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Abstract. The colonoscopic electrosurgical polypectomy is a very popular surgical proce-
dure in which the colon polyps are removed. In this work, the mathematical description of
the electrical and thermal processes proceeding during this procedure has been proposed.
The mathematical model contains the specification of the considered domain’s geometry,
the system of the partial differential equations that governs heat transfer in the considered
particular sub-domains (i.e. polyp, colon and electrode) with the adequate initial-boundary
conditions, the system of the differential equations for determination of the electrical poten-
tial distribution in the tissue sub-domains, and the definition of the Arrhenius tissue damage
integral. Next, the example results of numerical simulations for the proper and incorrect
positions of the polyp in the colon are presented. The conclusions are also provided.
The proposed research can be helpful for the surgeons to choose the optimal set parameters
of the electric current during the endoscopy procedure.
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1. Introduction

An increasingly widespread gastrointestinal disease are polyps in the large in-
testine (colon). These polyps slowly grow inside the intestine and can become tu-
mors (approximately 15 percent of polyps). From the medical point of view, there
are many treatments including, for instance, the colonoscopic electrosurgical poly-
pectomy [1-4] in which the colon polyp can be removed directly. This method is an
invasive method of treatment (and is treated as a surgical procedure) and simulta-
neously an effective method for the prevention of colorectal cancer. The endoscop-
ic instruments such as: snares, clips, forceps and electrosurgery generator units
(ESU) have been used by doctors for colorectal polypectomy. Exact understanding
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the characteristics of these instruments and their proper use according to the geom-
etry of the colorectal polyp will enable endoscopists to be able to perform effective
procedure. The colonoscopic polypectomy is a continuously evolving therapy that
allows one to reduce the risk of the colorectal cancer. Gastroenterologists should be
thoughtful and proficient in techniques for endoscopic success. Difficult to reach
polyps require various endoscopic tricks for successful resection.

Knowledge of the course of thermal and electrical processes occurring during
this short-term treatment makes it possible to analyse them in detail. Mathematical
models and numerical simulations describing the ongoing processes can also be
helpful. In works [5, 6], the authors undertook the development of such mathemati-
cal models and presented examples of simulation results. The influence of current
parameters and its duration on the course of the polypectomy, especially in order
to determine the degree of the tissue damage, was investigated.

In this work, a similar problem is considered, in which during the electrosurgi-
cal polypectomy, the head of polyp may inevitably touch the intestinal wall, and it
can lead to inefficient heating of the part of the colon wall and the unexpected burn
(i.e. the tissue destruction) may occur.

2. Statement of the problem

In the electrosurgical polypectomy procedure [1-4], a polypectomy snare (wire
loop) is passed over the stalk of the polyp and is tightened around the polyp.
The snares are made from different metals and have different sizes (usually 0.3-0.5 mm
in diameter) and different shapes of a continuous wire loop (usually 20-25 mm in
diameter). The snare is placed within a flexible sheath (a typical size is of 3-5 mm
and length is about 2 m). The wire and sheath are affixed to a moving-parts handle
at the end of the device controlled by the surgeon who opens and tightens the wire
loop. In addition, the handle has an electrical connector that allows one to connect
the snare wire with an active cord to the electrosurgical generator unit. In the case
of the monopolar snares, a high frequency electrical current (usually in the range of
300 kHz to 1 MHz) is turned on on the electrosurgical generator unit for a very
short moment of time. At this time, the current flows from the electrosurgical unit
to the wire loop (which is the first electrode). Next, through the polyp-colon tissues
(which are in contact with the wire loop) and through other tissues of the patient’s
body to the second electrode placed, for example, on the patient’s back. The second
electrode is also connected to the electrosurgical generator unit.

The passage of the electric current through the living tissues generates heat (so-
-called the Joule heating effect) and, as result, the temperature within these tissues
increases. Here, the temperature rise is expected to be correspondingly high, which
causes the protein denaturation and the tissue coagulation [7, 8], which results in
the closing of the wound, the stopping of the bleeding and cutting off the polyp
from the colon wall.
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The highest concentration of the electrical current flowing in the tissues occurs
in a narrow channel — here, i.e. in the squeezed base of the polyp (this is only the
place preferred during the electrosurgical polypectomy procedure). Furthermore,
such a problem may occur in the case when the head of the polyp is in a very nar-
row contact with the colon wall (this case must be avoided, because it can lead,
e.g., to the colon perforation). In both cases, the Joule heating effect is a very inten-
sive. The local increase in temperature (over approximately 60°C) of the tissue
domains may lead to an irreversible cellular damage of tissue. This process is
called the process of thermal coagulation and may cause changes in the structure of
the tissues. If the current stops flowing then the warm tissues cause further heat
dissipation to the adjacent tissues. In Figure 1, the scheme of surgical operation in
the polypectomy is presented. Also, one can see the problematic case that may
occur during the current flow in this procedure.

