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ABSTRACT

One main aim of cryopreservation is getting to hamesverlasting organ bank.
But yet a great improvement on technology and mhos is needed. In this context,
the aim of this article is to present a comparatitedy on the temperature field
variation of three human organs (the heart, ther land the kidney). To achieve it a new
software tool has been developed. This softwarentake simulations on the evolution
of the temperature field of a selected organ tisshen perfused with a cryoprotector
agent. This application solves the heat transfergmoblem making use of a series of
tools, such as the use of a digitally treated imagle tissue that is going to be studied.
Another one is the use of a technique known asssuwigturing in order to get a much
more accurate mathematical solution. After the &atan, the application gives us back

the temperature obtained in each part of the sudection across all the time the
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simulation lasted. The results obtained of theistldases show that temperature field
evolution depends directly on blood vessels. Adangumber of these imply a fastest
cooling velocity, as well as a more uniform spediskribution. This produces a more

homogeneous cooling process.

Key Words: organ preservation, perfusion, tempeeatield, digital image

treatment

INTRODUCTION

Our main interest is tissue and organ cryopresemvaFor this reason, a good
knowledge of the temperature and cryoprotector eotnation fields is necessary, not
only to guarantee that at any place and at anyttn@e&oncentration of cryoprotectant is
high enough to avoid ice formation at a given terapge, but also in order to contend
with dehydration. In conventional cryopreservatidehydration is frequently of great
importance for practical purposes: a reduction he amount of water implies a
reduction in the potential amount of ice, and asdepression of the melting point as a
collateral effect. Prior knowledge of the transigamperature field is required to
contend with dehydration. Finally, this requiremeestomes even more evident in the

case of vitrification.

Several attempts at computing the temperature faflcperfused biological
samples have been published in the past. A geaedditical theory was set out by
Klinger [13]. The use of Pennes’ [12] and Weinbalifiis [14] bio-heat transfer
equations and their interesting generalizationswal the calculation of the average

temperature field. A new approach was affordedHey use of statistical models [05]
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which provided information on the most probable penature. With the development of
computers, these analytical and statistical methwse been replaced by numerical

solutions. However, there are four important limdas to these approaches:

)] in some cases they do not deal with the transi)iL[];
i) some of them only study a 1D situation [18, 19];
i) perfusion through the vascular system is not taknconsideration [18]
iv) the geometries used are not real, but are, in ewage, just
approximations that have been generated in diffevays.
In this article it is presented the development &ntttioning of a new tool,
called Cryojab, which pretends to cover all these limitations. dasic grounds are the

method of finite elements, sub-structuring andtdigimmage treatment.

This document’s structure is as follows: in thect®am entitled “Basic
assumptions” the basis that the tool uses to cteatsimulations. In order to solve the
mathematical problem in an efficient way, it is diske technique denominated as sub-
structuring. This technique and its functioning aescribed in the section entitled
“Sub-structuring”. In the section entitled “Repretdion of the Space State Problem”
is described the mathematical development in wiiehapplication is based. In the
section entitled: “Functioning of the tool” the pess to solve the problem is explained.
Subsequently, the tool is used to carry out a s@fisimulations with sections extracted
from three different organs: heart, kidney andrliglown in the section entitled: “The
simulations and their results”. Finally in “Disci@s’ the conclusions achieved about
the application developed and the results obtaofeitie simulations carried out by it

are explained.
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BASIC ASSUMPTIONS

1. Geometry. The tool works in 2D geometry because it useggiatlimage of the
tissue to study as input for simulating the tramisaf the temperature. The results
of the simulations show temperature maps basetemput image.

2. Organs’ behaviour. The application carries out a simulation of afyggon o fan
organ through its vascular system. But the offereslilts have been calculated
only for the section that appears in the photograged as input.

3. Conduction vs. Convection When an organ is cooled through its vascularesyst
convection is the predominant method of heat teansfthe large vessels [20, 21].
However, here we are dealing not with the situaliothe large vessels, but in the
capillaries. In these, the cooling agent flows vetgwly (for a physiological
regime) and the heat transfer mechanism can beraebyu approximated by
conduction. Naturally, for the whole issue to balteith (large, intermediate and

small vessels) conduction must be complemented amitivection.

4. The physical properties of the materials (densitythermal conductivity and
calorific capacity) do not vary across the time The mechanisms that produce
modification on these parameters are temperataté ¥ariation and a change on
the stage of the materials. On the one hand, thle ghthe studied values for the
temperature is little enough to consider it as tamts So it will be supposed that
there won'’t exist a change on the stage of the madde

5. No mass transfer during the processin our case we are assuming that there is no
ice formation, which is one of the most importargamanisms of mass transfer.
The second mass transfer mechanism is the reqififedion of the cryoprotectant

agent, an essential ingredient of almost any cesgwvation protocol. However,
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for the sake of simplicity we shall assume a namgable isosmotic cooling agent

Is used that does not change mass distributidmeipérfused organ.

SUB-STRUCTURING

It has been said that the image studied with tp@ieation contains different
types of materials. This provides the organ of stmerogeneity and certain thermal
inertia. This in addition to the fact that the arga frozen progressively produces a
transient conduction regimen. Therefore it requagegocedure that provides us with a

fast and versatile simulation though by the wayatlld be less accurate.

The key to solve this resides in sub-structuringe Tmage is divided into
different sub-structures (which at the time ared#d in nodes corresponding to each
pixel of the image) that are modelled individuallgstablishing subsequently the
constraints between the degrees of freedom of salststructurd15]. As a result, it is
possible to divide the system into several sub-gdin&ed in one way or another to the

others.

