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Integral Transform Solution to the
Endometrial Ablation Problem

Menorrhagia is an ailment experienced by a sigaificnumber of women during their
reproductive years. This condition is associatechéavy menstrual bleeding and while
medical treatments are possible, its effects argedimited. Surgical procedures often
employ a hysterectomy but the total removal ofutegus involves high costs and also
sometimes a moderate health hazard. Less invasaérents were devised, and over the
years a technique called endometrial ablation hasdme increasingly popular especially
in the United States and in Europe. This treatnemtoves the endometrium by inserting a
latex balloon filled with a solution at a high teewpture inside the uterine cavity.
Therefore, in order to assess the effectivenetiiofreatment, accurate predictions of the
temperature field are needed. The present coniohwaddresses this thermal problem and
adopts the Pennes’ bioheat transfer equation toherattically determine the transient
temperature distribution across the uterus walldploying finite integral transforms.
Special focus is given to situations in which #mperature of the fluid inside the balloon
is no longer constant and may impair the effectagsnof the treatment. On general terms,
it was found that the temperature distribution tsosgly dependent on the perfusion
coefficient and is also significantly affected bye trate of the decay of the fluid
temperature inside the balloon.
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Introduction

Menorrhagia affects about 30%
throughout the course of their fertile years, arid considered to be
the main reason of complaint in a gynecologist ficac In some
cases, this state can present itself in such aerselway that daily
activities cannot be carried out in a proper fashiérom a medical
point of view, menorrhagia is technically definesl ‘@he loss of
more than 80 ml of blood per menstrual cycle” whinhy last for
more than seven days. On a long range, menorricagidead to an
iron-deficiency anemia and, therefore, it is coasid to be an
important healthcare issue (Oehler and Rees, 2001).

Dysfunctional uterine bleeding can be triggered fmany
factors. Uterine fibroids, pelvic inflammatory dése, estrogen or
progesterone imbalances and high levels of prcastdgls or
endothelins are considered to be the main causeedrrhagia. In
some circumstances, liver, kidney or thyroid dissamay, as well,
produce an excessive uterine bleeding. Menorrhagidiagnosed
through a series of blood tests in conjunction withultrasound, an
endometrial biopsy and a hysterescopy, which is isuav
examination of the uterine cavity. Once prognostidait can be
treated by a hormonal therapy, prostaglandin indibiand an iron
supplementation if the presence of amenia is awefit However,
such strategies require a long term commitment raagl produce
side effects. While non hormonal procedures may lbésemployed,
a drug based therapy for the treatment of menomhag often
reputed as ineffective (Baldwin et al., 2001).

Surgical means have long been utilized as a wayetd with
excessive menstrual bleeding. Until recently, tlesthprevalent one
was hysterectomy, in which the uterus is totallpoged. While this
procedure grants an almost 100% rate of succeissait extremely
invasive operation involving high costs togetherthwia slow
recovery time. During the last 20 years, less drastatments were
devised yielding to the concept of endometrial titwta The various
methods of ablating the endometrial layer stem ftbenobservation
that the complete destruction of this uterine gtratcauses a
permanent state of amenorrhea. Consequently, tire pnapose of
this intervention is to selectively destroy the emétrium beyond
the point of regeneration. The thermal balloon tdmamethod is
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particularly well accepted within the medical commity, and
studies such those of Friberg et al. (1996), Vikbsal. (1996) and
Buckshee et al. (1998) provide an interesting arhainclinical

of women worldwidesvidence asserting the effectiveness of this pdaicherapy. In this

technique, a latex balloon filled with 10 ml of @rde solution at a
pressure of approximately 160 mm Hg is placed msite uterine
cavity of the patient. A 160 x 3 mm plastic cathatennects the
balloon to a control unit, which is designed toulege both the
pressure and the temperature of the sterile fliiieating element
continually raises the temperature of the intrafmall solution to
approximately 87C after which both the pressure and temperature
are kept constant for the next 8 minutes. During preriod, heat is
constantly transferred from the balloon to the mliweing of the
uterus producing a thermal injury.

