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Abstract

Title:
Improving Static Cold Storage Life of the Human Heart before Transplant
Author:
Juan Sebastian Rodriguez Paez
Major Advisor:
Venkat Keshav Chivukula, Ph.D.

Organ storage and transportation are critical steps for the success of organ transplan-
tation. Static cold storage (SCS) of hearts for heart transplantation (HTx) remains
the standard approach. However, SCS may involve damage to the tissue resulting
from extended hypothermic preservation, potentially affecting organ viability. More-
over, the temperature distribution on and within the heart is unknown during heart
transplantation. Therefore, there is an interest to study different stages of the heart
transplantation process towards determining the 3D temperature distribution on and
within the heart. There could be a possibility of having a hypothermic injury in differ-
ent parts of the heart due to the temperatures that are being used currently in specific
parts of the heart transplantation process such as SCS icebox storage and transport.
The heart transplantation process was divided into four stages: (i) when the heart
is cooled within the donor via cardioplegia. (ii) when it is extracted from the donor

and checked outside the body. (iii) when it is stored and transported via SCS Icebox,

il



(iv) when it is checked after removal and (v) when it is implanted within the recipi-
ent. To determine the 4D (3D + time) temperature distribution for each of the above
stages, we utilize a custom-developed heat transfer and computational fluid dynamic
simulation of the heart using COMSOL Multiphysics. The transient Bioheat transfer
equation was solved using time-dependent simulations on an anatomically accurate 3D
model of the heart with empirically obtained thermal properties for the cardiac muscle
and surrounding tissues. Stage 1 was modelled using transient conduction by the car-
dioplegia fluid flow for several initial temperature conditions. For the second stage of
the process, the heart simulation was performed by using the equilibrium temperature
reached in the first stage as an initial condition. Stage 3 was modelled for several hours
of transport using transient conduction within the icebox. Stage 2 and 4 take into ac-
count a external heat transfer resistance in comparison to the other stages. The data
obtained was compared to clinical experimental data in order to obtain a quantitative

analysis of the simulations as well as validation of the models.
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Chapter 1

Introduction

The introduction to this project report involves the state of the art for heart transplants
explaining the experimental procedures as well as the conditions why these transplants
have been carefully conducted. Also, it discusses the significance and innovation of this

project explaining the project’s objectives and the relevance for this study.

Heart transplantation remains the gold standard treatment for end-stage heart fail-
ure, offering a potential lifeline to patients with severe cardiac dysfunction. Over the
past few decades, significant advancements in surgical techniques, immunosuppressive
therapies, and organ preservation methods have enhanced the outcomes and expanded
the pool of eligible candidates for heart transplantation. Recent research in this field
has focused on refining these techniques to improve graft survival, minimize rejection
risks, and enhance patient quality of life. One notable area of advancement is the
utilization of ex vivo organ perfusion systems. These systems enable the assessment,
preservation, and even reconditioning of donor hearts outside the body before trans-
plantation, thus potentially expanding the donor pool and improving post-transplant

outcomes. Research performed in the current decade demonstrated the efficacy of nor-



mothermic ex vivo heart perfusion in improving donor heart function and viability,

leading to enhanced transplant outcomes [1].

Furthermore, the development of novel immunosuppressive strategies has been piv-
otal in reducing rejection rates and improving long-term graft survival. Recent studies
have explored the use of tailored immunosuppression regimens based on individualized
risk assessment and immune monitoring, as highlighted, which underscored the impor-
tance of personalized approaches in optimizing immunosuppressive therapy post-heart
transplantation [9]. In addition to surgical and pharmacological innovations, emerging
technologies such as gene editing hold promise for addressing key challenges in heart
transplantation, including organ shortage and rejection. Research demonstrated the
feasibility of CRISPR-Cas9-mediated gene editing to mitigate rejection responses and
enhance the compatibility of donor hearts, opening new avenues for precision medicine
in cardiac transplantation [13]. Despite these advancements, challenges such as organ
scarcity, infection risks, and long-term graft complications persist, necessitating con-
tinued research efforts to further refine heart transplant techniques and outcomes. This
review aims to provide an overview of the most recent research findings and innovations
in heart transplantation, highlighting their implications for clinical practice and future

directions in the field.

Heart failure is a condition that impairs the left ventricle’s functionality, affecting
around 63 million people worldwide [14][26] [27]. Nowadays, the treatment that is used
for heart failure is a heart transplant. However, heart transplants have the risk of
disparity between the donor hearts and patients that are on the waiting list for the
transplant to take place [10]. It has been reported that around 40% of patients who

are on the waiting list never receive a transplant. In addition to this, an unused organs



percentage exists due to the limitation of the strategies to carry out the heart transplant
procedures [24] [8]. Now, to achieve heart preservation, static cold storage (SCS) is one
of the strategies that is currently performed as well as ex-situ heart perfusion [25]. SCS
is a method that involves cooling the heart to slow metabolic processes [20]. Figure
1.1 shows the three-bag technique, a standard method for static cold storage where the
organ is suspended in a bag of a cold storage solution. But, particularly, these two bags
are surrounded by two additional bags with saline and afterwards, placed into a cooler
with ice (ice-box approach) [21]. This particular combination is shown in the schematic
figure of figure 1.1. Nevertheless, this method has a particular problem and it is that
cold storage creates cold injuries and tissue denaturation due to uneven cooling and
also achieving freezing conditions of tissue. Furthermore, in this process, there are no
temperature sensors which means that the temperature distribution within the heart
is unknown [22]. The organ temperature is neither monitored nor the temperature
distribution involving the heart geometry or shape [18]. This means that the process
itself is uncertain and once a transplant is carried out, the time is limited to at least 4

hours approximately so that the organ can be used [6].

Cooler

2 bags of saline
Bag with Celsior®
Isclated heart

lce

Figure 1.1: Traditional ice box approach for the static cold storage (SCS) technique.
The schematic shows the suspension of the organ whose solution temperature can be
controlled, but the organ temperature is not monitored.

Static cold storage (SCS) has been the traditional method for preserving donor

3



hearts since the inception of heart transplantation. This technique involves flushing
the heart with a cold preservation solution, typically University of Wisconsin (UW) or
Celsior solution, and storing it in a cold environment (typically 4°C') to slow metabolic
processes and reduce ischemic injury during transport. While SCS remains widely
utilized due to its simplicity and cost-effectiveness, its limitations, including ischemia-
reperfusion injury and limited preservation times, have spurred the exploration of al-
ternative preservation methods. Ex vivo perfusion systems have emerged as a promis-
ing alternative to SCS, offering the potential to mitigate ischemia-reperfusion injury,
assess organ viability, and even recondition marginal donor hearts prior to transplanta-
tion. Normothermic ex vivo heart perfusion, in particular, involves perfusing the donor
heart with warm, oxygenated blood or a perfusion solution at physiological tempera-
tures, thereby maintaining metabolic activity and preserving organ function. Current
research demonstrated the superiority of normothermic ex vivo heart perfusion over
SCS in preserving donor heart function and improving transplant outcomes, paving

the way for its integration into clinical practice [1].