The main advantage of using the sub-structuringcgaore is that it saves
computational time as a consequence of using dioegs/ smaller matrices: it is
easier to invert several matrices of small dimem$éi@n a single matrix composed of all
of these. Nevertheless, these procedures have slbavebacks. For example, our
decision to avoid the assessment of the whole syste one step means that its
eigenvalues cannot be obtained directly. If thigdimhal information is needed, the
traditional approach must be used. This is notoase because we are not solving the

problem using transfer functions but finite diffieces. There are several ways to
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accomplish the link-up. The best strategies as$athe present work is concerned are
those that use the temperature in the adjacensragithe link-up variable. We shall use
an iterative sub-structuring method with couplifgough equivalent temperature.
Using an initial solution for the temperature fias our starting point, we find solutions
for all the sub-structures one by one; when a smiut found for a sub-structure, its
temperature field in the proximities of another stiucture will be used to find a

solution for the next sub-structure.

The sub-structure could have homogeneous or heteeogs properties
depending on the number of elements present. @liotdy realizes simulations with
homogeneous substructures. The sequence in whadduthstructures are solved can be
altered in order to improve convergence by accetgyahe propagation of the boundary
conditions across the entire structure. In the derrase of multidimensional
conduction it is necessary to generalise the psoc&s isotropic order of resolution

without preferential sub-structures has been chosen

The foregoing method achieves node by node coupleigeen sub-structures.
This approach proves to have a major limitatiorarifelement has to be represented by
two adjacent sub-structures, then their respectodes cannot be properly aligned. To
overcome this problem, interpolation was used t@mbdish a linear approximation
between the temperatures of two nodes in the sabstsucture and the corresponding

temperature of the opposite node in this line vias ttalculated.
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REPRESENTATION OF THE PROBLEM IN THE SPACE STATE

The Conduction Transfer Function (CTF) reducessteond order differential
Fourier conduction heat equation to a set of lirlgebraic equations. There are two
approaches to solve the CTF coefficients requimedapplying the CTF method: the
Laplace Transform method and the Space State mettedLaplace Transform is the
traditional method to calculate CTF. Although igug@es more CTF coefficients than
the Laplace approach, three major advantages &apdfby the Space State method.
Firstly, its mathematical sequence has a moregsifarward interpretation as the need
for complex functions is eliminated. Secondly, Bgace State Method allows solutions
for CTF coefficients to be obtained with shortanei lapses. And thirdly, the Space
State Method has been shown to be more accurate thiea Laplace or analytical

techniques.

If the Space State formalism is provided with a@lgtihe heat transfer problem is

represented by the following set of equations:

{T.}=[Afr.} +[BlT.} +[1fc} = [AfT.} +[B]{T.} +{c}) (1)
{Q.}=[cfr.} +[PfT.} )
{r.0}={T} 3)
Where{Tn} is the vector of temperatures (its elements addmperature in each of the
elements of the grid{T_.} is the vector of the contour condition,,} is the vector
for the initial conditions andG} is the vector of the heat (cold, in this case)egation.
[17 is the identity matrix, anflA], [B], [C] and[D] are the matrices for the internal

description of the system; these are all compué&tovi
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As is usually the case, the first order linearatiéhtial equations 1-3 are solved
by breaking them down into homogeneous and non-gemeous problems. The
solution to the complete problem is obtained byirgldhe general solution of the
homogeneous system to a particular solution ohtirehomogeneous system. To solve
the homogeneous problem we perform a change of(basediagonal matrix) and then
integrate. By applying Duhamel’s integral [11] amskuming a linear evolution of the
temperature in the contour during the time interffal t+At] (the values of the
temperature at and t+At are obviously known from the chosen cooling ratbg

solution of the non-homogeneous system is given by:

{r, @+ an} = [Ple e [Pl T, 0} + [PIENP] *[BYT (0} + @
+[PIFIPI*[BYT.t + a)} + [PIH]P]*[BfG}: 0<i<nn-1
here |(i) are the elements of a diagonal matrix composeth@feigenvalues of the

matrix [A], and[P] is the change of base matrix. The diagonal matfikd [F] ang

[H] depend on the eigenvalues and on the time stelparangiven by:

N At 1(i)-(At-7) _L =|(i).At_e|(i).At +l_e|(i).m
e(i) u[e ](1 Atjdrj e ©
N = 0 -0 | T =—|(i).At_1+eI(i)-At-
f(i) (J;[e ](Atjdrj e )

(0)at _

0 ;0<i<nn-1 (7)

(i) = [Af[ém'(m‘f)]d r) =€

Meanwhile, from the equation that relates the otstpol the inputs and the state

variables vector, Eq. (2), we find:

Q.. (t +At) = {vP()} + [MA{T, (t + AD)} 8)

were

Ivan de la Fuente Misut. Escuela Técnica Supelédingenieros. Universidad de Sevilla. 2007 211



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

P} = [clPle e [PI T, 0} +

+ [CIPIEP]* [BYT. 0} + [TIPIH IP] e} ®

and

[MA]=[c][PIF][P]" +[D] (10)

Eqg. (8) will be used to solve the thermal couplinghvother elements, relating
the heat flow across the boundaries of the eleneens$ surface temperatures. This heat
flow, at any given instant, will depend on two ctitoents: one is the “principal vector”
{VPF}, which contains information about the state veaod excitation during the
preceding instant; this vector therefore changél time. The other is the product of a
coupling matrix,[ MA], and the excitation temperatures at that venairtsfThe matrix
[MA] contains information about the dynamics of thetesys provided by the
properties of the material and its geometry. Ifstheemain constant over time, the
system eigenvalues and the system matrix will eds@ain constant. With Equations (4)
and (8) numerical and computer implementation isfopmed iteratively. So the

resolution of system of first-order linear diffetih equations (Equations 1-3) is:

trevas) <[l o o Teifleo= T e orcon P800 efor

and

{Q. (t+at) =[c]Ple' @« [Pt v} + [cIPIENPI*[BYT. ()} +
+[cIPH Pl e} + [clPIFIPI™ + [PIl{T. @ + av),

with the initial conditions

(12)

{rt=0}={r,} (13)
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where (i) are the elements of a diagonal matrix composethekrigenvalues ofA] .
The auxiliary matrixeJE], [H], [P] and [F] are described in the appendix. The
matrices [A] and[B] are obtained by comparing Eq. 1 with Fourier'sagign in two
dimensions,

0°T 0T _1aT

—_—t—==—— 14
x> oy° a ot (14)

written in a discrete way.