It appears that few investigators have attempted to
mathematically model the transient temperatureiigion through
the uterine tissue when subjected to an endomesidhtion.
Baldwin et al. (2001) considers the uterus as agslaingle region
structure and adopts a finite difference soluti@hesne for the
bioheat transfer equation in order to determine tlepth of
irreversible tissue damage, which is an importarameter in the
evaluation of the efficiency of this procedure. Themerical
simulations revealed that the effect of the utenmatabolic heat rate
can be neglected in the prediction of the tempegdfield. On the
other hand, the degree of injury is significantfigeted by the blood
flow rate circulating within the uterus. Among thevarious
findings, the authors conclude that the zone oberetrial thermal
destruction lies in the range of 3 to 6 mm whichrelates well with
experimental data (Singh et al., 2000). Presgraval.e(2005b)
derive an analytical-numerical solution based degrel transform
techniques to a generalized bioheat transfer emuat which the
endometrial ablation process is studied as a pédati@pplication of
this more involved model. They employ the same ragsions
postulated in Baldwin’s work (2001), but due to gaticular nature
of this example, a fully analytical solution to ttleermal balloon
endometrial ablation is obtained. As a general centmthe
eigenfunction expansion convergence pattern is dotmbe very
fast predicting accurate results for the transiemtperature field for
some commonly accepted values of the perfusiorficimeit.

One basic assumption to both studies is the faat the
temperature of the balloon solution is maintainednstant
throughout the eight-minute process. Recent wordr(gers et al.,
2003) suggests that modern thermal ablation presem® designed
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to incorporate a time varying fluid temperaturenprily for safety
reasons. Also, if the control unit does not delitlee necessary
power to maintain the sterile solution at optineghperature levels,
the performance of the treatment will certainly Bininished.

Consequently, this contribution is aimed at stugyam endometrial
ablation process in cases in which the intraballamiution

experiences a prescribed temporal decay. As it | shal

demonstrated in the following sections, the mathmala
formulation to this new problem is analytically kited through
integral transform methodologies with the intent aiftaining a
correlation for the depth of the thermal injuryaafunction of both
the temperature decay and the uterine blood flag ra

Nomenclature

A = Frequency factor,s

A, = Coefficients of the eigenfunction expansion

b = Rate of decay of the intraballoon solutiofl, s

C = Specific heat, J/kgC

C; = Coefficients of the eigenfuntion expansion

i = Summation index

k = Thermal conductivity, W/rfC

| = Uterus thickness, m

lsam= Depth of the affected uterine tissue, m

N; = Norm related to eigenvalue “i"

P; = Dimensionless perfusion coefficient

R = Universal gas constant, J g™

T =Time, s

T = Temperature,C

T, = Arterial blood temperatureC

Twa= Temperature of the intraballoon solution at #ed of the
treatment,C

T.f = Reference temperature for the intraballoon siont C

x = Dimensional space variable, m

Greek Symbols

B = Dimensionless rate of decay of the intraball@mhution
AE = Activation energy for burn reaction, J ritol

G..= Dimensionless auxiliary temperature

&, = Dimensionless homogeneous temperature distributio

6, = Transformed temperature field

K = Eigenvalue of order “i”

= Density, kg/m

= Dimensionless time variable

= Dimensionless space variable

Y% = Eigenfunction related to eigenvalue “i”
w = Blood perfusion rate, fpm? s?

2 = Cumulative damage integral

p
T
X

Subscripts

b Blood
i Summation index

Analysis

The starting point of the mathematical model thegadibes the
transient temperature field through the uterinel vgathe so-called
Pennes’ bioheat model. This equation was first veeri in
connection with temperature measurements in thingeforearms
of adults (Pennes, 1948), and since then it has bilzed to study
several interesting situations in medical relatepliaations such as
tumor treatments (Azevedo, 2004; Azevedo et 2006), burn
injuries and selective brain cooling (Presgravalgt2006, 2007b).
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In essence, the bioheat transfer equation can farded as a
standard diffusion equation with an extra contiitnthat accounts
for the heat removal due to the blood flow in thigamic tissue. In
the present application, the uterus wall is consdieas a planar
structure whose thickness is taken as |. Consige@dn one-
dimensional transient, constant property situatitime bioheat
transfer equation for this specific case can bé&ewrias:

~wpp Cp(T(X,t) ~ Ty O<x<,t>01

2
UL @

ot

where p,,Cy, T, and ware, respectively, the density, specific heat,
arterial temperature and the perfusion rate ofltloed. The other
variables have their usual significance and refetigsue related
quantities. Consistent with previous studies (Pwesg et al., 2006,
2007a), the initial temperature distribution inlbigical problems is
usually supposed to be uniform and equal to theriatttemperature
of the blood. Therefore:

T(x0)=T,, 0<x<| (2

Another common trait in the mathematical modelifigh@rmal
balloon endometrial ablation is to consider thatdhter layer of the
uterus wall is in perfect thermal contact with thg&d inside the
balloon (Baldwin et al., 2001). Moreover, in thisidy attention is
focused in cases in which the fluid temperatureeerpces a
prescribed temporal decay. Accordingly, the boupdandition at
the outer wall is considered to be:

TO1) =Ty +(Trer ~Tp)e™, t>0 3)

where T, is a suitable reference temperature and b is dicieet

related to rate of temperature decay of the flgidally, an insulated
boundary condition at the uterus inner wall is assd (Presgrave,
2005a) and thus:

aT(l, )

=0,t>0
0X

4

At this point, it is worth mentioning that the raté metabolic
heat generation inside the uterus is not presenth& above
formulation. In fact, previous studies, Baldwin at (2001),
Presgrave (2005a) and Presgrave et al. (2005b) ¢mvelusively
demonstrated that the metabolic heat plays a mioke in this
physical situation and can be safely abandonedhe thermal
balance equation.

Now, Equations (1) — (4) are written in a dimengss form by
employing the following variables:

x:i = k t
|’ pC|2’

g=—' b (5,6,7)
Tref _Tb

Accordingly, it is relatively easy to find that tlidémensionless
mathematical formulation for the problem addredsed

30(x. 1) _ 8°8(x. 1)

-P 06(x,1), 0<x< >0 8

e o’ » B(X. 1) X<Llt 8)
8(x,0)=0, 0<x<1; 9
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8(0,1) =ePT; %) =0, 1
ox

(10,11)

Here, P and B are, respectively, the dimensionless perfusion

coefficient and rate of decay of the temperatur¢heffluid inside
the endometrial balloon. Their definitions are gilsy:

_w@pp Cp 12 . bpClI?

P
f K K

(12, 13)

This formulation can be viewed as a particular c#sbe “class
I” category, Mikhailov and Ozisik (1984), and cogsently a
solution to the temperature distribution can begbdin terms of an
eigenfuction expansion. Thus, the dimensionlespéeature field
can be expressed as:

000 = YA (D Wi (X) (14)

i=1

where the eigenfunctiongyj(y) are related to the following
eigenproblem:

d’y;
(;IJ)(lZ(X)+“i2¢i(X):o,O<X<1 (15)

¥i(0) =0,

i@ _ (16,17)
dx

It is a simple matter to show that the eigenquiastisuch as the
eigenfuctions, the norm and the eigenvalues aermeted as:

2i-
=—n

18,19,20
2 ( )

W00 =sin@ix) . N =3 1

By utilizing the orthogonality property of the rdgu Sturm-
Liouville problems, we find that:

1
-1l
A= {w.(x) 8(x, 1) dx (21)
and the transform-inverse pair is established as:
1
—= 1
8 () =777 | i (X) 80 1) dx 22)
Nj 0
[ee] 1 _
o(x. 1) = Z;W‘“ () 8 (1) (23)

At this point, a series of mathematical manipulasiowhich are
well documented in Cotta (1993) and Cotta (199&) wtilized to
rewrite the original problem, Egs. (8) — (11), iarrhs of the

transformed variabl@i (1) . Basically, Eq (8) is operated on with
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37| B0 oK.
o

while relation (15) is handled through

1

B(x. 1) dx -
N2 {

These two results are combined, and with the aithefboundary
conditions of both the temperature field and chosé&envalue

problem, the following ordinary differential equais for@i (t) are
determined:

B0 2 Jo.0=

1,2 ——; e (24)
I

The transform relation is applied to Eq. (9) fuhiigy the initial
conditions for the above system:

6 (0)=0 (25)

Due to the decoupled nature of Eq. (24), an armalysolution
for the transformed dimensionless temperature fielinmediately
established as:

1 M

8; (1) :W—Uiz P P (26)

o BT _ oW +R
[ }

and utilizing the inverse relation, Eq. (23), thensient temperature
distribution across the uterus wall is:

8(x,T) = 22

B g ebionl
B

sm(u X) e P
(27)

An inspection of the first term in the expressidoee suggests
that its convergence characteristics are expeot&e poor since the
proposed eigenvalue problem cannot incorporateettponential
decay shown in Eq. (10). As a consequence, thetdipplication of
this relation does not recover the time varyingrmary condition at
X = 0 and perhaps it may not furnish precise resialtsuterine
regions close the application of the endometridibba. Since one
of the main goals of this research is to predicuaate temperature
fields for the endometrial region (0 < x < 4 mmjp alternative
solution scheme appears to be desirable. Herecdardance with
Mikhailov and Ozisik (1984), a “split-up” proceduiseemployed in
which the dimensionless temperature field is regarals the sum of
an auxiliary term together with a homogenous pnobla such a
way that:

B(X.T) = Baux(X) € PT + 0, (X, ) (28)
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where the problem fo6 4, (x) is taken as:

dzeaux(X) +

2 (B_Pf)eaux(X):010<X<l (29)
dx
Baux (0) =1, B @ _ (30,31)
dx

By inserting relation (28) in Egs. (8) — (11), fleemulation that
governs@y, (x, 1) is found to be:

2
P00 _ 0BT , gy 1), 0<x <1150  (32)
ot axz
On(X.0) = -Baux(X), 0=x <1 (33)
eh(O,T)=0,ae%—>(éLT):0,T>O (34,35)

Due to the now homogenous nature of this probl& salution
can also be determined with the aid of eigenfumctixpansion
techniques. By utilizing the same eigenvalue pnobtescribed in
relations (15) — (17), it is a straightforward reatto conclude that:

(D= D Cit () bk (36)
i=1

The constant$C; are determined by the orthogonality propert

of the Sturm-Liouville problem and some standarahimalations of
Eqgs. (29) — (31) reveal that:

—2y;

G — (37)
M+ @ -B)

1
L 00 o=
N { Bux(X) Wi (X) X

Finally, in order to fully establish this secondugimn scheme,
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of the treatment. Throughout the various numergahulations
performed, the set of data described in Table kwélized:

An inspection of Table 1 shows that three diffeneaities of the
blood perfusion rate are employed in this reseafdtually, the
normal value for the uterine blood perfusion ratedported to be
around 0.0028 fig m? s (Baldwin et al., 2001). The other two
values are considered in order to establish thaitbaty of the
mathematical model regarding the perfusion coefficiand, at the
same time, to gain some insight in two interestptgenomena
associated to the problem in question. One is leypier, which can
be briefly described as the increase of blood flawesponse to
thermal injuries suffered by an organic tissue. Thther
phenomenon refers to a decrease in the perfusiectetaused by a
possible occlusion of the vessels due to an eldvyatessure inside
the balloon.

Table 1. Parameter values employed in the numerical simulations.