Moreover, hypothermic machine perfusion (HMP) has gained traction as an inter-
mediate preservation method between SCS and normothermic perfusion. HMP involves
perfusing the donor heart with a cold, oxygenated solution under controlled pressures,
offering superior preservation compared to SCS while avoiding the complexities asso-
ciated with normothermic perfusion. Recent studies have shown the efficacy of HMP
in reducing ischemic injury and improving graft function, underscoring its potential as
a bridge between conventional and advanced preservation techniques. In addition to
advancements in organ preservation, refinements in immunosuppressive therapies have
played a crucial role in optimizing transplant outcomes. Tailored immunosuppres-

sion regimens, informed by individualized risk assessment and immune monitoring,



have demonstrated superior efficacy and safety compared to traditional one-size-fits-
all approaches [13]. By minimizing rejection risks while minimizing adverse effects,
personalized immunosuppression holds promise for enhancing long-term graft survival
and patient well-being. Despite these advancements, challenges such as organ short-
age, infection risks, and long-term complications remain pertinent in the field of heart
transplantation. Continued research efforts aimed at refining preservation techniques,
optimizing immunosuppressive protocols, and exploring innovative approaches such as
gene editing are imperative to address these challenges and further improve transplant

outcomes.

1.1 Significance and innovation

The significance and innovation of this project are based on the surprising fact that
studies on the internal temperature of isolated hearts have not been performed yet. The
temperature distribution of the heart is also unknown as well as the effect of external
conditions on the heart [21]. Particularly, these external conditions are of greater
magnitude in SCS techniques [22]. This means that the proposal scope addresses the
lack of knowledge in the heat transfer process and characteristics of isolated hearts.
This would be addressed by heart transfer modeling including heat transfer modeling
conditions. The thermal analysis will create the first database of 4D temperature
distributions of isolated hearts in static cold storage processes. This collected database
can determine a thermally optimal procurement technique for the heart transplant
process and preservation techniques. In-silico approaches to the system will allow a
parametric analysis that traditional experimentation techniques could not achieve. The
simulation of the system will use a heat transfer model simulating the phenomena of

cold preservation to determine the transient temperature of each region of the heart to



obtain a high-fidelity heat map of a specific heart geometry.

1.2 Objectives

The main objective of this proposal is to improve the preservation techniques for hearts
that are used for heart transplant processes. This could be achieved by quantifying
the heat transfer characteristics of donor hearts during transport conditions to the
recipient. As it has been reported, the temperature within the heart tissue is highly
influenced by thermal, physical, and hemodynamic parameters of the heart, the ge-
ometry, and its surrounding environment. For instance, the temperatures that are
involved and materials, which means changes in physical properties and therefore, in
the transport phenomena taking place in the geometry studied. The questions that

will be answered are the following:

e How does the initial temperature of the heart influence its cooling during storage

and transport?

e What is the transient temperature distribution in the heart during the traditional

ice-box approach?

e What are the biological consequences of the different storage conditions and the

temperatures reached during the processes?

1.3 Relevance

The proposed research is unique and the topic has not been explored with the approach
proposed. Despite the critical nature of the heart transplantation processes and the

need that exists in the field, there is a huge knowledge gap in assessing the health



of the organ during transport as well as the conditions that are needed to preserve
its biological condition and functionality. This proposal can create the first heart
thermal transplant database that quantifies the temperature distribution within the
heart during procurement and organ transport. The main measure of success will be
obtaining 4D transient temperature gradients and distributions during different stages
of the heart transplant process. Particularly, these results will show the temperature
changes experienced to have a better understanding of the biological implications of

the process and the activity inside the heart, which is currently unknown.



Chapter 2

Materials and Methods

2.1 Materials

The materials involved in performing the heat transfer simulations are Autodesk In-
ventor to perform initial stage CAD models of simple geometries to assess basic per-
formance. Additionally, other Autodesk tools are used to preprocess STL files of real
geometries and more complex geometries such as heart STL anatomical data files. For
instance, some of these important characteristics are 3D view, clapping, cutting, and
additional features included in CAD modules. The simulation tool COMSOL Multi-
physics is an important material since this software is used for performing the time-
dependent 3D model simulations with the heat transfer in the solids module including
initial conditions and boundary conditions. On the other hand, COMSOL can per-
form heat transfer simulations coupled with computational fluid dynamics simulations.
COMSOL includes predetermined mesh methods for complex geometries that need to
be addressed with a mesh independence study so that accurate results can be achieved
without big computational processing times. Moreover, COMSOL includes a geometry

module that is important to include to mesh and process complex geometries. The



reports that are going to be generated by COMSOL are the temperature distribution,
the isothermal contours evolution, and surface plots to determine the time and the
equilibrium temperatures in each of the stages of the transplantation process that are

going to be explained in the Methods section.

2.2 Methods

The primary objective of this study was to leverage computational simulations to opti-
mize temperature conditions that are suitable for heart transplant processes. The sim-
ulations were designed to explore the effects of various initial conditions and boundary
conditions on temperature profiles within the organ. Particularly, there were different
conditions evaluated for the cardioplegia stage as well as times that each stage of the
process took. The results provided by the simulations results allowed us to suggest an
optimal experimental setup so that the heart does not reach critical biological temper-
atures that could compromise biological functionalities. The first stage of the process
refers to a cardioplegia cool-down process in which the heart is cooled down from body
temperature to a certain temperature depending on the time required. The second
stage of the process refers to the storage of the heart in a bag which includes a fluid
solution in it. This bag is paced over ice which means there are conduction and a
transient conduction modeled using an external heat transfer resistance approximated
by a heat transfer coefficient of a 2.2 mm layer of air. Afterward, the heart undergoes
a stronger cool-down process because the bag is placed in an ice box for approximately
6 hours. Finally, the fourth and the fifth stages take place similarly to the first and the
second but refer to a heat process in which the bag and the heart are removed from
the icebox and heated up to be received by the recipient. Figure 2.1 and 2.2 shows a

sketch of the stages involved in each simulation combination.



Cardioplegia Bag Storage Ice box storage Bag Storage Recipient

& (&) & =6

Figure 2.1: Experimental stages involved in the heart transplant process which were
simulated in the conduction simulations. The second and the fourth stages do not
include unsteady-state conduction effects.
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Figure 2.2: Experimental stages involved in the heart transplant process which were
simulated in the conduction and unsteady-state conduction simulations. The second
and fourth stages include unsteady-state conduction conditions.

2.3 Software and model development

The professional software employed was COMSOL Multiphysics for conducting de-
tailed simulations. This software is widely recognized for its accuracy in modeling fluid
dynamics and heat transfer processes. Also, this software allows to perform coupling

between fluid physics and thermodynamics. In this study, conductive and unsteady-
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state conduction simulations were performed for the different conditions depending on
the stage that was being simulated. For instance, the first and fifth stages compre-
hended contact only which means also only conductive phenomena. The second and
fourth stages involved contact, but also included fluid heat removal the exposure to air.
COMSOL allows to use of predefined (or imported) geometries which facilitates the
process of specifying the dimensions required for the heart as well as for the different
domains in each stage. Moreover, COMSOL Multiphysics allows to carrying out of
automatic meshing either user-dependent or physics-dependent meshing. The meshing
process can be specified by how small the different parameters are. On the other hand,
a mesh independency study was performed to determine the accuracy of the different
sizes in contrast with the computational time required for the simulations. Once the
meshing conditions were determined, the different stages were set up and the different

results plots were created.

2.4 Organ geometry

A detailed three-dimensional model of the heart was created based on anatomical data.
The organ geometry included key structures such as chambers and surrounding tissues.
This realistic representation ensured the accuracy of the simulations in capturing the
complexities of the actual organ. Different geometry parts were ignored to simplify the

model.