In the following we shall use the symbgl= pc, for short. In order to write Eq.

(14) in a discrete way it is necessary to selespecific grid on the tissue. Different
schemes can be used to achieve this: finite difiges, finite elements or finite
volumes. As our geometry can easily be represehtedCartesian coordinates, the
accuracy provided by finite differences is suffitlg great. Additionally, a finite

differences’ scheme is simpler to implement thar aif finite elements or finite
volumes; therefore, this approach will be taken. 8Nall divide the tissue intax times

ny squares, usually called “nodes” in Space Statdodketiterature, labelled with the

symbol (,j). So,k ;, 4 ;, dx ; anddy, ; represent thermal conductivity, density times,

specific heat and the dimensions of the nagleréspectivelyFrom the Eq. (14):

dr, — 1 Ty T + Ty T + 1 Tty + T~ Ty (15)
dt g o, | O%y, +d>$i A,y +d)?,j M0y dY,i—1+d¥,j dY,i+1+dY,i
Zg—lj Zﬁ,j Zﬁﬂ,j Zﬁ,j Zg,j—l Zﬁ,j Zﬁ,jﬁ Zﬁ,j

By comparing Eq. (15) with Eq. (1) it is possilibeobtain all the elements of the

matrix [ A] . The right hand side of Eq. (15) contains eighinge The four indices of the

terms labelled, j coincide with the index of the time derivative the left hand side.
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Therefore these four terms form the diagonal elemehthe matri{ A] . The rest of the

terms, identified by their indices, correspondhe bther elements around the node. The

remaining elements dfA] are zero. Therefore we arrive at:

Main diagonal:

a(j+nyi jeny)=—— 2|2
| M50y | %.deiyj 4 ;dy; | dyi,j+1+dyi,j
i ki,j—l klj ] i ki,j+1 ki,j
i : i ] (16)
1 2 1 2 )
- - — : ; 0<j<ny-1
;0% dyi_lj+dym 40 dyi+lj+dyi,j
ki Ky Ky Ky
The other elements that are not zero are:
a(j +nyi,(j ~1) +nyi) = -2 | j>0
’ 4 dy; | dyi,i-l+dyi,i ’
ki,j—l ki,j ]
a(j +nyi,(j +1)+nyi) = o2 | j<ny-1
' 4y | dyi,j+1+dyi,j '
Kija K|
- - (17)
) .. 1 2
a(]+nyd, |+ny-(1-1)) = . c1>0
(j+nyi, j+ny-(-D) 0| dyi
ki ki
a(j+nyi j+ny-G+0)=— = |2 | j<mx-1
:ui,jdxi,j dyi+1,j + dyi,j
L ki+1,j ki,j )
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The elements of the matrpB] can be calculated in a similar way. In this case,

reference should be made to the conditions at tiadary. For example, for the right

edge these are:

aTij 1 -E—:Lj_Tij Tee _-Ej 1 Tij—l _-ﬁj Tij+1 _Tij
== L+ S|+ ‘ e ’ (18)
ot g4 ;0x; | OXoy, +d>€,j R +d>§,i Ay | Y a +dyi,J dy; js1 +dyi,i
7, ST SR XK & XKjao 2K

where R, is the boundary resistance. The elements of thexmd)] can be obtained

from this. Non-zero elements are:

1 2

dx.
i,ny-1
Rcc,i +nx +

b(ny —1+ny4,i +nx) = o ;
i,ny-1

i,ny-1

(19)

b(j.2nx+j) =

b(j +nynx—ny2nx+ny+ j) = i ; 0<j<sny-1

dx nXx-1, j
k

nx-1,j

nx-1, j
Rcc ,2nX+ny+ +
nx-1, j

A parallel analysis gives us the matrices thatesthe heat flows with the nodal

and boundary temperaturd§;] and[D] respectively. To this end we have to write the

heat equation in a discrete way:
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Tn(i’ j)_ch(i7 ])
dx; ;dy; ;

Q. (i, ))= 2ki,j (22)

By direct comparison of Eq. (22) with Eq. (2) we\a at:

2k; 50X g |

c(i,nyd) = dy ; 0<j<sny-1
i,0

ki ,ny—ldxi ny-1,

dyi ,ny-1 '
2K, Ay,

dx,

c(i+nx,ny—-1+nyi) = O<j<ny-1

(23)
c(2nx+j,j)= ; 0<j<ny-1

i

2knx—:L j dynx—l, j

c(2nx+ny+ |, j+nynx—ny)=
dx

; 0<j<ny-1

nx-1, j

d(i):w- 0<i<nx

d T

ynyi

kny(i +1) —1any(i +1) dz
dynyi

2k, dy,dz .
dx,

2
d(i +nx) = ; 0<isnx

(24)

d(i +2nx) = O<i<ny

i+nn—nydyi+nn—ny .

: 0<i<gn
dx y

d(i + 2nx +ny) =

i+nn-ny

APPLICATION OPERATION

The applicationCryojab has a two stage functioning. On the one hand, an
interface designed to introduce the data correspgn the simulation and to present
the results. On the other hand, a subroutine taaies out the whole mathematical
calculation with the data already introduced. Theerface is implemented in PHP,

while the subroutine is implemented in C++. Taslkaiighis into account, the minimum
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requisite for the tool to function correctly is arfium Il equipment with 128 MB of

RAM.

The process to carry out the simulation is theofeihg one: first of all, the user
is required to introduce the image of the tissu ih going to be studied. This image is
divided into grids. For this reason the image natsoh influences directly in the number
of sustructuring. The number of sustructuring dmelgize of them influence directly in
the time of processing. Because of this, it is reffiethe possibility of reducing the
image’s size. Through it, it is reached an agreerbhetween the precision and rapidity

in the simulation.

The image has a tincture in order to identify thifeecent materials. In the next
step the colours to distinguish the different materpresent in the image are selected.
Then the application makes a new sampling of treganoffering a new image with the
detected colours. This is the image that is goomdped used throughout the rest of the

process.