Parameter Description Units Values
@ Rate of blood m% m3s? 0.0014, 0.0028,
perfusion 0.0056
k Thermal conductivity { W m?'C? 0.56
uterus
C Specific heat - uterug ~ JkaC? 3600
Gy Specific heat - blood| JKgC* 3500
p Density - uterus kg i 1060
Do Density - blood kg i 1080
Tb Arterial blood C 37
temperature
| Thickness - uterus mm 20
b Rate of decay - fluid st 0-8.15x 10
temperature
Tret Reference temperature C 87
- intraballoon fluid
Tinal Final fluid temperaturg C 37-87
Yy A Frequency factor 5 5.6 x 16°
AE Activation energy for| J mof* 43x10
burn reaction
R Universal gas constaft J Mkl 8.314

Another important aspect refers to the evaluatidn thee
coefficient b. In this research, the temperaturehef intraballoon
solution is supposed to decay with time at an egptal rate and, if
we further assume that the temperature at the énitheo eight

the problem forf,4,,(x) must be addressed. An inspection of Egsminute treatment, ¢fy, is available, the coefficient b is determined

(29) — (31) indicates that three different casestmenvisioned:
Baux(X) =1, for B -B=0 (38)
Baux(X) = cost{yx) - tanhg) sinhlyx),
y=4P =B for B -p>0 (39)
Baux(X) = tan(m) sin(my) + CoimX) ,

m=,B-PF ,for B -B<0 (40)

Results and Discussion

Having derived two solution schemes for the endaalet
ablation problem, we are now in a position to erplthe relative
merits of these procedures and also to study tfectebf the
temperature decay of the fluid inside the ballaothie performance

120 / Vol. XXXI, No. 2, April-June 2009

as:
1
480

Thnal = Th
Tref - Tb

b= (41)

| ]

Finally, the last three parameters in Table 1 fperta the so-
called cumulative damage integrﬂ(x,t) :

alxt)=A _Eex;{—ij dt

RT(x,t)
which is often used to model the penetration ofrtta injury in
biological bodies. According to Baldwin et al. (2Q0the first sighs
of irreversible damage are predicted to occur whenn@(x,t) is
around unity and this criterion will be utilized iour study to
determine the extent of the affected uterine tisatieany given
situation.

(42)
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Integral Transform Solution to the Endometrial Ablation Problem

The first aspect to be addressed is the performahtiee two
proposed methodologies for the solution of the ewaidtical model
to the endometrial ablation therapy. On generaugds, it was
observed that the “split-up” solution, Eq. (28)hibits a very fast
convergence rate and for the numerical simulatgingied here, a
10 term expansion is found to be sufficient enodghwarrant
graphical convergence. As for the “direct” eigetific expansion
approach, the convergence patterns were not sd.@prhaps, this
characteristic can be better envisioned by examifiigs. 1 and 2,
where a comparison between these two procedupesfermed and
is related to a severe temperature drop of G{Tg,q = 47 °C).

75 T T T T T T T T
70
65 -
— 604
S
g 554 —— Split- up i
= I N=100
a5 N=200
= 50- i
45 iy
40 i
T T T T T
0 100 200 300 400

tfs]

Figure 1. Converged split-up solution versus direct solution: Ty = 47 °C,
w=0.0028 m% m®s™.

65 T T T T T T T T

T(4mm,t) [C]

T T T
200 300 400

t[s]

T T
0 100

Figure 2. Converged split-up solution versus direct solution: T = 47 °C,
w=0.0028 m*, m>s™,
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Since accurate predictions at the endometrial regi@ important
for the determination of the efficacy of the treatiy Fig. 1 presents
the temperature distribution at the midplane of émelometrium,
while Fig. 2 performs the same study at the basethef
endometrium. As previously anticipated, an expansip to 200
terms in the “direct” solution provides only pooraghically
converged results at both regions. This slow cayemee pattern is
associated to the rapidly varying temperature effthid inside the
balloon that cannot be taken into account in tiyereialue problem,
and therefore, it is no surprise that these resuksnot converged
especially at times around the peak value of thepezature field.
Since this trend was observed all throughout thruksitions, we can
safely affirm that the predictions related to E&7)( should be
discarded in favor of the more numerically accuratdution
represented by relation (28), and accordinglyfuather results are
based on the “split-up” procedure exclusively.