2.5 Material properties

Physiological material properties, such as thermal conductivity and specific heat, were

assigned to different components of the organ model. These properties were obtained
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from literature reviews and experimental data to ensure the simulations accurately
represented real-world conditions. The value used of thermal conductivity for the heart
was 0.5576W/m - K, a muscle density of 1080kg/m?3 and a value of 3686.J/kg- K for the
specific heat capacity at constant pressure of the heart. Depending on the stage, there
were additional properties included such as the material properties of water and air.
The material properties of the bag are assumed to be approximately water properties
because the volume occupied by the bag is negligible compared to the volume occupied
by the water inside the bag. On the other hand, the external heat transfer resistance
from the ambient air to the bag surface was accounted for in simulations in stage 2
and 4, assumed roughly equivalent to the conduction resistance of a thin 2 mm layer

of air which gives a conduction resistance of h ~ 12 W/m? K.

2.5.1 Initial Conditions and Boundary Conditions

Simulations were performed under various initial conditions, including different start-
ing temperatures and thermal profiles within the organ. This allowed investigate the
impact of the initial state on temperature optimization during the transplant process.
The initial conditions for the first stage are determined by understanding how long
the heart takes to reach the cardioplegia temperature. Different boundary conditions
were applied to simulate scenarios such as variations in ambient temperature, blood
flow rates, and cooling mechanisms. Exploring these conditions provided insights into
the sensitivity of the temperature optimization process to external factors. Depend-
ing on the time that the experimental procedure takes, the temperature at the end
of this stage should be different. This case was evaluated using a body temperature
of Tg = 37°C and a cardioplegia temperature of Tx = 1°C, T = 4°C, T = 10°C.
The second stage includes initial conditions for the bag and ice temperature. The bag

temperature was set to be approximately room temperature of T = 18°C. The ice
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temperature was assumed to be Ty = —2°C. The heart’s initial condition is deter-
mined by the equilibrium temperature obtained from the previous stage. Therefore,
there were two possible cases evaluated. The two cases evaluated in the second are
equilibrium temperature at ¢ = 10 min and t = 20 min. After the second stage is
performed, the ice amount is increased in the system for the third stage following the
equilibrium temperature from the second stage and in contact with air at Ty = 24°C.
Lastly, the fourth stage and the fifth stage follow the same process but heat the heart.
Specifically, these stages use the equilibrium temperatures from the previous stages as
well as the material properties of the materials that are included. The fourth stage is

comparable to the second and the fifth stage is compared to the first stage.

2.5.2 Iterative simulations

A systematic optimization approach was adopted, involving iterative simulations with
adjustments to parameters based on the outcomes of each iteration. This process
aimed to converge to the parameters that solve the heat transfer in solids following
the quadratic Lagrange discretization process which is a finite differences technique to
find solutions to the equations. The simulations were set to include a time-dependent
physics model approach which means there was the possibility to specify the time and
the range of calculation. For these simulations the time unit used was seconds and
the range of output times was between ¢ = 0s and ¢ = 50000s. Now, on the other
hand, different step sizes were used depending on the simulation and the result of the
mesh independency study. Generally, step sizes were located in the rang [0.01, 10] for
the simulations. The solutions storage per time was physics-controlled. After each
simulation was calculated, different plots were generated to assess the performance
and to store useful data for future analysis. In this case, the stored variables were

the surface temperature, sliced plots of the geometry, and temperature plots in three
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different regions and three different planes. The three regions refer to points located
either on the left part of the heart, the right part of the heart, or the middle. The
three different planes refer to an upper cut of the geometry, a middle cut, and a lower
cut. These allow us to see the temperature distributions depending on the point over

the heart.

2.5.3 Performance metrics

The success of each simulation was assessed using performance metrics, including tem-
perature uniformity and adherence to physiological temperature ranges. These metrics
allowed for a quantitative evaluation of the effectiveness of different conditions. The
first checkpoint for the performance metrics is understanding that the heat or cool-
down process takes place following thermodynamic laws and the conditions specified
for each stage. Afterward, once the temperature plots are obtained, they are analyzed
to address whether the evolution of temperature through time is according to the con-
ditions specified. Finally, the results were compared to temperature values reported by
clinicians and from experimental procedures. Once the conditions simulated reflected
the experimental conditions reported, there was the possibility of suggesting optimal

conditions for that procedure specifically.

2.5.4 Statistical analysis and visualization techniques

Statistical analysis was performed on the simulation results to identify significant trends
and correlations. This analysis included regression analyses and sensitivity studies
calculating confidence intervals and statistical variables to understand the relationships
between various parameters and temperature outcomes. These plots were obtained for

the different stages mentioned above as well as for the different geometry partitions.
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Also, it was possible to obtain geometry plots showing the temperature distribution
and how it evolves in time. This was done using visualization techniques, such as
heat maps and temperature profiles. These visual aids facilitated a comprehensive

understanding of temperature variations within the heart under different conditions.
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Chapter 3

Theoretical Principles

The theoretical principles involved in this proposal are mainly related to transport
phenomena processes. This is because the organ (i.e., heart) is in constant contact
with different surfaces and materials during the process and there are temperature
variations in the system constantly due to different factors. Conduction takes place
due to the collisions of molecules. In a continuous medium, Fourier’s law states that

the conductive heat flow (q) is proportional to the temperature gradient by,
q=—kVT, (3.1)

where the proportionality coefficient refers to the thermal conductivity of the material.
It takes a positive value meaning the second law of thermodynamics in regards to that
the heat flow moves from regions of high temperature to regions of low temperature.
Generally, in anisotropic media, the thermal conductivity is defined as a symmetric

positive-definite second-order tensor,
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Convection may be due to forced flow (e.g., due to a pump) or flow generated
naturally due to temperature differences in a vertical direction (resulting in density
differences, hence buoyancy forces). And, radiation is caused by the transport of
photons through electromagnetic waves [3] [7]. Now, from the general heat balance

equation, it is possible to obtain the heat transfer heat equation in solids interface,

oT dS
pcp<g+ut.w)+v-<q+qr>:—aT:%+@. (3.3)

In the previous equation, C, denotes the heat capacity at constant stress, u; denotes
the velocity vector of translational motion, o denotes the coefficient of thermal expan-
sion, S denotes the second Piola-Kirchhoff stress tensor and () refers to additional heat
sources within the system [7]. It is also assumed that the material properties (p, C,, k)
are not temperature dependent for the solid material (heart muscle) specified for the

geometry.

When written for the general case of a following fluid, the heat balance equation

becomes [3],

ot

oT 10p (0

LT —+u~Vp>+T:Vu—|—Q. (3.4)

The previous equation may be solved numerically to obtain quantitative results in
COMSOL, considering also that most of its terms may be consider negligible for the

needs of this work. This includes the three velocity terms (due to absence of fluid

17



flow), the radiation term (since no significant radiation heat transfer is expected) and
the additional heat source term (since no heat generation of any type takes place within

the boundaries of the system). Therefore, the above equation is simplified to,

oT
pCpE +V.q=0. (3.5)

Assuming that the heart tissue is thermally isotropic (i.e., the thermal conductivity

is the same in all directions),

orT

pCpE +V - (=kVT) =0. (3.6)
Which gives,
T
pcp%—t — kV?*T = 0. (3.7)

This is the simplified equation used to solve the heat transfer taking place in the heart
transplantation processes in this study. As said before, this model has simplifications
and can be perfected including additional heat sources and dependencies that exist
during the process such as blood flowing through the geometry, additional materials in
geometry domains and temperature dependence of material properties. Depending on
the stage that is being solved, there are different initial values and boundary conditions.