Next there is a request of the proper parameterthé simulation, it is, physical
properties of the materials (these being identifigith the selected colours), properties
of the cryoprotector agent, conditions of the imagerounding (which can be
adiabatics or of a fixed temperature by means il function) and the period of

time during which the simulation is going to bergat out.

When all the parameters have been introduced, théhematical calculation
starts. The interval of time to simulate and theagen resolution are two factors

determining the time needed to complete the sinmatAs higher is the simulated
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interval and higher resolution of the image, mameetwould be needed to complete this

process.

Once that all the information has been processeddts screen is shown. In it,
all the numerical results of the whole interval air a determined moment can be
consulted. In this last case, it is offered thesgmbty of showing graphically the results

through a little code of Matl&h

THE SIMULATIONS AND ITS RESULTS

Nine different simulations have been prepared:elomans (heart, kidney and
liver) and three different cooling velocities (-0;D,4 y -0,8 °C/s). The bigger part of
parameters is fixed for all the simulations (omkiysical properties of the materials do
vary). The sections selected as representativesttaecardiac muscle related to the
heart (figure 2.a), the hepatic gland related ®liver (figure 2.b) and the renal cortex
related to the kidney (figure 2.cfhe images shown in figure 2 have been digitally
retouched in order to produce an effective idesdifon of the different material$he
real size of the sections contained in the image$ 140.5 um. x 187.5 um. The images
have been resized to a 60x80 pixels resolutionctuese an equilibrium between
precision and velocity in the calculation of thealation. The initial temperature of the
organs is 36° C. The contour conditions are adialbat the four sides of the image, it's
to say, symmetric conditions. The cryoprotectornades an initial temperature of 36°
C. The simulation time interval depends of the owptate. For -0,2° C/s would be of

240 s. For -0,4° C/s would be of 120 s. And tostnifor -0,8° C/s would be of 60 s.

Ivan de la Fuente Misut. Escuela Técnica Supeliedingenieros. Universidad de Sevilla. 2007 218



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

As a simulation sample, it is offered the image®giback by the application for
the moment 60 s. of the three organs for a coalatg of -0,2° C/s (Figure 3). More
moments of the initial stage of the simulation haeen selected as it is where a more
variable behaviour has been registered. Making afsthe average and the typical
deviation of the temperature in these momentshoé ta series of tables and graphics are

extracted.

The temporal evolution of the average temperatishown in Figure 4. Figure
5 shows the temporal evolution of the slope of #werage temperature. Table 2
contains the numerical data of the average temyrerat the selected moments of time.
Table 3 contains the numerical data of the slopstafidard deviation in the selected

moments of time.

Taking into accounts these data it is observed tthetvariation of the average
temperature of the organ presents some thermatiahet the beginning of the
simulation. Nevertheless, it is observed that theation of this inertia does not mainly
depend on the cooling rate. For the three cooliatesr studied, the transient
approximately lasts 40 s. Once that this inertiage has been finished, a lineal regime
of the temperature variation is achieved. The dhtaut the slope show that it tends to
establish itself as time passes. Once reached tt®rary regime, the differences
among the average temperature of the studied sedi@ almost constant. Compare the
temperature evolution of the studied sectionss shown that the one of kidney has a
faster evolution than the ones of heart and lividre last ones present a similar
evolution. It is also observed that when the capliate is higher, more differences

appear among the different organs.
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The temporal evolution of the standard deviationteshperature is shown in
figure 6. Figure 7 shows the slope of standard aterni of temperature across time.
Table 4 contains the numerical data of the standandation for every simulation.
Table 5 contains the numerical data of the slopethaf standard deviation of

temperature.

The data show that the standard deviation growsiderably in the moments
that the organ possesses the thermal inertia prelyionentioned. Once that this stage
has been finished the standard deviation tendsaiotean constant. It can be checked
observing the slope graphics. It is observed aromapt increase on the first moments
that will descend rapidly. Next it is shown an adfion point, after which it would
finally descend softly. This behaviour its commanthe three groups of simulations,
and independently of the cooling rate, it occurthattime moments of time. However,
the differences among the average temperaturesadrians grow at the same time that

the cooling rate increases.

DISCUSSION

Currently, transplantation is the only solution fmatients suffering from organ
failure at advanced stages. As a result of thigamibanking will provide medicine with
a very powerful tool. It is important, however, tmte that there have been few
successful reports on organ cryopreservation, aed &ss with a greater success rate
than the one achieved by the work of A.U. Smith] [221961. None of these were

related to organs that require the complete regosea complex vascular system.
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A strong understanding of the temperature fieldrducooling process is crucial
for the design of a cryopreservation protocol thedvents ice formation, which is
probably the only valid approach to the problenue8al models have been published to
compute this temperature field in the past. Inel@edels the authors have been able to
tackle very important issues that our model, irpissent form, does not. It is important
to note however, that these models leave signifigaps in the understanding of these

temperature fields that this new tool will helpfitb

It has been presented a novelty tool that allovapleeto get to an approximate
behaviour of a tissue belonging to an organ cooudih perfusion of a cryoprotector
agent. The morphological information of the organntroduced in the application by
an image of a tissue belonging to a section ofofgan. This providing the tool of a
high rate of versatility. Taking this image as aitial point the tool solves the problem
of heat transference very efficiently thanks to #pplication of the finite element

method and substructuring.

Making use of the application nine different simidas have been carried out.
From these it have been extracted a series remudtconclusions. Taking into account
that the simulations with the same cooling raterestedmost all parameters, and that
those that differ are practically equal, it cangoessed that the more notably influential
parameter over the results if the image of theuéisssed as starting point for each

simulation. It is to say, the morphology of eadstie.

Observing the data related to the average temperdtus established that the
kidney is the organ that cools more rapidly. Intcast it has been found out that heart
and liver show a slower evolution. If the three ges are compared it can be concluded

that the kidney have much more capillary vessetmn thver and heart. So, as a
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conclusion it can be set that the parameter ttkteinces more directly on the cooling

rate of an organ is the number of capillary vessgelsit has.

