temperature of vessel side was less than opposite side and when vein wall was considered this trend

changed and temperature was higher at vessel side. Higher temperature at vessel side may cause cell
damage.

7 Discussion

When considering the results of this work we have to be aware of the large uncertainties and
approximations which are associated with modelling complex biological situations with bio heat transfer
models. It has to be emphasized that the results of this report only work as a prediction of the used model;
the results can’t in any way be extrapolated to the real in vivo situation without performing any verifying
in vivo experiments. In spite of this the work can be seen as guiding in a qualitative manner when
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considering RF heating and heat transfer in the vicinity of large vessels. Strengthening for the developed
model is the attempt to bring together a tissue perfusion model with modelling of blood flow within large
vessels. A shortcoming of the developed model is the lack of temperature dependent thermal
conductivity. It is very likely that thermal conductivity of tissue depends on temperature, either by
changes in blood perfusion or by changes in other tissue properties. It is likely to believe that thermal
conductivity increases for relatively small increases in tissue temperature due to increasing tissue
perfusion. In addition it is possible to believe that thermal conductivity decreases, to a value lower than
that for 37°C, for high temperatures due to coagulation of blood in the microvascular blood flow. This
behavior makes it difficult to model thermal conductivity of tissues in a reliable manner. A possible effect
of temperature dependent thermal conductivity on the ablation result is a lowering of the heat sink effect
for high temperatures, due to decreasing thermal conductivity. At the same time it is possible to believe
that a decrease in thermal conductivity results in a heating more centralized around the electrode,
resulting in a smaller ablation volume. To increase the accuracy of the second degree regression model a
larger number of simulations would have been necessary; this was not possible to perform due to the
limited time frame of this work.

8 Conclusions and Future Works

From the result, it has been seen that the temperature near the vein wall is more compared to the
temperature at a point in the opposite direction which might cause cell damage within the vicinity of vein
wall. But if we do not consider vein wall temperature distribution becomes more uniform.

Again if we increase the distance between electrode and blood vessel, the heat sink effect will decrease
and that increases the simulated model’s volume of ablation. For a certain distance (for our case 6mm)
there was no effect of presence of blood vessel, as the distance decreased heat sink effect of blood vessel
increased .If blood flow velocity and vessel diameter increases, the heat sink effect will increase and that
decreases simulated model’s ablation volume, And increased blood flow may help to lower temperature
at vein wall help preventing cell damage.

Since experimental verification is not done, a more accurate model can be developed in the future by
comparing between the practical experiments and the simulation results. We can test our model by
changing number of vessel, dimensions and parameters such as blood flow velocity, distance between
electrode and vessel, angle between RF electrode and blood vessel, treatment time and applied power
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