For the first stage, the initial values and boundary conditions are,

Tyo(t = 0) = 37°C. (3.8)

To = 1°C. (3.9)

The initial values and boundary conditions for the second stage depends on which

timeline is being solved. Ts denotes the bag temperature and the surface notion refers
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to the heart itself. If in this stage the heart is not considered to be submerged in ice
then,

Ts(t = 0) = 18°C. (3.10)
Too(t = 0) = T¢,, (t = 10min, 20min). (3.11)

However, if ice is included in the geometry such as it is in the second timeline,

Ts(t =0) = 18°C. (3.12)
T;(t =0) = =2°C. (3.13)
Too(t =0) = T, (t = 10min, 20min). (3.14)
And, on the other hand,
q = hA(TA - TQQ) (315)

For the third stage, the initial values for the simulations are,

Ts(t = 0) = T, (t = 10min, 20min). (3.16)
Ty(t =0) =T.,(t = 10min, 20min). (3.17)
Ty(t = 0) = —2°C. (3.18)
Ta(t = 0) = 24°C. (3.19)

Similarly, as the second stage, the fourth stage conditions depend on the timeline

simulated. If in this stage the heart is not considered to be submerged in ice then,

Ts(t = 0) = 18°C. (3.20)
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Toa(t = 0) = T.4(t = 10min, 20min).

However, if ice is included in the geometry such as it is in the second timeline,

Ts(t = 0) = 18°C.

Tr(t =0) = —2°C.
Toa(t = 0) = T.4(t = 10min, 20min).

And, on the other hand,

q="ha(Ts —Thq).

Lastly, for the fifth stage, the initial values and boundary conditions are,

To(t =0) = T4 (t = 10min, 20min).

To(y = 37°C.

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

The following figure summarizes the notation for the boundary conditions for each

domain.

Finally, the following tables show the materials and properties assumed for each

stage.

Stage 1 - Cardioplegia Process

Location / Material | k(W/m - K) | Cp(J/kgK) | p(kg/m?)

Heart Muscle 0.56 3686 1080

Table 3.1: Properties values for the cardioplegia simulations.
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Figure 3.1: Notation specified for each domain in the boundary conditions and initial

values equations.

(Ta)

Stage 2 - Back Table

Location / Material | k(W/m - K) | Cp(J/kg - K) | p(kg/m?)
Heart Muscle 0.56 3686 1080
Water 0.598 4181 997

Table 3.2: Properties values for the back-table simulations.

Stage 3 - Ice box storage

Location / Material | k(W/m - K) | Cp(J/kg - K) | p(kg/m?)
Heart Muscle 0.56 3686 1080
Water 0.598 4181 997
Air 0.03 1000 1.29

Table 3.3: Properties values for the ice box storage simulations.
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Stage 4 - Back Table

Location / Material | k(W/m - K) | C,(J/kg - K) | p(kg/m?)
Heart Muscle 0.56 3686 1080
Water 0.598 4181 997

Table 3.4: Properties values for the back-table simulations.

Stage 5 -Warm-up Process

Location / Material

k(W/m - K)

Cp(J/kgK)

p(kg/m?)

Heart Muscle

0.56

3686

1080

Table 3.5: Properties values for the warm-up simulations.
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Chapter 4

Computational Modeling

This chapter describes the process by which the simulations were executed starting
with the software that is being used. Afterward, it is explained the modules that were
used in predicting the behavior of the physical properties in the model. Also, there
is an explanation to address the reasons why the heart geometry was refined and also
to justify carrying out a mesh independence study. Finally, each of the stage sections
shows the results obtained for each part of the process including the temperature plots
and the distributions obtained both in temperature, isothermal contours, and sliced
geometry plots. Furthermore, additional features of each simulation are given so that

the data can be replicated and to allow further studies in this matter.

COMSOL Multiphysics was chosen to be the software in which the simulations were
carried out. This is not only due to its ability to deal with CFD simulations but also
because it includes multiple modules that are useful in this particular project. For
instance, modules that were useful during the geometry refinement process and also
because they use detailed model meshing parameters and adjust to complex geome-

tries. Now, on the other hand, COMSOL can include different physics modules that
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could be coupled inside one single simulation. In this case, the simulation was specified
to be carried out following the equations in the heat transfer module defining domains,
boundary conditions, and initial conditions for the different stages of the heart trans-

plantation process.

Also, COMSOL allows for varying parameters during the meshing process and
records the computational time and step size for each simulation. This is important
for executing a mesh independence study and determining the most accurate mesh for
the geometry without losing accuracy in the results obtained in the simulations. Also,
the time required to run the simulations varied depending on the solutions that were
saved in different step sizes. This was taken into account so that the frames that were

saved reflected the physical phenomena that were taking place.

4.1 Geometry

The geometry used for the models is a heart-shaped STL file geometry which repre-
sents an initial approach in the solids heat transfer models. The purpose of cutting
the geometry in the way it is shown in figure 4.1 is because the initial objective is to
see how the heat transfer takes place within the heart and includes different domains.
Also, the cut allows to define the boundary conditions and the initial values for each

of the domains.

The heart geometry was processed in COMSOL Multiphysics specifying the dimen-
sions which would match with a heart dimension. The heart volume for the modeled
geometry is 2.85-107% m? ~ 285c¢m3. For stage 2 and stage 4, the bag size is assumed

to be 2 x 1072 m? and the ice volume is set to be 2.4 x 1072 m?3. For stage 3, the ice
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Figure 4.1: Heart-shaped geometry used to perform heat transfer in solid configura-
tions.

volume is increased from 2.4 x 1073 m?3 to 3.13 x 1073 m?.

4.2 Mesh

Meshing is an important feature in the execution of these simulations. Especially,
because using complex geometries could lead to easier divergences and could affect
the accuracy of the results. COMSOL Multiphysics performs an automatic meshing
specifying the size of each of the elements in the mesh. The purpose of meshing is to
solve the differential equations that govern the specified physics over the domains. In
this case, the physics refers to heat transfer equations in solids. However, the smaller
element size does not mean that the results would be more accurate. That is why it is

important to carry out a mesh independence study in which the computational time is
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compared to the mesh element size to obtain comparable results. Figure 5.7 shows the
mesh obtained with a fine element size as an example of how the geometry is meshed

and shows the fine element size performed over the geometry used for the simulations.
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Figure 4.2: Heart meshing result using a Fine element size and a physics-controlled
mesh in COMSOL Multiphysics. (A) frame shows a frontal view. (B) frame shows a

back view. (C) shows an upper view and (D) shows a bottom view. These views are
evidence that there are no divergences in the mesh execution.
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4.3 Mesh Independence Study

A mesh independence study is performed to balance the computational time required
for a simulation and the accuracy of the results obtained. Particularly, the type of mesh
was changed according to the specified mesh categories specified in COMSOL. It was
set that the meshing process was physics-controlled mesh so that COMSOL performs
an automated approach to generate the mesh. In COMSOL, the mesh quality indicates
the length and width ratio of the elements for a specific geometry. If the mesh quality is
ideal, the value of this value is 1. But, argumentatively, if the geometry has anisotropic
dimensions, the mesh quality decreases. The number of elements generated for the first
stage oscillated between 5000 and 200000 elements. Each of the mesh studies shows
the quality element histogram which determines the quality of the mesh based on
the area under the curve. That area is set to be the element quality in (%). Since
the mesh independence balances the results obtained, it is shown that the element
quality does not change significantly after 3.5 seconds for the first stage. Then, a
fine category mesh is an accurate approach independent of the number of elements
generated. Figure 4.3 shows the results obtained for the first stage. On the other
hand, different temperature plots for obtained for three different meshes for the first
stage. Figure 4.4 shows those results for coarse, fine, and finer mesh. The coarse
results show a strong deviation compared to the finer meshes which does not make
it an accurate mesh for the simulations even though it does take less time to run.
However, the extremely fine meshes show a small temperature data deviation from the
average finer mesh, but it takes a considerably long time to run. Therefore, a finer mesh
would be an accurate approach to balance the computational time and the accuracy

of the results obtained.
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Figure 4.3: Mesh independency graph for the mesh performed in the first stage. The
graph shows the element quality calculated for the different mesh categories, the num-
ber of elements obtained, and the time to mesh the anisotropic heart geometry.
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Figure 4.4: Temperature results obtained for an evaluation case of the mesh indepen-
dency. It is possible to see that finer meshes do not necessarily show more accurate
results. Also, coarser meshes do not take longer than finer meshes but the results lose
accuracy comparably.
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Chapter 5