Observing now the data related to the standardatiewi of temperature, it is
extracted that the kidney is the organ that mogellegly is cooled while the heart and
liver do in a less homogeneous way. It is also niegkthat the kidney presents a much
more homogeneous distribution of capillary vess#lan the other two organs
mentioned before. This can be appreciated clearRigure 3. Thus it can be achieved
the conclusion that homogeneity on the variatiorthef temperature inside an organ
depends directly on the physical distribution o ttapillary vessels of it. As more
uniform is the distribution, lesser is the standaegliation, and because of this the organ

cools more regularly.

Finally the simulations are compared varying theoliog rate. The first
important data extracted is that doubling the cwpliate does not suppose dividing in
two the simulation interval. The average tempemtaached is higher when the cooling
rate is higher as well. Thus for a cooling rate®@8° C/s after 240 s. we get an average
temperature of approximately -8° C. On the othe&dhéor a cooling rate of -4° C/s after
120 s. we get an average temperature of approdyn&eC. As well as for a cooling
rate of -0,2° C/s after 60 s. we get an averagepeemure of approximately 1° C.

Nevertheless, the different stages occur approeiynat the same moments of time.

In this way, it can be reach the conclusion thattdmperature variation inside
an organ depends mainly on its morphology. Apamnfiit, the behaviour that organs
present is maintained at the same temporal momienispendently of the cooling rate

velocity.

Ivan de la Fuente Misut. Escuela Técnica Supelédingenieros. Universidad de Sevilla. 2007 222



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

REFERENCES

[1] Palsson, B., Hubbell, J.A., Plonsey, R., BronziJ.D., “Tissue Engineering”, CRC

Press, Boca Raton, FL, 2000, pp. 20-1 - 20-9, 2423-17.

[2] Lanza, R.P., Langer, R., Vacanti, J., “Prinegplof Tissue Engineering (Second

Edition)”, Academic Press, San Diego, 2000, pp--58Q, 645-652.

[3] Latarjet, M., Ruiz-Liard, A., “Anatomia Human&omo 2 (42 Ed.)”, Editorial

Medica Panamericana, Buenos Aires, 2006, pp. 1306,11510-1526.

[4] Ross, M.H., Kaye, G.I., Paulina, W., “HistolagiTexto y Atlas color con biologia
celular y molecular (42 Ed.)”, Editorial Medica Ramericana, Buenos Aires, 2006, pp.

264-266, 345-347, 534-540, 606-615.

[5] Valvano, J.W., “Bioheat transfer”, Biomedicah@neering Program, Department of

Electrical and Computer Engineering, The Universityfexas, Austin, pp. 14-19.

[6] Chato, J.C., Lee, R.C., “The Future of Biothafnktngineering”, Bioengineering
Faculty and the Department of Mechanical and IrrchldEngineering, The University
of lllinois, Urbana-Champaing. Holmes, K.H., “Appix: Thermal Conductivity of

Selected Tissues”.

[7] Valvano, J.W., Cochran, J.R., Diller, K.R., “@tmal Conductivity and Diffusivity
of Biomaterials Measured with Self-Heated Thermsto International Journal of

Thermophysics, Bélgica, 1985, pp. 308-310.

[8] Aguilar, J., “Estudio del campo de temperatwa el corazon aplicado a la

conservacion de 6rganos en frio”, Universidad déllaeSevilla, 2003.

Ivan de la Fuente Misut. Escuela Técnica Supeliedingenieros. Universidad de Sevilla. 2007 223



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

[9] Martin-Lacave, |., San Martin Diez, M.V., “Afigpractico de histologia”, Diaz de

Santos, Madrid, 2005.

[10] Nagle, R.K., Saff, E.B., Snider, A.D. “Fundami@s of Differential Equations”,

Fifth Edition , Addison-Wesley, 2000.

[12] Pennes, H.H., “Analysis of Tissue and ArterBlbod in the Resting Human

Forearm”, Journal of Applied Physiology, 1, 93-2248).

[13] Klinger H.G., “Heat Transfer in Perfused Bigloal Tissue-General Theory”, Bull.

Math. Bio. 36, 403-415 (1978).

[14] Weinbaum, S., Jiji, L.M., S “A New SimplifieBioheat Equation for the Effects of
Blood Flow on Local Average Tissue Temperature” MESJournal of Biomechanical

Engineering 107, 131-139 (1985).

[15] Allen, M.B., Herrera, I., Pinder, G.F., “Numeal modelling in Science and

Engineering”, John Wiley and Sons, Ed. (1988).

[16] Blanchard, C.H., Gutierrez, G., White, J.A.od®er, R.B., “Hybrid Finite
Element-Finite Difference Method for Thermal Anatysf Blood Vessels”, Int. J.

Hyperthermia, 16, 341-353 (2000).

[17] Huang, H.W., Chen, Z.P., Roemer, R.B., “A CmunCurrent Vascular Network
Model for Heat Transfer in Tissues”, ASME Journ&lBdomechanical Engineering,

118, 120-129 (1996).

[18] Cui, Z.F., Cui, R.C., Dykhuizen, R.C., NereR\M., Sembanis, A., “Modeling of
Cryopreservation of Engineered Tissues with Oneddisional Geometry”, Biotechnol.

18, 354-361 (2002).

Ivan de la Fuente Misut. Escuela Técnica Supeliedingenieros. Universidad de Sevilla. 2007 224



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

[19] Zhang, Y.T., Liu, J., Y “Numerical study onrée-region thawing problem during

cryosurgical re-warming”, Medical Engineering arfuyBics 24, 265-277 (2002).

[20] Rubinsky, B., “Heat transfer during cryopresdron”, in “The Biophysics of

Organ Cryopreservation”, edit. D. E. Pegg and Adrow Jr., Plenum Press, 1987.

[21] Rubinsky, B., “Heat transfer during cryopression by perfusion through the

vascular system”. Cryobiology 24, 537-541 (1987).

