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Abstract

Organ Transplantation is one of the major clinical needs and Lung is the second
most sought after organ need next to the Heart organ. Lung tissue is one of the
largest and most complex organ as it incorporates ventilation and perfusion at the
same time. Cooling technologies such as Static cold storage, slow freezing, Hypother-
mic machine perfusion (HMP) and vitrification were compared. HMP and vitrification
cooling methods were further analyzed for cooling abilities for successful lung preser-
vation. The HMP resulted in a linear heat transfer between the Wisconsin’s cold blood
solution and the surrounding tissue with a complete diffusion time of milliseconds.
The vitrification resulted in the use of 10% of CPA to achieve vitrification with in 10
degrees of the phase transition. In addition, re-warming technologies for super cooled,
isochorically coold and vitrified tissues were discussed. Furthermore, Convective and
nano warmings were analyzed for the vitrified cooling method. The convective warm-
ing resulted in slow heating effect within 4000 seconds. The nano warming resulted in
faster warming due to the uniform heating cause my the nanoparticles around within
109 seconds.
In conclusion, based on our analysis on lung preservation, vitrification and nanowarm-
ing show a promising result because of less injury to the lung tissue and a faster
warming rate.
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1 Introduction

In the field of organ transplantation, the most evident problem is the lack of available organs.
The problem is manifold. Organ donors often fail to pass a ‘good candidate’ examination
prior to harvest. Even when an organ is deemed ‘suitable’, the constraints of efficient har-
vesting, preservation, and transportation may be limiting enough for the organ to fail to
reach a candidate. Thus, the current state of research is driven to address ways to expand
the pool of available donors. In particular, different techniques to the effect of extending the
preservation time for suitable organs are being developed. In what follows, we will begin
by introducing the clinical needs, and challenges that are faced in the area of organ preser-
vation. Then, we describe the method of preservation by cold perfusion, and introduce the
concept of vitrification. Later sections are devoted to understand the impact of these meth-
ods when applied to the cooling and rewarming of lungs. Lastly, a final section is included
to summarize our results.

1.1 Clinical Needs

As stated before, the main issue in organ transplantation is the limited supply. Around 20,000
organ transplant surgeries are performed in the United States alone per year. However, the
number of patients in need of a transplant is of the order of 900,000, per year. It is speculated
that, if the supply of compatible organs for transplants was sufficient, the probability of living
to an age of 80 would double, and the chances of living to 90 would increase by a factor of
10 [26]. Today, we are hindered by the lack of a reliable distribution of organs. For this
reason alone, preserving cells, tissues, and organs by a reliable protocol is indispensable. [25]

Figure 1: Deaths preventable by transplantation in the United States

Even with the promising results coming from vitrification and nano-warming technologies,
in general, the field of regenerative medicine faces many othrt challenges that hinder the
implementation of such practices. The list in Table 2 [26] provides a comprehensive summary
of the management issues.
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Method Advantages Disadvantages
Static cold storage (SCS)
[32]

Easiest and cheapest to implement
Simplest logistical considerations

Significant nutrient delivery and oxygen diffusion
limitations
Extends core organ warm ischemia time and char-
acterized by slow, inhomogeneous cooling
Cannot extend allowable cold ischemia time or re-
suscitate ischemically-damaged organs

Slow freezing [33] [34] Requires a low molarity of cryoprotectant
Can be applied to a large number of samples pro-
cessed simultaneously
Computerized freezer may be applied in this tech-
nique
A relatively cheap cryocontainer (Mr. Frosty) can
be an option to replace the controlled-freezing sys-
tem and is more suitable for small batches of vials

Requires expensive equipment, slow recovery, low
applicability to tropical species
May need an expensive programmable
freezer/controlled- freezing system

Hypothermic machine
perfusion (HMP) [32]

Can efficiently deliver nutrients and oxygen into the
core of the organ under appropriate conditions
Can continuously clear waste products during
preservation period Can extend preservation period
up to 48-72 h in kidneys and may in other organs
May be able to monitor viability more easily

May increase risk of damage to vascular structures
Can cause edema within organ (perfusion
nephropathy)
Common perfusates have limited oxygen solubility,
especially as compared with blood
Perfusion pressures may damage endothelium
(possibly affecting vascular function and/or induc-
ing thrombosis)
Useable substrates may be washed out
Risk of transmitting reactive antibodies or
pathogens may exist (if cryoprecipitated plasma is
used)
More challenging logistical considerations
Fairly complicated and expensive technique to
implement

Encapsulation-
dehydration [33]

No special equipment needed, non toxic cryopro-
tectants, simple thawing procedures

Requires handling each bead several times, some
plants do not tolerate high sucrose concentrations

Vitrification [33] [34] Does not require an expensive controlled freezing
system
Relatively fast
More suitable (a method of choice) for plant cells
which are sensitive to chilling

Vitrification solutions are toxic
Cracking is possible
Requires careful timing of solution changes

Table 1: Advantages and disadvantages of cooling methods.
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Figure 2: Management issues in regenerative medicine

1.2 Organ preservation

Of particular relevance to our manuscript is the possibility of banking organs for extended
periods of time. Studies have suggested that a reasonable banking protocol for preserved
organs would require at least a storage period of 3 to 6 months. This, at the moment,
is an unrealistic time expectation for preservation. The cost of going beyond this period
increases due to the potential of contamination and genetic drift [30]. Preservation by cold
blood solutions has been the standard in organ preservation for the past decades. However,
new findings suggest that continuous perfusion via specialized devices have the capacity
to improve outcomes [17]. We discuss two technologies, preservation by cold blood and
preservation by vitrification. The former is currently the standard method employed, and
the latter is a promising technology aiming to preserve tissue indefinitely.