Results

5.1 Stage 1 - Cardioplegia process

The simulated cardioplegia takes place when the heart is cooled down using a fluid
pumped throughout the system. In this case, since the simulation is performed with
the solid heat transfer conditions, it is directly assumed that the fluid in the system
is stationary and carries out the temperature specified in all its domains. This means
that the simulations evaluate how long the heart takes to reach the specified temper-
ature. This stage was run for three different cardioplegia temperatures: Ty = 1°C),
Te = 4°C, and T = 10°C. For each of the temperatures, the time evolution for each
cardioplegia temperature is shown in figures 5.1, 5.2, and 5.3. It is possible to obtain
sliced plots of the geometry as well. Figure 5.4 shows the temperature distribution and
sliced plots for T of 1°C as an example. Finally, figure 5.6, 5.7 and 5.8 show the tem-

perature plots obtained for the different regions of the heart and different temperatures.
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Figure 5.1: Cardioplegia simulations for 7o = 1°C. The left frame shows the tempera-
ture distribution at ¢ = 1min. The middle frame shows the distribution at t = 10 min.
The right frame shows the temperature distribution at t = 20 min.
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Figure 5.2: Cardioplegia simulations for T = 4°C. The left frame shows the tempera-
ture distribution at ¢ = 1min. The middle frame shows the distribution at ¢t = 10min.
The right frame shows the temperature distribution at ¢ = 20 mun.
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Figure 5.3: Cardioplegia simulations for T = 10°C. The left frame shows the temper-
ature distribution at ¢ = 1min. The middle frame shows the distribution at t = 10man.
The right frame shows the temperature distribution at t = 20 mun.

degC degC degC
A 3.37 A 3.37 A 3.37

3
2.5
] 2
1.5
- '
1
A

Figure 5.4: Temperature distribution and sliced plots for a cardioplegia process per-
formed with a water solution at T = 1°C'. It is possible to see the horizontally sliced
plot, the temperature distribution, and the vertically sliced plot from left to right.
These plots were obtained for a specific time t = 5 min as an example.
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Now, on the other hand, the following figure shows sliced plots as an example of
were the different points were located. Specifically, it shows the location of three points
for a middle cut of the geometry to plot the temperature evolution of the heart.

Cardioplegia at T = 1°C

degC
A 37.4

Rightside ¢t = 2 min Left side

Right point \ riile point  Left point

t = 10 min t = 20min

Figure 5.5: Sliced plots were obtained for the cardioplegia simulations at Ty = 1°C' at
different times. It shows the location of three points for a middle cut of the geometry
to plot left-side temperature evolution, middle-temperature evolution, and right-side
temperature evolution.
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Figure 5.6: Temperature plot for To = 1°C.
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Figure 5.7: Temperature plot for T = 4°C.
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Figure 5.8: Temperature plot for T = 10°C.

It is possible to see that if the cardioplegia temperature decreases, the equilibrium
temperature reached by the heart at the end of the process is lower. The duration
of the experimental process allows the heart to reach either a warmer or a cooler
temperature, but it is possible to affirm that this equilibrium temperature will be
lower if the temperature of the cardioplegia decreases. Also, it is important to mention
that since the heart has thicker and thinner parts in its distribution, some regions
take faster to cool down than other regions. As it is seen, the left side of the heart
is thicker and therefore, takes more time to cool down. However, the right side of
the heart cools down faster than the left side of the heart. Based on the results of
the cardioplegia stage, the averaged temperature of the heart for ¢ = 10 min and
t = 20 man is used as an initial condition for the next stage. The following stages as
subdivided into two cases. The first case evaluates just conduction phenomena between

the different materials involved. The second case evaluates conduction and it includes
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a external heat transfer resistance due to the configuration. Those cases are labeled as
the conduction simulations section and the conduction and heat resistance simulations

section.

5.2 Conduction simulations approach

5.2.1 Stage 2: Organ back-table stage

The second stage is simulated assuming that the heart is being stored in a bag with
a solution of water which is also assumed to be in mechanical equilibrium so that it
can be simulated as a solid during the process. Following the simulations pathway,
there will be six different results for this stage because each cardioplegia temperature
can be completed in either ¢ = 10 min or ¢ = 20 min. The initial value for the
heart temperature is the equilibrium stage reached in the previous stage and the initial
temperature of the bag system is assumed to be room temperature at T4 = 24°C.
Figure 5.9 shows the results obtained for ¢ = 10 min with a cardioplegia performed
at To = 1°C and Figure 5.10 shows the plots obtained for each temperature. It is
possible to affirm that this heat-up process is changing the temperature of the heart
from temperatures below 10°C' on average to temperatures close to room temperature.
However, the ice box storage will be a key factor in determining if the heart reaches
critical temperatures based on the conditions in which it is stored. Also, it is important
to mention that this geometry showed a more even heat-up evolution compared to a

cool-down evolution regarding the different heart regions simulated.
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Figure 5.9: Temperature distribution for the back-table process performed after T =
1°C' during t = 10min. It is possible to see the horizontally sliced plot, the temperature
distribution, and the vertically sliced plot from left to right.
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Figure 5.10: Back-table (S3) temperature plots after a T = 1°C' and a time of ¢ =
10man.
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Figure 5.11: Back-table (S2) temperature plots after a T = 1°C' and a time of t =
20min.
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Figure 5.12: Back-table (S2) temperature plots after a T = 4°C' and a time of t =
10man.
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Figure 5.13: Back-table (S2) temperature plots after a T = 4°C' and a time of ¢ =
20min.
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Figure 5.14: Back-table (S3) temperature plots after a Tz = 10°C' and a time of
t = 10min.
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Back-table for T = 10°C and t = 20 min
20 F — '

5

‘E’ 15+t

=

©

@

[N

% 10

= s | et S
Middle
Right side

5 1 1 1
0 500 1000 1500 2000

Time(s)

Figure 5.15: Back-table (S3) temperature plots after a T = 10°C' and a time of
t = 20man.

5.2.2 Stage 3: Ice box storage

After the back-table storage takes place, the organ goes through an ice box storage
that takes different times depending on the experimental process. In this case, it was
simulated to take up to t = 4h. It was assumed that the ice box storage proportion
concerning the air insulation was 50%. This means that half of the geometry is filled
with ice and half of it is considered to be air as an insulation layer. Figure 5.16 shows
the temperature distribution for the ice box storage and Figure 5.17 shows how is the
temperature evolution in the middle plane of the heart at different times. After 30min,
the heart has been already exposed to an extreme temperature gradient as is seen in

the second figure specifically.
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Figure 5.16: Temperature distribution for the ice box storage process performed after
a Te = 1°C during ¢t = 10 min. It is possible to see the horizontally sliced plot, the
temperature distribution, and the vertically sliced plot from left to right.
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Figure 5.17: Temperature evolution for the ice box storage process at a middle plane
for the heart after a T = 1°C' during ¢t = 10min. The left plane shows the temperature
distribution at ¢ = 0s and the right plane shows the temperature distribution at ¢ =
30 man.
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Figure 5.18 shows the temperature plots for each case simulated. It is possible to
see that there is an even cool-down process throughout all the regions in the heart.
Additionally, if the heart starts from the final temperature at the back-table bag stor-
age, which is approximately 18°C', it takes longer to cool down compared to the time
that was simulated. This means that different conditions might be required to achieve

critical temperatures in the organ storage.
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Figure 5.18: Ice box storage (S3) temperature plots for the three different T temper-
atures and different times of execution during the first stage. The dotted line refers to

a heart that has been stored for ¢ = 4h.
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5.2.3 Stage 4: Back-table stage