[22] Smith, A.U., “The effects of glycerol and feg on mammalian organs”, in: A.U.
Smith (Ed.), “Biological Effects of Freezing and geucooling”, Edward Arnold,

London, 1961, pp. 247-269.

NOMENCLATURE

Specific density:

c, = specific heat (J/kg-°C)

k = thermal conductivity (W/m-°C)
o = thermal diffusivity (W/J-1f)

p = density (kg/m)

FIGURES

Figure 1: an organ section (picture taken from.[¥he method of finite differences and

sub-structuring imposes two meshes on the piciline. fine mesh divides the sample
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into nodes. The gross mesh divides the samplesimbestructures. Each sub-structure is

solved independently of the others.

Figure 2: images digitally treated that will furaoii as input for the system in the three

study cases (a. heart, b. liver, c. kidney, takemf[9]).

Figure 3: temperature maps for each simulatiorrmetli by the tool on 60 s. (a. heart, b.

liver, c. kidney).

Figure 4: graphic containing the temporal evolutibithe average temperature inside

the organ in each of the three organs studie®(2.°C/s., b. -0.4 °C/s, c. -0.8 °C/s).

Figure 5: graphic containing the temporal evolutddthe standard deviation of the
temperature inside the organ in each of the thrgens studied (a. -0.2 °C/s., b. -0.4

°Cls, c. -0.8 °C/s).

Figure 6: graphic containing the temporal evolutbthe slope of the average
temperature inside the organ in each of the thrgens studied (a. -0.2 °C/s., b. -0.4

°Cls, c. -0.8 °C/s).

Figure 7: graphic containing the temporal evolutidthe slope of the standard
desviation of the temperature inside the orgaraohef the three organs studied (a. -0.2

°Cl/s., b.-0.4 °C/s, c. -0.8 °C/s).

Ivan de la Fuente Misut. Escuela Técnica Supeliedingenieros. Universidad de Sevilla. 2007 226



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

Figure 1
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Figure 2.a
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Figure 2.b
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Figure 2.c
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Figure 3.a
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Figure 3.b

Ivan de la Fuente Misut. Escuela Técnica Supeliedingenieros. Universidad de Sevilla. 2007 232



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfegin para criopreservacion.

20

10
30

40

50

BO

\#‘

"
L ]
LN
30 35 40 45 50 55

B0

7a

50

Figure 3.c

Ivan de la Fuente Misut. Escuela Técnica Supeliedingenieros. Universidad de Sevilla. 2007 233



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfegin para criopreservacion.

Average Temperature (°C)

-15

0 20 40 60 80 100 120 140 160 180 200 220 240

Time (s)

Figure 4.a

Ivan de la Fuente Misut. Escuela Técnica Supeliedingenieros. Universidad de Sevilla. 2007 234



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfegin para criopreservacion.

40

—®—Heart

Liver

Average Temperature (°C)

== Kidney

-10

0 10 20 30 40 50 60 70 80 90 100 110 120

Time (s)

Figure 4.b

Ivan de la Fuente Misut. Escuela Técnica Supeliedingenieros. Universidad de Sevilla. 2007 235



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfegin para criopreservacion.

40

Average Temperature (°C)

Time (s)

Figure 4.c

Ivan de la Fuente Misut. Escuela Técnica Supeliedingenieros. Universidad de Sevilla. 2007 236



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfegin para criopreservacion.

0,6
I
A —
e
0,5 —
o / .

—§—Heart

Liver

== Kidney

Standard Deviation of Temperature (°C)

0] 20 40 60 80 100 120 140 160 180 200 220 240

Time (s)

Figure 5.a

Ivan de la Fuente Misut. Escuela Técnica Supelédingenieros. Universidad de Sevilla. 2007 237



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfegin para criopreservacion.

1,2

1,0

—§—Heart

Liver

== Kidney

Standard Deviation of Temperature (°C)

0] 10 200 30 40 50 60 70 80 S0 100 110 120

Time (s)

Figure 5.b

Ivan de la Fuente Misut. Escuela Técnica Supeliedingenieros. Universidad de Sevilla. 2007 238



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfegin para criopreservacion.

. A
// _a
08 /" /

// —§—Heart

0.6 ;g Liver
== Kidne
0,4 P Y

Standard Deviation of Temperature (°C)

30 35 40 45 50 55 60

Time (s)

Figure 5.c

Ivan de la Fuente Misut. Escuela Técnica Supeledingenieros. Universidad de Sevilla. 2007 239



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfegin para criopreservacion.

0,00

-0,05

-0,10 -
—4—Heart
-0,15 Liver
== Kidney

Slope of Average Temperature

-0,20

-0,25

0 20 40 60 80 100 120 140 160 180 200 220 240

Time (s)

Figure 6.a

Ivan de la Fuente Misut. Escuela Técnica Supeledingenieros. Universidad de Sevilla. 2007 240




Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfegin para criopreservacion.

0,00 } } } } } } } } t t t

-0,05
v -0,10
2
©
o -0,15
Q.
£
2 -0,20
()
o —&—Heart
g -0,25
3: Liver
S 0,30 - i
o == Kidney
o
o
@ 035 \

-0,40 - A

-0,45

0 10 20 30 40 50 60 70 80 90 100 110 120
Time (s)
Figure 6.b

Ivan de la Fuente Misut. Escuela Técnica Supeliedingenieros. Universidad de Sevilla. 2007 241




Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfegin para criopreservacion.

—®—Heart

Liver

0,6 ) == Kidney

Slope of Average Temperature

Time (s)

Figure 6.c

Ivan de la Fuente Misut. Escuela Técnica Supelédingenieros. Universidad de Sevilla. 2007 242



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfegin para criopreservacion.

0,012

0,010 -

0,008

0,006

Slope of Standard Deviation of Temperature

—§—Heart
Liver
0,004 == Kidney
0,002
0,600 & f } f f T

60 20 40 60 80 100 120 140 160 180 200 220 240

Time (s)

Figure 7.a

Ivan de la Fuente Misut. Escuela Técnica Supeliedingenieros. Universidad de Sevilla. 2007 243



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfegin para criopreservacion.