Cold blood solution Early attempts to preserve organs date back to the early 1900’s with
Carell’s device. Carell’s method relied on perfusion, by using a machine intended to maintain
organs at low temperatures. However, organs could not be maintain sterile, which resulted in
organ contamination. [3]. Thus, the benefits of organ preservation were not appreciated until
later, circa 1960, when Lapchinsky successfully reimplantated a canine kidney after 24 hours
of preservation using hypothermic blood [4] . This ignited a race for developing more efficient
methods to preserve organs. One of the most promising, and researched techniques of the
time was perfusion by hypothermic blood. One of the earliest solutions was developed by
Collins in 1969 to be replaced later by that of Belzer et al. from the University of Wisconsin
in 1987. Wisconsin solution is currently the ‘gold standard’ of abdominal organ preservation.
Some have critiqued its efficacy due to its high viscosity and potassium concentration which
makes surgical technicalities more difficult.
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Alternatives exist to that of Wisconsin’s solution, among others HTK, Celsior and IGL1
are popular alternatives. HTK was initially used on the basis of lower potassium levels
and low viscosity. However, similar results in post transplant survival and potential risks
of thrombosis, pancreatic, and biliary complications make it less desirable that Wisconsin’s
solution [7] [8]. Celsior solution, like HTK, has lower viscosity and potassium levels when
compared to Wisconsin’s. In any case, evidence suggests that Celsior solution has results
similar to those of Wisconsin’s [9] [10] [11], except for lung transplantation where results
suggest superiority of Celsior solution [16]. Lastly, the solution IGL1 differs from Wisconsin
in that it has lower potassium levels and uses polyethylene glycerol as to prevent micro-
circulatory and vaso-constriction chances. However, similar results and higher production
costs of ILG1 makes Wisconsin’s solution a better alternative [16]. As a result, Wisconsin’s
Solution is selected for the perfusion cooling of the lung.

Vitrification In the last couple of decades, animal tissues and cells (such as ovaries)
have been frozen, stored, thawed and re-implanted without significant drawbacks to their
functions. However, more complex tissues, such as organs, usually atrophy in the process.
[27] [28] [29] One of the promising solutions is preservation by vitrification. Vitrification,
minimize the formation of ice, keeping organs at a ‘glassy state’ below the glass transition
temperature. This process has already seen success in many organs such as veins, arteries,
cartilage, and heart valves. A significant accomplishment is the preservation of animal
kidneys after vitrification. The technique of vitrification relies on an organism being loaded
with a cryoprotective agent (CPA) with the intention of elevating the temperature required
to transition into a ‘glass’ state. By glass we refer to the state at which the organism reaches
a high viscosity value, such that metabolic processes are halted. The most commonly used
solutions of CPA are PVS2, PVS3, glycerol, ethylene glycol, DMSO, and sucrose. The process
of vitrification is depicted in Figure 3.In the process of vitrification, CPA loading must be
precise in order to avoid injury. On the other hand, cells must be sufficiently dehydrated by
the CPA solution in order to vitrify upon cooling. The major contribution to injury aside
from CPA toxicity is from crystal cracking. It is necessary that cooling occurs rapidly in
order to avoid crystallization. Analogously, when rewarming, the rate must be high enough
to pass through the ice formation phase. To achieve successful vitrification, experimental
have to determine the lowest total solute concentration for a given CPA at viable cooling
rates. We refer the reader to the article [43] for a comprehensive review on survival rates
coming from different experiments on several organisms.

5



Figure 3: Vitrification steps [43]

2 Modeling of Cold Blood Perfusion

The lung is a unique organ with the ability to inflate/deflate in a waveform affecting blood
volume in the lung tissue and heart as well. The lung tissue has a viscoelastic nature and
filled with air pocket for adequate mass transfer of oxygen and carbon dioxide from the
blood. The following table lists out the unique features of the lung and how they will be
modeled in the analysis.

Table1:Assumptions used for lung features

Lung Features Assumptions Modeled
Inflate/Deflate Necessary to keep the Lung’s Integrity Mass Transfer
Waveform Oscillation Not applicable for small control volume Neglected
Viscoelastic Tissue simplified to pressurized tissue steady/stationary tissue
Airfilled (porous) tissue Simplified to Solid tissue Solid Tissue

One side of lung weights ranges from 185-885g averaging about 535g [2]. Also the blood
volume through the pulmonary is anywhere from 500-1000ml, which is 10- 20 % of the total
blood volume [2]. Therefore, the lung is the largest and the most perfused organ in the body.