After the ice box storage takes place, the heart is removed from the ice, and the
bag is placed on a surface. The same assumptions performed at the second stage
were assumed here and the final temperatures for the third stage at ¢ = 10 mun and
t = 20 min are the initial temperature values for these simulations. Compared to the
previous stage, these simulations are different because there is a heat-up process for the
organ that is being stored. And, therefore, the final temperature reached at different
times can be also different. Figure 5.19 shows the temperature distribution obtained
for this process and particularly shows the heat-up process that takes place if the heart
is in contact with air at room temperature. Moreover, the following figures show the
different temperature plots obtained for this stage for each case simulated.
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Figure 5.19: Temperature distribution for the back-table bag storage process performed
after ice box storage. It is possible to see the horizontally sliced plot, the temperature
distribution, and the vertically sliced plot from left to right.
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Back-table for T=1°C and t = 10 min
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Figure 5.20: Back-table (S4) temperature plots for a Tz = 1°C and a second stage
execution time of 10 min.
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Figure 5.21: Back-table (S;) temperature plots for a T = 1°C' and a second stage
execution time of 20 min.
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Back-table for T =4°C and t = 10 min
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Figure 5.22: Back-table (S;) temperature plots for a T = 4°C and a second stage
execution time of 10 min.
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Figure 5.23: Back-table (S;) temperature plots for a T = 4°C' and a second stage
execution time of 20 min.
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Back-table for T = 10°C and t = 10 min
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Figure 5.24: Back-table (S;) temperature plots for a T = 10°C' and a second stage
execution time of 10 min.
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Figure 5.25: Back-table (S;) temperature plots for a T = 10°C' and a second stage
execution time of 20 min.
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5.2.4 Stage 5: Organ warm-up process

Stage 5 refers to the final stage of the process in which the heart is heated up back to a
body temperature of 37°C. Figure 5.26 shows the temperature distributions obtained
for this process as well as the sliced plots showing how this process took place. Similarly,
the following figures show the temperature plots for this simulation and they show that

heating the heart takes longer than the 20 mins shown to reach body temperatures.

Figure 5.26: Temperature distribution for the heat-up process carried out in the final
stage of the heart transplantation process. It is possible to see the horizontally sliced
plot, the temperature distribution, and the vertically sliced plot from left to right.
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Figure 5.27: Warm-up temperature plots obtained for 7 = 1°C' and a second stage
execution time of 10 min.
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Figure 5.28: Warm-up temperature plots obtained for 7 = 1°C and a second stage
execution time of 20 min.
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Figure 5.29: Warm-up temperature plots obtained for T = 4°C' and a second stage
execution time of 10 min.
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Figure 5.30: Warm-up temperature plots obtained for T = 4°C' and a second stage
execution time of 20 min.
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Figure 5.31: Warm-up temperature plots obtained for T = 10°C' and a second stage
execution time of 10 min.
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Figure 5.32: Warm-up temperature plots obtained for T = 10°C' and a second stage
execution time of 20 min.
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5.3 Conduction and external heat transfer resis-

tance simulations approach

5.3.1 Stage 2: Organ back-table bag storage

As mentioned above, the second stage of the process refers to the storage of the heart in
a bag which includes a fluid solution in it. This bag is paced over ice which means there
are conduction and an external heat transfer resistance. The solution inside the bag
was assumed to be liquid water as was done in the previous second-stage simulation.
In this simulation case, the second stage includes ice half-filled in comparison to the
previous simulations. Also, the bag dimensions were adjusted close to the heart shape
enough so that it resembles contact with the surface of a normal bag. Conduction
phenomena refers to the contact that exists between the heart and the bag and the
bag and the ice. This means that there is a creation of new domains in comparison
to the first stage. The ice geometry was assumed to be a regular cube neglecting the
effects of pointy geometries and empty regions in ice placement distributions. Figure
5.33 shows the geometry setup for the second stage as well as the time evolution for

the case of cardioplegia executed at T = 1°C' and time of execution of ¢t = 10 min.
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Figure 5.33: Back-table bag storage time evolution plot for the temperature distribu-
tion for T = 1°C and t = 10 min. The temperature distribution obtained evaluates
conduction heat transfer among heart equilibrium temperatures for the first stage, the
bag temperature, and the ice temperature. The heat transfer through heat resistance
phenomena is assumed to follow Newton’s law. The first frame is for ¢ = 0 min and
the second frame is for ¢ = 10 min.

The following figures show that during the back-table bag storage process, the heart
follows a not significant heat-up process due to the thermodynamic competition be-
tween the initial bag temperature and the ice temperature which half fills the geometry
as shown in Figure 5.33. In other words, since the bag temperature is approximately
room temperature, it competes with cooler temperatures such as ice temperatures and
combined they do not affect significantly the heart. In this case, assuming a cardiople-
gia temperature of T = 1°C' and that it took t = 10min, it is possible to see that, on
average, the heart reached an equilibrium temperature not greater than +10°C' if the
process of putting the heart in the bag takes less than ¢ = 20min. Also, the equilibrium
temperature obtained at the end of this second stage would be the initial condition
for the next stage and it is a temperature greater than those temperatures reported to

affect heart tissue performance.
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Figure 5.34: Back-table for Ty = 1°C and duration of t = 10 min.
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Figure 5.35: Back-table for T¢ = 1°C and duration of ¢ = 20 min.
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Figure 5.36: Back-table for Ty = 4°C and duration of t = 10 min.

Bag storage Tc =4°C, t=20 min
14 T

Left side
Right side
Middle

‘E |E
g I E
\E !g =]
13 T B
|
| i
I
12 ‘ i
I I
I
I
1" |
I
o I
= I
[
€ 10 !
® I
5 I
x |
@ I
i I
I
|
I
I
I
I
|
I
I
I
I
I
I
I
I

5 I 1 I I 1 |
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time(s)

Figure 5.37: Back-table for T¢ = 4°C and duration of t = 20 min.
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Figure 5.38: Back-table for T = 10°C' and duration of ¢ = 10 min.
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Figure 5.39: Back-table for Tx = 10°C' and duration of ¢ = 20 min.