el current flow

Fig. 1. Scheme of surgical operation in the polypectomy

An important issue is to describe the processes taking place during the electro-
surgical polypectomy procedure using the mathematical models. Here, three differ-
ent models (the electrical potential model, the model of thermal processes proceed-
ing in the biological tissues and the wire, the tissue damage model) are introduced,
but all the models are essentially conjugated together. The aim of the present work
is determine the spatial transient-state temperature distribution in the polyp-colon-
wire system and the thermal damage degree of the biological tissues. From the
mathematical point of view, the heat transfer proceeding in the vital tissues is usu-
ally described by the very popular Pennes equation [8-10]. This equation contains
two heat sources associated with the metabolism in tissues and the blood perfusion.
While the heat transfer in the wire loop (that squeezes the stalk of polyp) is de-
scribed by the Fourier equation. When the electric current flows through tissues,
the Joule heating effect takes place (the quantity of the heat source generation de-
pends on the gradient of the electric field potential), and then the heat source is in-
troduced into the Pennes equation as an additional term. One of the electrodes is
the wire loop, while the ground electrode is placed on the patient’s back skin (usu-
ally). Accurately taking into account such a geometry model is very complicated,
and the simplified model of the considered geometrical domain (i.e. assuming that
the ground potential is placed on the outer surface of the intestine) is considered,
and simultaneously the smaller difference of the electric potentials between the first
electrode (wire) and grounding on the “virtual’ surface of the intestine are assumed.
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If the electric current stops flowing through tissues then the heat generation in tissues
ends. However, heat continues to spread to the neighbouring tissue domains and
may cause further tissue destruction. The degree of the tissue damage is estimated
on the base of the value of the Arrhenius damage integral [11-13].

3. Mathematical model

The considered complex geometrical problem is simplified to the axially-
symmetrical problem. Two cases of the non-contact and contact polyp head with
the inner surface of the colon are analyzed. In Figure 2, the geometrical models of
the colon-polyp-wire domains are illustrated. One can see the three types of sub-
domains: QQ; — the colon tissue, Q, — the polyp tissue, Q; — the wire loop electrode.
The outer surfaces ', [, and I';; of the particular sub-domains are in direct con-
tact with the gaseous environment present in the colon. The surfaces I';_,, I';_; and
I',_; are the interfacial surfaces (the ideal contact between different sub-domains is
assumed). The surface I, is a part of the outer surface of the colon, while the sur-
faces Iy and T, are the ‘virtual cutting surface’ of the colon wall and the symmetry
axis of the considered sub-domains, respectively.
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Fig. 2. The considered domain (longitudinal cross-section) of the polyp-colon-wire system
cases of the non-contact and contact polyp head with the inner surface of the colon

Here, equations of the mathematical model in the 2D cylindrical axi-symmetrical
coordinates system are given. First, the governing equations related to the bio-heat
transfer model are presented. The temperature field in all considered sub-domains
is described by the system of equations [5, 6, 9]

ve.: e (). (1) ) _y [ (1)VT (x0)]

ot (D
+ Qpere (X’t) + Qmete (X’t) + anulee (X’t)



Electrosurgical resection of colorectal polyps — mathematical modelling of processes during medical treatment 47

where sub-index e =1, 2, 3 identifies the particular sub-domains (1 — colon tissue,
2 — the polyp tissue, 3 — the wire loop electrode), T [°C] is the temperature, x [m],
t [s] denote geometrical coordinates and time, while ¢ [J/(kg K)], p [kg/m?],
A [W/(m K)] are the thermophysical parameters, i.e. the specific heat, the density
and the thermal conductivity, respectively. In the above system of equations, the
terms Q,.,. [W/m?], for e=1, 2, are the capacities of volumetric internal heat
sources associated with the metabolic heat in tissues and can be treated as a tem-
perature-dependent function or a constant value, while in the wire loop electrode
domain, the source Q,,,;(x,f) =0 is assumed, of course. Assuming that the colon
and polyp tissues are fed by a large number of uniformly spaced capillary blood
vessels, hence the volumetric internal heat sources associated with blood perfusion
O,er. [W/m*] in the Pennes model can be treated as