A qualitative inspection of the importance ass@tato the
temperature variation of the fluid inside the endtnal balloon can
be examined in Figs. 3 and 4 where all the simutatirefer to the
accepted standard value for the uterine blood fiate (o = 0.0028
m3, m* s%). During the early stages of the transient pracbesh
figures reveal that the temperature profile atrtfigplane and at the
base of the endometrium layer is virtually unafectby the
temperature variation of the fluid. However, aseinprogresses, the
various curves related to a specific temperatuop dteviate from
one another. Studies in burn injuries argue thaptratures in the
range of 42C < T < 55°C produce some degree of damage which
is, in certain cases, reversible depending ondted time exposure
to the heat source. Conversely, when tissue termpegare in
excess of 55C, thermal damage becomes increasingly irreversible
(Presgrave et al., 2006). Using this broad criteiamd keeping in
mind that the main purpose of the treatment istalpce permanent
tissue damage across the whole of the endometidysr,|Figs. 3
and 4 suggest that in order to achieve this tattyettemperature
drop should not be very pronounced.

T(2mm,t) [C]

T T
200 300 400

t[s]

Figure 3. Temperature distributions at the midplane of the endometrium
layer: w=0.0028 m* m~s™.
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T(4mm,t) [C]

200
t[s]

T
100

300

Figure 4. Temperature distributions at the base of the endometrium layer:
w=0.0028 m% m®s™.

For example, an examination of Fig. 3 shows thatrtiidplane
of the endometrium remains at temperatures aboveC5fr only
Tsia > 57 °C. Nonetheless, Fig. 4 indicates that in orderhe t
treatment to be effective, the temperature droplshoot be below
20°C (Tfpa = 67°C).

Control of the serosal temperature distributionaiso a key
factor in the endometrial ablation treatment. Etleough no clear
medical specifications seem to be available reggrdnaximum
levels at the serosal layer, some researchers sugbat the
temperatures at this particular region are not esegp to remain
above 42°C in the sense that internal organs adjacent tontier
layer of the uterus should be protected from heatces (Buckshee
et al., 1998). Figure 5 presents the transientibligton at the base
of the serosal layer (20 mm) for certain valuestha final fluid
temperature.

Initially, it can be noticed that for approximatetglf of the
total time treatment (240 s), the temperature eisgerienced by
the serosal layer is minimum and does not seene widnificantly
influenced by the values of; ;. As expected, towards the end of
the treatment, the effects associated to the tesyer variation of
the fluid become more noticeable. However, eventf@ most
severe situation @, = 87 °C), the final temperature is below the
42 °C threshold, indicating that the safety criterioashbeen
matched. It should be noted that in this simulatirzero flux
boundary condition is considered at this locatiwhile Baldwin et
al. (2001) adopts a prescribed temperature equahdo of the
arterial blood flow. Consequently, the actual sefésmperature is
expected to be lower compared to the results in Fjgince the
boundary condition adopted here naturally furnisla@s upper
bound.
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41.0

40.51
40.01
39.51
39.0—-

38.5

T(20 mm,t) [C]

38.01

37.54

37.0 . .

T
100 200 300

t[s]

400

Figure 5. Temperature distribution at the base of the serosal layer: w =
0.0028 m% m®s™.

Figure 6 presents an evaluation of the extent ef damaged
uterine tissue| , , as a function of both the final fluid temperature

and to the perfusion coefficient. These results albtained by
employing the damage integral defined in Eq. (42nd are
numerically estimated by the trapezoidal rule zitilg time intervals
of 1 s through the eight-minute treatment. Morepube same
criterion established by Baldwin et al. (2001) dopted here and
therefore this damage length refers to cases in chwhi
Q(Idam,Smin) 01. A closer examination of the data presented in

Fig. 6 reveals some interesting features. As ergecthe final
temperature of the fluid inside the balloon isical to assess the
efficiency of the treatment as only small tempemtdrops will be
able to affect a significant portion of the 4 mmgtted length.