5.3.2 Stage 3: Ice box storage

The third stage of the process is the storage of the heart in an icebox which is filled

with ice until the point in which most of the heart is submerged. In this case, since the
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ice box is a closed environment, the external heat transfer resistance phenomena is not
considered. Instead, there is an insulator air layer on top of the ice domain covering the
rest of the geometry. However, conduction phenomena are taking place in this stage
between the different domains. The dimensions were adjusted to resemble the dimen-
sions used experimentally during heart transplants. It is expected that there will be
a considerable temperature drop in this stage due to the ice temperature. Again, the
ice geometry was assumed to be a regular cube neglecting pointy geometry effects and
empty regions in ice placement distributions. Figure 5.40 shows the geometry setup for
the third stage. It is important to mention that the simulation was run for a total time
of t = 6h which is higher than the time for the previous simulations. This means that
this stage assumes that the heart was stored under those conditions at that time. The
ice temperature assumed for this stage was Ty = —2°C. The air layer temperature was
assumed to be room temperature at Ty = 24°C'. The case shown is the distribution
temperature simulated for a cardioplegia performed in the first stage at 7o = 1°C' and
time of execution of t = 10min. The additional surface plot combinations for the other

cardioplegia temperatures are included.
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Figure 5.40: Ice box storage simulation for Tz = 1°C and t = 10min. The temperature
distribution obtained evaluates conduction heat transfer for the equilibrium tempera-
tures of the previous stage, the bag, and the ice temperatures. The first frame is for
t = 0 min and the second frame is after t = 6 h.
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Figure 5.41: Ice box temperature plot for T = 1°C' and second stage duration of
10 man.
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Figure 5.42: Ice box temperature plot for T = 1°C' and second stage duration of
20 man.
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Figure 5.43: Ice box temperature plot for Tx = 4°C' and second stage duration of
10 man.
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Ice box storage T, = 4°C and t = 20 min case
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Figure 5.44: Ice box temperature plot for T = 4°C' and second stage duration of
20 man.
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Figure 5.45: Ice box temperature plot for Tz = 10°C' and second stage duration of
10 man.
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Ice box storage T, = 10°C and t = 20 min case
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Figure 5.46: Ice box temperature plot for Tz = 10°C' and second stage duration of
20 man.

Temperature plots show that during the icebox storage, the heart follows a signifi-
cant cool-down process to the ice temperature. It shows that cooling down with ice at
that temperature and filling the geometry until the level shown in Figure 5.40 affects
the equilibrium temperature reached by the end of the storage process. In this case,
assuming a cardioplegia temperature of T = 1°C' and that it took ¢ = 10 min, it is
possible to see that, on average, the heart reached an equilibrium temperature lower
than temperatures that might affect the biological functions of the heart. Also, the
equilibrium temperature obtained at the end of this second stage would be the initial
condition for the next stage and it is a temperature greater than those temperatures
reported to affect heart tissue performance. To compare the accuracy of the models
performed, there was a validation case run using experimental conditions reported in
literature [19]. This study reported that the evolution took place from temperatures
in the range of (6.1°C' — 6.2°C) to temperatures near 0.3°C' after t = 4h of exposure

to ice [19]. Using those conditions and the temperature assumptions of the different
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domains, it was possible to obtain the simulated curve shown in Figure 5.47. It is
possible to see that it reaches temperatures in the range specified after t = 4h. The
ice box dimensions matched experimental ice box measurements and the bag size used
was the one used for the second stage. The temperatures shown below specify the

simulated conditions used to perform the simulation.

Model Validation

Experiment
Model

Temperature(C)

Time(h)

Figure 5.47: Validation case examined with experimental data reported in the litera-
ture. Simulated results were averaged between the three regions to approximate the
temperature in comparison to the previous stages of processing data techniques. Sim-
ulated initial conditions matched experimental reported measurements [19].

5.3.3 Stage 4: Back-storage back table

The fourth stage of the process is removing the heart from the icebox and following a

heat-up process due to the new bag in which the heart is being placed. On the other
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hand, the ice level was reduced to the level of the second stage which means a lower level
compared to the third stage. Moreover, the external heat transfer resistance condition
is also included considering the exterior temperature. The saline solution and the bag
dimensions assumptions explained in the second stage were also considered during the
fourth stage. Figure 5.48 shows the geometry setup for the fourth stage. The case
shown is the distribution temperature obtained for a cardioplegia that was performed
in the first stage at Ty = 1°C' and time of execution of t=10 min. The results shown
as follows are the plots obtained from cardioplegia at T = 1°C and t = 10man for the
fourth stage. These plots shows that during the bag storage removal process, the heart
follows a heat-up process due to the thermodynamic competition between the initial
bag temperature and the equilibrium temperature reached in the previous stage. In
other words, the heat-up process allows the heart to heat up in less than 10 min to
9°C on average. Also, the equilibrium temperature obtained at the end of this fourth

stage would be the initial condition for the final stage of the process.
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Figure 5.48: Back-table bag storage simulation for T = 1°C' and ¢t = 10 min. The
temperature distribution evaluates conduction and the external heat transfer resistance
condition using the equilibrium temperatures from the previous stage. The first frame
is for t = 0 min and t = 10 min.
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Figure 5.49: Back-table storage for To = 1°C' and second stage execution time of
10 min.
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Figure 5.50: Back-table storage for T = 1°C and second stage execution time of
20 min.
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Figure 5.51: Back-table storage for Tx = 4°C and second stage execution time of
10 man.
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Figure 5.52: Back-table storage for T = 4°C and second stage execution time of
20 min.
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Figure 5.53: Back-table bag storage for T = 10°C' and second stage execution time of
10 min.
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Figure 5.54: Back-table storage for T = 10°C' and second stage execution time of
20 min.

5.3.4 Stage 5: Organ warm-up process

The fifth stage of the process is the final heat-up of the heart to body temperature. In
this case, the simulation performed was set to see how long the heart takes to reach
body temperature again from the equilibrium temperature reached at the end of the
fourth stage. Figure 5.55 shows the geometry setup for the fifth stage. The case shown
is the distribution temperature obtained for a cardioplegia that was performed in the
first stage at Tz = 1°C' and time of execution of t=10 min. Also, the following graphs
show the temperature plots obtained for Ty = 1°C and t = 10 mun specifically. As
it was stated in the first stage simulation, the time that takes to perform the stage
affects the equilibrium temperature reached at the end. Also, the different regions of

the heart have differences in the temperature evolution.
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Figure 5.55: Heat-up surfaces for 7o = 1°C' and ¢t = 10man. The temperature distribu-
tion evaluates conduction heat transfer phenomena using the equilibrium temperatures
from the previous stage. The first frame is for ¢ = 0 min. The second frame shows
t = 5 min and the last frame shows t = 10 min.
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Figure 5.56: Warm-up temperature plots obtained for T = 1°C and a second stage
execution time of 10 min.
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Figure 5.57: Warm-up temperature plots obtained for T = 1°C and a second stage
execution time of 20 min.
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Figure 5.58: Warm-up temperature plots obtained for T = 4°C' and a second stage
execution time of 10 min.
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Figure 5.59: Warm-up temperature plots obtained for T = 4°C and a second stage
execution time of 20 min.
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Figure 5.60: Warm-up temperature plots obtained for T = 10°C' and a second stage
execution time of 10 min.
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Figure 5.61: Warm-up temperature plots obtained for Tz = 10°C' and a second stage
execution time of 20 min.

5.4 Rates evolution

The cooling-down and warming-up rates were calculated to analyze how the heart tem-
perature gradient changes through time. It is an important consideration for analyzing
how fast temperature evolves and if this could affect the biological performance of the

organ. Figure 5.62 shows the evolution of the gradient through time for different stages.
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Figure 5.62: Temperature time gradient for the different stages.