(2)
0 e=3

o (x,t) _ {CbloudpbloodGblood e (X’t)[Tblood -T, (x,t)}, e=12
where c¢;,,4 1S the blood specific heat, p,,,; is the blood density and Ty, is the
average blood temperature of the body and Gy,,,, is the blood perfusion rate in the
tissue [m p100ay/(S M issue))], Which depends on the tissue thermal damage [14]

1425W, (x,1)-260(F, (x,1)) for 0<¥, (x,1)<0.1

)
exp(—‘Pe(x,t)) for ¥, (x,t)>0.1

Gb[ood e (X’Z) = Gb[oodOe '

in which Gy,,,4 is the baseline blood perfusion and YW is the value of the Arrhenius
integral (see Eq. (9) in the next part of the work).

The system of equations (1) is supplemented by the set of initial-boundary con-
ditions. On the interfacial surfaces between all sub-domains, the continuity condi-
tions are assumed, while the non-flux boundary condition on the boundary T, is
given. Moreover, on the external surfaces of the sub-domains, the Dirichlet-type
(on the boundaries I’y and I',) and the Robin-type (on the outer surfaces of the
sub-domains: I';;, 'y, and I';;) boundary conditions are assumed. In mathematical
notation, these boundary conditions have the form

:{—wn-vmx»r)]=—x,[n-vn<x,tﬂ
k-1 T, (x.t)=T,(x,t)

(k-1)e{(1-2).(1-3).2-3)]

xel,: n-VTe(x,t)Lerr:O, e=1,2 (4)

b

xe{FO,FZ}: T,(x,t)zT

tissue

xel',,: —Xe[n-VTe(x,t)]=0L8[T8(x,t)—Tamb(t)], e= 12,3
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where n is the outward-point unit normal vector to boundary, oo [W/(m? K)] is the
convective heat transfer coefficient and 7, [°C] can be treated as the gas tempera-
ture in the colon or 7,,;, = Tu.. The initial conditions are as follows

1=0: T,(x0)|_ = Tio(x), €=1,2,3 (5)

Here, one can assume that the initial temperature 7, is equal to the average
temperature 7T}, of the human body.

In Eq. (1), the term Q,,,,. related to the Joule heating effect [9, 15] inside the
tissue sub-domains is present. Here, in this model, the electrical current flows in
the interval 7 €[0,,,,,,, ] and the heating in this time interval takes place. The heat

generation rate per unit volume Q... is mainly related to the electric potential
field as

H ()i =) 0. [V (x)[ ife=1,2
0 ife=3

QJoule e (X’ t) = (6)

where @ [V] is the electrical potential, o [S/m] is the electrical conductivity, while
H is the Heaviside step function which describes the current flow over time
(so-called the duty cycle of the electrosurgical generator unit).

In order to determine Vo, (x), the knowledge of the electrical potential distribu-
tion in the tissue sub-domains is required. To achieve this, a system of differential
equations should be solved (the model of electrical potential) [5, 9, 15]

xeQ,: V-[o,(x)Ve,(x)]=0, e=12 (7)

supplemented by the adequate boundary conditions. On the wire loop electrode €2,
that is in the contact with the tissue sub-domains (the surfaces I'| 3, ', 3), the volt-
age U, is applied. The second/ground electrode is usually placed on the skin e.g. of
the patient’s back. Here, certain simplification has been adopted that on the “virtual
cutting surface’ of the colon wall 'y and on the outer surface of colon I', (assuming
that the analyzed part of the colon is in ideal contact with other human tissues),
the average intermediate value of the electrical potential U, is assumed. From the
computational point of view, to calculate the potential gradient value, the differ-
ence in potentials U, — U, is essential. Hence, it was assumed that U, = 0. Between
both tissue sub-domains Q,; and €,, i.e. on the surface I'|_,, the continuity condition
(4-th kind boundary condition) is applied, while on the remaining boundaries I,
I'y,, I, of the analyzed domain that are not in contact with the wire electrode, the
electrical insulation condition is assumed. To summarize, all boundary conditions
can be written as
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xe{l 3.0, 5} 0,(x)=U,, e=1,2
Xe{FO,FZ}: (03 (x)zU2

xel .- {G' [n'v(pl(x)]:cz[n'v@z(x)] ()
1-2 0, (X) =0, (x)
xe{l,,T,,.T,}: n-Vo,(x)=0, e=1,2