0,025

0,020

0,015
—— Heart
0,010 Liver
== Kidney

0,005

Slope of Standard Deviation of Temperature

0,000 & I I I I I I I I I I I I
0] 10 20 30 40 50 60 70 80 S0 100 110 120

Time (s)

Figure 7.b

Ivan de la Fuente Misut. Escuela Técnica Supeliedingenieros. Universidad de Sevilla. 2007 244



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfegin para criopreservacion.

Slope of Standard Deviation of Temperature

Time (s)

Figure 7.c

Ivan de la Fuente Misut. Escuela Técnica Supeliedingenieros. Universidad de Sevilla. 2007 245



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

TABLES

Table 1: it's contained the physical propertieshef materials most representative of

selected organ to realize the simulations (takem f{5-7]).

Table 2: it's contained the numerical data of therage temperature for each organ

during the simulated interval of time (a. -0.2°:@®/s-0.4° C/s; -0.8° C/s).

Table 3: it's contained the numerical data of tlope of average temperature for each

organ (a. -0.2° C/s: b. -0.4° C/s; -0.8° C/s).

Table 4: it's contained the numerical data of staddleviation of temperature for each

organ during the simulated interval of time (a290C/s: b. -0.4° C/s; -0.8° C/s).

Table 5: it's contained the numerical data of slopstandard deviation for each organ

(a. -0.2° C/s: b. -0.4° C/s; -0.8° C/s).

Ivan de la Fuente Misut. Escuela Técnica Supeliedingenieros. Universidad de Sevilla. 2007 246



Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

k (W/m-°C)| p (kg/n?) | c, (J/kg-°C)
Heart 0.533 1100 3712
Kidney 0.539 1022 3600
Liver 0.511 1002 3620
Connective tissue 0.570 1050 3920
Capillary / Cryoprotector  0.627 1000 4180
Table 1
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Time (s)| Heart (°C)| Liver (°C)|Kidney (°C)

0 36,000 36,000 36,000

1 35,985 35,982 35,976

2 35,959 35,951 35,935

3 35,925 35,909 35,881

4 35,881 35,857 35,814

5 35,830 35,796 35,736

6 35,7720 35,727 35,649

8 35,6360 35,566 35,451

10 35,478 35,380 35,225

15 34,9960 34,823 34,569

20 34,417, 34,164 33,816

25 33,762 33,430 32,998

30 33,046 32,639 32,133

35 32,282 31,804 31,235

40 31,478 30,936 30,312

80 24,253 23,394 22,543

120 16,462 15,494 14,582

160 8,523 7,521 6,591

200 0,542 -0,470 -1,406

240 -7,451 -8,468 -9,406
Table 2.a
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Time (s)| Heart (°C)| Liver (°C) | Kidney (°C)

0 36,000 36,000 36,000

1 35,970 35,964 35,952

2 35,919 35,903 35,871

3 35,850 35,819 35,762

4 35,763 35,715 35,628

5 35,661 35,593 35,473

6 35,545 35,454 35,299

8 35,273 35,133 34,903

10 34,9560 34,761 34,451

15 33,993 33,646 33,138

20 32,835 32,328 31,633

25 31,525 30,860 29,996

30 30,093 29,278 28,267

35 28,565 27,609 26,470

40 26,957 25,873 24,624

80 12,507 10,788 9,087
120 -3,075 -5,011 -6,834
Table 2.b
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Time (s)| Heart (°C)| Liver (°C) | Kidney (°C)

0 36,000 36,000 36,000

1 35,941 35,929 35,905

2 35,839 35,807 35,743

3 35,700 35,639 35,524

4 35,526 35,430 35,256

5 35,322 35,186 34,946

6 35,090 34,909 34,598

8 34,547 34,267 33,806

10 33,912 33,522 32,903

15 31,986 31,293 30,276

20 29,670 28,657 27,266

25 27,050 25,721 23,993

30 24,187 22,557 20,534

35 21,130 19,219 16,941

40 17,915 15,746 13,249

60 3,972 1,013 -2,080

Table 2.c
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Time (s) Heart | Liver | Kidney

0| 0,0000 0,0000 0,0000

1/-0,0150 -0,0180 -0,0240

2|-0,0260-0,0310 -0,0410

3/-0,0340 -0,0420 -0,0540

4-0,0440 -0,0520 -0,0670

5/-0,0510-0,0610-0,0780

6(-0,0580 -0,0690 -0,0870

8(-0,0680 -0,0805 -0,0990

10|-0,0790 -0,0930 -0,1130

15|-0,0964 -0,1114-0,1312

20/-0,1158-0,1318 -0,1506

25/-0,1310-0,1468 -0,1636

30/-0,1432-0,1582-0,1730

35/-0,1528-0,1670 -0,1796

40/-0,1608 -0,1736/-0,1846

80(-0,1806 -0,1886 -0,1942

120/-0,1948 -0,1975 -0,1990

160/-0,1985-0,1993 -0,1998

200|-0,1995 -0,1998 -0,1999

240|-0,1998 -0,2000 -0,2000

Table 3.a
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Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

Time (s) Heart | Liver | Kidney

0| 0,0000 0,0000 0,0000

1/-0,0300 -0,0360 -0,0480

2|-0,0510-0,0610-0,0810

3/-0,0690 -0,0840 -0,1090

4/-0,0870-0,1040-0,1340

5/-0,1020 -0,1220 -0,1550

6/-0,1160-0,1390 -0,1740

8/-0,1360-0,1605-0,1980

10|-0,1585-0,1860 -0,2260

15|-0,1926-0,2230 -0,2626

20/-0,2316/-0,2636-0,3010

25]-0,2620 -0,2936 -0,3274

30/-0,2864-0,3164;-0,3458

35/-0,3056/-0,3338 -0,3594

40(-0,3216-0,3472 -0,3692

80(-0,3612-0,3771] -0,3884

120/-0,3896/ -0,3950 -0,3980

Table 3.b
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Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