Also, it is possible to plot the gradient evolution across stages for specific cases.
Figure 5.63 shows the gradient time evolution when the cardioplegic solution is at

Te = 1°C' and when the second stage takes ¢ = 10 min to be done.
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Rate evolution across stages for T=1°C and t=10min
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Figure 5.63: Rate evolution across all stages for the case of a cardioplegic solution
performed at Ty = 1°C' and a time of ¢ = 10 men. It is shown as absolute values to
read the rate change.
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Chapter 6

Discussion

Despite remaining the standard (or sometimes preferred) approach for heart trans-
plants, and indeed for other organs, SCS has been linked to a higher risk of subsequent
graft damage, cold injury, and protein denaturation. Upon declaration of death (either
brain death or cardiac death) and deciding to proceed with heart transplants, the heart
experiences a journey that exposes it to several temperature environments. Beginning
(often) with hypothermic ischemia and administration of cold cardioplegia, the heart
is cooled down, retrieved from the donor, placed in a cold storage container, and trans-
ported to the recipient. At the recipient location, the above processes are essentially
reversed, from a thermal perspective, with warm ischemia until it is reconnected to
the recipient’s circulatory system. Indeed, warm ischemic time (WIT) is the single
most critical parameter considered for assessing graft viability and is closely tracked
to assess any evidence of IRI upon recipient cross-clamp release. At each of the above
stages during the journey of the heart, the temperature, and indeed its distribution,
within and throughout the organ is unknown. In this novel study, we demonstrated,
for the first time, detailed 4D (3D+time) temperature distributions during each stage

of the SCS heart transplant journey using state-of-the-art biothermal modeling on an
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anatomically accurate heart model. Our results indicate that the thermal behavior
of the organ (heart) is strongly dependent on initial conditions, boundary conditions

surrounding the organ, and duration of exposure to these conditions.

In this study, multiple ranges of starting temperatures and times were explored.
For the first stage S; — cardioplegia — the heart cools down in a matter of minutes but
in a non-homogeneous manner. The temperature of the thinner regions of the heart
(central-right regions) drops below 5°C' in less than 10 minutes for a cardioplegic solu-
tion at 1°C. From there, the thinner regions could warm up to approximately 12°C' in
10 minutes during the back-table process (S2) before placing it in the icebox. During
the transportation of the heart on ice (S3), the organ cools down and drops below 2°C
in approximately 30 minutes, following which it warms up (heterogeneously) to around
9°C' in approximately 10 minutes as it is prepped for implantation on the back table
(S4) at the recipient center. Finally, the heart warms up as it is placed within the
body of the recipient (S5), and the thinner regions can warm up very quickly to 35°C'
in 10 minutes. The thicker regions, on the other hand, undergo a slower temperature
change, lagging the thinner regions and taking more than twice as long to undergo
similar temperature changes for each stage. Figure 6.1 shows how the temperature
evolution across stages behaves for the particular case of a cardioplegic solution of
T = 1°C and a second stage of t = 10 min. On the other hand, figure 6.2 shows the
normalized time evolution concerning the time of each stage. This allows us to see the

evolution of temperature per stage.
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Figure 6.1: Stages temperature evolution across stages for a cardioplegic solution at
Te = 1°C' and a second stage of t = 10 min.
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Figure 6.2: Normalized temperature evolution across stages for a cardioplegic solution
at T = 1°C' and a second stage of t = 10 mun.
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It is also important to mention that the temperature changes are not uniform. In-
deed, the temperature changes within the organ are significantly different and based
on the thickness of the region. As mentioned above, the left side, which is thicker than
the right, often takes twice as long to warm up and cool down during each stage. This
is seen in temperature evolution figures, where there exists a gradient of temperature
across the inner volume of the organ which persists for a considerable duration. For
instance, during the first stage, the left heart is close to 14°C' at 10 minutes while the
right and central regions are below 5°C' at the same instance of time. This hetero-
geneity between the left and right sides of the heart is just as stark during the final
stage within the recipient’s body, where the left side warms slowly, reaching a tem-
perature of approximately 25°C' in 10 minutes, while the right side is approaching the
body temperature of 37°C" at the same time instance. It is important to note that
the starting temperature for all the cases studied was the same for all regions, thereby
indicating the highly heterogeneous thermal behavior within the organ. Furthermore,
some stages in the model do not account for an external heat transfer resistance as
another stages do. This might result in possible changes in the values obtained for the

cooling and heating rates.

This study has several implications for the current paradigm of SCS. It is believed
that frostbite, cold injury, and protein denaturation may occur below 2°C. In our
study, the temperature of the heart drops below this threshold within 30 minutes when
placed on ice. Other studies have reported that the average organ temperatures were
measured to be below 2°C' after icebox transport, and below 0°C'" after 6 hours as we see
in our models as well. It is especially crucial to consider the heterogeneous temperature
distribution within the organ at each stage of heart transplants. Further. as we deter-

mined in this study, different regions of the heart undergo a ‘roller-coaster’ experience
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of thermal behavior and should be quantified to optimize this process. Recent advance-
ments such as the introduction of preservation solution temperature monitoring in the
Paragonix SherpaPak and/or normothermic perfusion such as the Transmedics OCS
systems can help subject the organ to potentially more homogeneous and controlled
temperatures. However, it is yet unclear what the ideal organ temperature should be.
Furthermore, WIT and IRI are likely strongly associated with not only the average or-
gan temperature but also the heterogeneous temperature distribution within the organ.
Our study provides a platform to obtain high-fidelity temperature distributions within
the organ subject to a plethora of real-life-mimicking situations, enabling quantifying
and predicting the organ temperature for heart transplants. This is essential for not
only optimizing current heart transplant strategies but for also expanding the donor

pool.
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Chapter 7

Final remarks

7.1 Conclusions

In this study, it was demonstrated, for the first time, detailed thermal responses and
temperature distributions within the heart during each stage of heart transplants.
Using an anatomically accurate cardiac geometry, we model the heat transfer through
the organ using computational biothermal modeling. Results indicate that the heart
experiences a roller-coaster-like temperature change during each stage including rapid
cool down from body temperature of 37°C' to below 10°C' within 15 minutes in stage 1,
followed by cool down and temperatures below 2°C' in the icebox during transport for a
significant duration (more than 3 hours). As the heart reaches the recipient institution,
the heart experiences a rapid warming-up approaching a body temperature of 37°C' in
approximately 10 minutes. Interestingly, the temperature distribution throughout the
heart at each stage is heterogeneous, with the right side experiencing rapid temperature
changes at a rate often two times as fast as the left side due to varying thickness. The
rapid temperature changes, extended duration of sub-2°C' during SCS transport, and

heterogeneous temperature distributions throughout the heart at each stage of heart
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transplants have implications for frostbite injury and organ viability, necessitating

further in-depth studies.

7.2 Future Work

The future work of this study is based on the diversity of available organs because
this study could allow potentially a patient-specific analysis for personalized modeling.
This also means analyzing how the heat transfer affects different organs, shapes, sizes,
and configurations depending on the particular case conditions. This study considered
a normal physiological size heart assuming that it was only composed of heart muscle
throughout the whole domain. The thermal properties were obtained from a publicly
available database and may not accurately reflect the diversity in patient population,
age, gender, and other factors. On the other hand, as it was mentioned, the material
properties in this study were assumed not to have a temperature dependence which
affects the results obtained in these initial simulations. The cardiac model was simpli-
fied to remove the valves, which may influence the temperature behavior because this
means that additional materials other than heart muscle were not considered. The first
stage of cardioplegic cooling assumed that the interior volume of the heart chambers
was filled with the cooling solution for simplicity which can also influence the cool-
ing rate. In these simulations, natural convection due to movement is not considered,
which makes flow-dependent convection resistance negligible for these cases. On the
other hand, the air layer located inside the ice box is small enough to not consider
natural convection due to its presence. This means that the Reynolds number and the
Nusselt number are not significant in considering that layer as a part of the model for
these simulations. Additionally, the orientation of the organ could play an important

role in how the heart is cooled down or affected by the temperature gradients present.
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Future models will include more complexity based on the availability of high-fidelity
data. This complexity will include convection due to fluid flow throughout the geometry
such as blood flow or pumping the cardioplegic solution. Also, a more complex model
might include the mass transfer effect that takes place in considering the heart materials
as porous media. Additionally, COMSOL allows including a heat transfer module that
considers chronic tissue damage using specified temperatures depending on the material

evaluated.
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