The solution of the system of heat transfer equations (1) leads to the determina-
tion of the spatio-temporal temperature distribution 7’ (X,t) in the sub-domains.
The significant increase in the temperature in certain parts of the polyp and colon
tissues above a certain threshold can lead to irreversible cellular damage (e.g. the
tissue denaturation). In this order, the tissue damage model based on the Arrhenius
model [10, 12, 13] is introduced. The Arrhenius damage integral allows one to
determine the degree of the tissue damage, and this integral is defined as

t AEe B
‘I’e(x,t) =‘([§e exp[—Rg (Te (X,r)+273)]d1, e=1,2 9)

where & [1/s] is the pre-exponential/frequency factor, AE [J/mol] is the activation
energy and R, [J/(mol K)] is the universal gas constant. One can note that the value
of this integral depends on the knowledge of the spatio-temporal temperature dis-
tribution (in other words, it depends on the tissue temperature history at the selected
point x of tissue). Based on the Arrhenius model, the calculated values of integral
over time at a specific point of the tissue domain are used to determine a probabil-

ity of cell death P,(x,t)= (1 —exp(-7, (x,t))) -100%. For instance, if the value of

Y is equal to 1 then a probability of cell death is about 63%, while if the value of ¥
equals 4.6, then a probability of cell death is about 99%, and it is assumed that the
thermal damage is almost total. From a patient’s treatment point of view, the area
of tissue damage should be limited to minimal one in the adequate place and simul-
taneously, it must be effective for medical procedure.

In the case of the considered problem in the 2D cylindrical axi-symmetrical
coordinates, the general coordinates x should be replaced by x= {r, z} in all of
the above equations. Additionally, then the two operators for the new coordinates
take the forms (fore=1, 2, 3)

[0 (1)) 12 () P20 2, (P2

or

|V(pe(x)|z:[acpe<r,z>j2+[acpe<nz>j2 (an
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From the computation point of view, the governing equations of the presented
mathematical model are coupled. First, the electric potential field distribution in the
tissue sub-domains should be determined. Next, on the basis of the gradient values
of the electric potential distribution, the internal heat source in tissues (the Joule
heating) should be calculated. Then the spatio-temporal temperature field in the
polyp-colon-wire system can be determined, and finally, the values of the Arrhenius
damage integral and the tissue damage degrees associated with them are calculated.

4. Results of simulation

The proposed mathematical model in the previous section has been solved
numerically using the Control Volume Method — CVM (known also as the Finite
Volume Method — FVM) [5]. Here, the detailed description of this method is omitted,
but the reader can find the details in works [16, 17]. Finding the analytical solution
for the mathematical model seems to be impossible for the complex geometry of
the considered problems.

As mentioned in the introduction, the influence of the contact area of the polyp
head with the inner surface of the large intestine on the course of the thermal and
electrical processes proceedings in the considered sub-domains in the selected
moments of time is analyzed. Three selected geometric cases of the polyp-colon
system are considered:

— case [: without contact of the polyp head with the large intestine,
— case II: with contact on a small area,
— case III: with contact on a large area.

1;13*’:%

otshie
i

Fig. 3. Discretisation of considered domain — three cases

The Voronoi discretisations of three cases of the colon-polyp-wire sub-domains
(such as the 2D cylindrical cross-sections) are presented in Figure 3. In the case I,
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the radius of contact is about 0.237 mm, and then the area of contact is about 0.237 mm?>.
While, in the case III, the radius of contact is about 0.522 mm and the area of
contact is about 0.856 mm?. In the cross-section, the control volumes have shapes
of the convex polygons, but in reality each control volume has the shape of a ring.

Fig. 4. Electric potential field distribution ¢ for three cases of domains
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Fig. 5. Internal heat source distribution G‘V(p‘z for three cases of domains

The following thermophysical parameters of particular sub-domains have been
assumed to perform sample calculations [18, 19]: A1 = A, = 0.55 W/(mK) (for current
frequency of /=400 kHz), A3 = 15 W/(mK), c1 = ¢ = 1041 J/(kgK), c3 = 500 J/(kgK),
Chinod = 3650 J/(kg K), p1 = p2=3655kg/m®, ps =8000 kg/m*, pprisoa = 1069 kg/m?,
Ghioodo 1 = Ghioodo2 = 0.538-10751, Omer1 = Omer2 = 684 W/m?, 1= 2= 0.25 S/m,
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o3 = 1.45:10° S/m, & =& = 3.1-10%® 1/s, AE, = AE, = 6.27-10° J/mol, R, =
=8.314 J/(molK). In the case of the colon and polyp tissues, the same values of
parameters have been taken into account, because the parameters for the polyp tissue
are unknown in the literature. In simulations, the following parameters are also
used: Thiooa = 37°C, Tinie = 37°C, Tump = 37°C, o1 = 02 = a3 = 10 W/(m?K), U, — U, =
=50V, theaing= 0.5 s.