Time (s) Heart | Liver | Kidney

0| 0,0000 0,0000 0,0000

1/-0,0590 -0,0710 -0,0950

2|-0,1020-0,1220-0,1620

3/-0,1390 -0,1680 -0,2190

4/-0,1740-0,2090 -0,2680

5/-0,2040 -0,2440 -0,3100

6|-0,2320-0,2770 -0,3480

8|-0,2715-0,3210 -0,3960

10|-0,3175-0,3725/-0,4515

15|-0,3852-0,4458 -0,5254

20/-0,4632-0,5272-0,6020

25]-0,5240 -0,5872-0,6546

30/-0,5726/-0,6328 -0,6918

35/-0,6114-0,6676 -0,7186

40/-0,6430 -0,6946/-0,7384

60(-0,6972-0,7367|-0,7665

Table 3.c
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Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

Time (s)| Heart (°C)| Liver (°C)|Kidney (°C)

0 0,0000  0,0000 0,0000

1 0,0102 0,0108 0,0111

2 0,0194  0,0206 0,0200

3 0,0278  0,0291 0,0273

4 0,0355 0,0367 0,0334

5 0,0425 0,0435 0,0387

6 0,0489  0,0496 0,0432

8 0,0607, 0,0605 0,0510

10 0,0712 0,0703 0,0576

15 0,0953  0,0933 0,0734

20 0,1192 0,1176 0,0912

25 0,1446  0,1442 0,1120

30 0,1713 0,1725 0,135]]

35 0,1987, 0,2016 0,1593

40 0,2261 0,2304 0,1836

80 0,4006f 0,4066 0,3229

120 0,4851 0,4849 0,3735

160 0,5191 0,5139 0,3884

200 0,5319 0,5240 0,3926

240 0,5365 00,5274 0,3938

Table 4.a
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Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

Time (s)| Heart (°C)| Liver (°C) | Kidney (°C)

0 0,0000  0,0000 0,0000

1 0,0204  0,0217 0,0222

2 0,0389 0,0411 0,0400

3 0,0557, 0,0583 0,0546

4 0,0709 0,0734 0,0669

5 0,0849 0,0870 0,0773

6 0,0979  0,0992 0,0864

8 0,1213 0,1211 0,1019

10 0,1424  0,1406 0,1153

15 0,1906f 0,1865 0,1469

20 0,2385 0,2351 0,1823

25 0,2892  0,2884 0,2239

30 0,3426 0,3451 0,2701]]

35 0,3974  0,4031 0,3186

40 0,45220  0,4607 0,3671

80 0,8013 0,8132 0,6458

120 0,9702  0,9697 0,7468

Table 4.b
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Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

Time (s)| Heart (°C)| Liver (°C) | Kidney (°C)

0 0,0000  0,0000 0,0000

1 0,0409 00,0434 0,0444

2 0,0779  0,0823 0,0801

3 0,1113 0,1165 0,1093

4 0,1419 0,1468 0,1338

5 0,1699 0,1739 0,1547

6 0,1958  0,1985 0,1729

8 0,2426f 0,2421 0,2038

10 0,2848  0,2812 0,2306

15 0,3812 0,3731 0,2938

20 0,4771 0,4702 0,3647

25 0,5785 00,5768 0,4477

30 0,6852  0,6901 0,5402

35 0,7948 0,8062 0,6372

40 0,9044 00,9214 0,7341

60 1,3031 1,3309 1,0698

Table 4.c
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Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

Time (s)|Heart | Liver | Kidney

0{0,0000 0,0000 0,0000

10,0102 0,0108 0,0111

2(0,0092 0,0098 0,0089

3/0,00840,0085 0,0073

4/0,0077,0,0076 0,0061

5/0,0070 0,0068 0,0053

6|0,0064 0,0061] 0,0045

8(0,0059 0,0055 0,0039

10{0,0053 0,0049 0,0033

15| 0,0048 0,0046 0,0032

20/0,0048 0,0049 0,0036

25/0,0051 0,0053 0,0042

30/0,0053 0,0057| 0,0046

35/0,0055 0,0058 0,0048

40/0,00550,0058 0,0049

80(0,0044 0,0044 0,0035

120/0,0021 0,0020 0,0013

160|0,0009 0,0007| 0,0004

200/ 0,0003 0,0003 0,0001

240/ 0,00010,0001 0,0000

Table 5.a
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Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

Time (s)|Heart | Liver | Kidney

0{0,0000 0,0000 0,0000

1/0,0204 0,0217 0,0222

2/0,01850,0194 0,0178

3/0,0168 0,0172 0,0146

4/0,0152 0,0151 0,0123

50,0140 0,0136 0,0104

6/0,0130 0,0122 0,0091

8/0,0117,0,0110 0,0078

10| 0,0106 0,0098 0,0067

15/0,0096 0,0092 0,0063

20/0,0096 0,0097| 0,007]

25/0,01010,0107) 0,0083

30/0,0107,0,0113 0,0092

35/0,0110 0,0116 0,0097

40/0,01100,0115 0,0097

80/0,0087 0,0088 0,0070

120/0,0042 0,0039 0,0025

Table 5.b
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Desarrollo de interfaz para software de transféesethe calor y estudio comparativo de la evoluciéh d
campo de temperatura de distintos 6rganos duranfesgon para criopreservacion.

Time (s)|Heart | Liver | Kidney

0{0,0000 0,0000 0,0000

1/0,0409 0,0434 0,0444

2/0,0370 0,0389 0,0357

3/0,0334/0,0342 0,0292

40,0306 0,0303 0,0245

50,0280 0,0271 0,0209

6|0,0259 0,0246 0,0182

8|0,0234 0,0218 0,0155

10| 0,02110,0196 0,0134

15/0,0193 0,0184 0,0126

20/0,0192 0,0194 0,0142

25/0,0203 0,0213 0,0166

30/0,0213 0,0227) 0,0185

35/0,0219 0,0232 0,0194

40/0,0219 0,0230 0,0194

60(0,0199 0,0205 0,0168

Table 5.c
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