45 T T T T T T T T T 2
404 A ©=00014m’m’s* R 4
1 ©=00028m,m’s* .
354 ® »=00056m,m’s" N 1
1 | |
30 R _
] " .
E 5 i
E 25 A n ]
s ] Ao *
— 20 . 1
i A " .
L .
15- A -
4 é °
1.0 ‘ o E
1 ¢
05 ——
40 50 60 70 80 90
Tfiral [t]

Figure 6. Depth of the affected uterine tissue as a function of Tyna and the
perfusion coefficient.
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Also, it can be observed that for extreme tempeeatirops,
which correspond to the lower values of.I the rate of blood
perfusion appears to play a minor role in the deitgation of the
affected uterine tissue. On the other hand, asténiperature drop
becomes less pronounced, variations of the perfusefficient
significantly influence the degree of the thermaijuiy. For
example, if the results associated to a 10 deg@e @ = 77 °C)
are examined, one finds that the damaged lengldi®deto the three
perfusion coefficients considered in this study are4, 2.86 and
3.43 mm which indicates a 53% deviation betweentwteextreme
values. In reality, this aspect is a direct consege of the Pennes’
model, where the effect of the blood flow in an anig tissue is
assumed to be directly proportional to the diffeeefetween the
local temperature field and that of the arterialdd. Therefore, in
situations related to values ofzd slightly above 37°C, the
perfusion effect is naturally quite small regardle$ the magnitude
of TJ. At this point, it should also be mentioned that the zero
temperature drop situation (b = 0 ghJ= 87°C), the values of the
damage integral obtained here are practically édémt with those
reported by Baldwin et al. (2001) whose simulatidake into
account a prescribed temperature at the inner lafylre uterus. As
the work reported in this contribution adopts aozfx boundary
condition, Eqg. (4), one can infer that, on pradtigeounds, the
present thermal problem could also be handled tiraanalytical
techniques that deal with heat diffusion in a satfirite medium.

Another aspect of these results is the fact thagféixed final
temperature of the fluid inside the balloon, lowues of R yield
higher lengths for the damaged uterine tissue,enthié simulations
associated to the more elevated perfusion coefticfect a smaller
portion of the endometrium. This trend can be guaied if one
perceives the contribution of the blood flow ragseaa‘sink term” in
the mathematical formulation of this problem, E}} @onsequently,
an increase of the perfusion coefficient resultiess heat available
for the burn injury to progress decreasing the ligptthe affected
tissue. This observation corroborates the needefqrerimental
protocols regarding the accurate evaluation ofr#éte of blood flow
in the uterine tissue especially in cases whereetgypia and
occlusion are relevant.

Conclusion

In summary, the present contribution is aimed atyhg the
transient temperature field of across a uterus whdijected to an
ablation process carried out by an endometrialoball More
specifically, the main purpose of this researchtdsassess the
effectiveness of the treatment in cases whereaimpérature of the
fluid inside the balloon decays exponentially thgbout the eight-
minute therapy. For this purpose, a mathematicalehwas devised
and two fully analytical solution schemes were présd. An
examination of the convergence rate for both procesi was
presented and it became apparent that the “splitagproach
should be used as it furnishes more accurate sewitl very few
expansion terms. A criterion to evaluate the degtthermal injury
was employed and the numerical simulations revedled the
perfusion coefficient plays an important role ie gwvaluation of this
quantity, particularly in cases related to smatiperature drops.

As a closing remark, the results depicted in Figufgest that
for a fixed blood flow rate, the dependence betwées final
temperature of the fluid inside the endometrialdmai and the depth
of the affected uterine tissue is reasonably wefiresented by a
linear relation. By performing a least squaredite finds:
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| gam = 0.07747 5o — 230267, w = 0.0014 My m3s*  (43)
| gam = 0.05869T¢,o —1.64117, w = 0.0028 My, m3s*  (44)
| gam = 0.0421 1T, — 0.97494, w = 0.0056 M, m®s*  (45)

Considering that the thickness of the endometriayen actually
varies from patient to patient and that it can sénsted by a
transvaginal ultrasound scanning, perhaps a playsior a design
engineer concerned with safety aspects of thengezndometrial
ablation will appreciate these simple expressidra predict the
length, in millimeters, of the affected uterinestie for final balloon
fluid temperatures in the range of 32 < Tgpy < 87°C.
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