Fig. 6. Temperature distribution at differential moment of time — case I

Fig. 7. Degrees of the tissue damage at differential moment of time — case I

In Figure 4, the electric potential distributions for three geometric cases of the
polyp-colon system are presented, while in Figure 5 the internal heat source distri-
butions for these cases are shown.
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In the next figures, the temperature fields and the tissue damage distributions
(the values of the Arrhenius integral V) at the selected moment of the simulation
times f;,,; ={0.25s, 0.5 s, 1 s} are presented. Figures 6 and 7 refer to the case [,
Figures 8 and 9 refer to the case Il and Figures 10 and 11 refer to the case III,
respectively. It should be pointed out that for time > #,,,,,, the current does not
flow by tissues (the Joule heating does not take place), but the thermal diffusion in
the polyp-colon-wire sub-domains takes the place, and the heat is still transferred
to neighbouring parts of tissues and the process of tissue damage is growing.

Loo*e
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90 C
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50°C

Fig. 8. Temperature distribution at differential moment of time — case II

Fig. 9. Degrees of the tissue damage at differential moment of time — case 11
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Fig. 10. Temperature distribution at differential moment of time — case III

12025

Fig. 11. Degrees of the tissue damage at differential moment of time — case III

5. Conclusion

The mathematical description of three physical problems (i.e. related to the
thermal processes proceeding in the living biological tissues and the domain of
wire electrode, the distribution of the electrical potential in the domain of polyp-
colon and the determination of the degree of tissue damage) have been proposed
and investigated. It is worth mentioning that these models are connected together.
This work is a continuation of the previous researches [5, 6], in which it was
extended to atypical (incorrect) cases of the polyp location in the large intestine
during surgery.
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Many variants of the simulations that depended on the contact area of the polyp
head with the inner surface of the large intestine have been carried out. In this
work, three selected cases: without contact, with contacts on small and larger areas
were presented. The most expected position of the polyp during the current flow is
no-contact of the polyp head with any part of the large intestine. But, when such
accidental contact occurs even on a small area, then the current flows through the
contact surface. Analysing various cases of the contact areas, it can be seen that if
the contact area is smaller, then the electric potential gradients near this contact
have the higher values and simultaneously the temperature of the tissues in the
neighbourhood of this contact increases. Increased tissue temperature (especially
on the side of the intestine) can lead to their damage and even eventually lead to
the colon perforation. It can also be seen that if the area of such contact is large
(i.e. exceeds the cross-sectional area at the height of the polyp’s squeeze by the
wire loop), then the Joule heating effect of the tissues in the neighbourhood of
this contact is weaker — however, such a situation is also undesirable and can be
dangerous for the patient.

The obtained simulation results (i.e. the distributions of temperature in the
system of tissues and wire loop domains and the distributions of the tissue damage
degree) can help doctors understand the physical problems occurring during the
electrosurgical polypectomy. These results can be very interesting both from
the mathematical and medical practice points of view. Some doctors do not have
much mathematical experience, especially in modeling such physical processes.

The presented illustrative results may be useful for the endoscopist in making
the decision just before cutting the polyp (the execution of the endoscopy proce-
dure). Here, the most important parameters for the doctor are: the appropriate
choice of the optimal heating time and the parameters of the electric current
depending on the position of the polyp in the colon.

The considered problem in this work has been solved numerically using the
Finite Volume Method in which the Voronoi tessellation has been used for the
discretization of the axially-symmetrical shapes of the particular sub-domains.
This kind of tessellation allows one to accurately reconstruct the shapes of the
sub-domains (of course, with simplified shapes). Also, the application of the FVM
enables very good numerical approximation of the mathematical equations presented
in the work. The simulations were performed in the authorial software. The pro-
posed mathematical model and results of the numerical simulations can allow for
the creation of safer clinical procedures and better treatment of the patients.
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