2.1 Control Volume and Governing Equations

To preserve the lung for successful transplantation, it is important to protect not only the
tissue from ischemia, but also the airways from collapsing or diminishing. Therefore, in this
concept of cold perfusion both the ventilation and cold perfusion effects are analyzed using
mass transfer through diffusion and heat transfer through a moving cold perfusate, respec-
tively.

The cold blood perfusion (Wisconsin’s solution) from the thermally significant vessel (175
microns per Baish [45]) to the lung tissue is modeled using the perfusion energy balance be-
tween the moving cold blood perfusate and the surrounding convective heat transfer. CPA

6



is not used with the cold blood solution. The cold blood solutions temperature is assumed
to be -6deg C and tissue temperature to be 37◦C. The control volume is shown on Figure 4.

Figure 4: Heat Transfer Control Volume - Thermally Significant Vessel

πr2
aρbcbu

dT

dx
= U

′
2πra(Tt − Ta) (1)

Tt = 37◦C

Ta = −6◦C

ra = 175microns(0.175mm)

The heat transfer of the cold blood perfusion was analyzed using the vascular model
from Baish [45], where the moving cold blood temperature reached equilibrium with the
surrounding tissue.A cold blood at a temperature of -6◦ C would take 28m to reach 37◦ C,
which is far longer than the actual lung size of 12cm by 21cm. The following Figure 7 shows
the arterial temperature distribution versus the distance of the vessel length.
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Figure 5: Arterial (cold blood) temperature distribution along the vessel distance

Based on the graph above and equilibration length, the cold blood does not equilibrate
with the surrounding tissue for the entire lung. Calculating the time it takes for the lung
tissue to get from 37degC to -6degC, it is 1.5x10−3 seconds.

Overall, at a using a cold blood for lung preservation can cause a shrinkage of the whole
lung and significant change on the thermal properties of the lung tissue leading to tissue
damage during preservation. Although not analyzed in this report, the normthermic blood
perfusion is currently a suitable form of lung preservation combating the issues presented by
cold blood perfusion. In the next section, we will assess the cooling method of vitrification.

3 Modeling of Vitrification

3.1 Mathematical Model

To understand the effect that CPA have in cooling techniques we develop a reaction diffusion
system of the form

∂T

∂t
=∇ · (α1∇T ) + f(T, t)

∂I

∂t
=∇ · (α2∇T ) + h(T, I,G, t) (2)

∂G

∂t
=∇ · (α3∇T ) + g(T, I,G, t)

where for each of the variables considered, ∂t is the temporal partial derivative, ∂x is the
spatial derivative, f, h, g are the functions that describe the local dynamics of our variables,
and αi are the diffusion constants across the media. In the present, we aim to describe the
behavior of the temperature (T ), ice (I) and glass density (G).
Given the complexity of the model, we will assume the lung has a cylindrical geometry as in
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Figure 14. Then, we will model the temperature distribution by the heat equation

cρ
∂T

∂t
= k

∂2

∂x2
(3)

with Dirichlet boundary conditions. We proceed to describe the nature of ice, and glass
formation in the wake of vitrification.
Sophisticated models have addressed the nucleation and growth of crystals in cooling tissues.
Here, due to time, and funding constraints we use a simpler approach. We assume that,
locally, ice and ‘glass’ states of the tissue work as a competition system. Explicitly we let
the local behavior be governed by

dG

dt
=G(t)(1−G(t)− k1I(t)) (4)

dI

dt
=I(t)(1− I(t)− k2G(t)). (5)

We have normalized our system so that G(t) and I(t) range from (0, 1). We interpret this as
the local ratio of ice and ‘glass’. In the above model k1 and k3 are parameters that depend
of the particular choice of our CPA. Before explaining the connection we describe the phase
portrait of the system 4. Three cases are relevant to our model.

Case I: Ice formation. Letting k1 > 1 and k2 < 1 in the model leads to a stable equilib-
rium at (G, I) = (0, 1). This can be interpreted as a local point where, cooling temperature
is low compared to the density of the CPA. We show a few trajectories in Figure 6.

I

G´ = (1 - G - k1*I)G
I´ = (1 - I - k2*G)I

k1=2      k2=0.5
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Figure 6: Phase portrait for k1 > 1 and k2 < 1

Case II: Glass formation. Letting k1 < 1 and k2 > 1 in the model leads to the ‘compli-
mentary’ case; namely, a stable state state manifests at the coordinate (G, I) = (1, 0). This
effect can be explained if the temperature is sufficient to vitrify the tissue as a function of
the density of CPA. As before, we show different trajectories in Figure 7.
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I

G´ = (1 - G - k1*I)G
I´ = (1 - I - k2*G)I
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Figure 7: Phase portrait for k1 < 1 and k2 > 1

Case III: Ice and Glass balance. If it is the case that both k1 and k2 are less than 1.
Then, glass and ice coexist. One can interpret these results as a ratio of partial vitrification
success, where crystallization occurs. The stable equilibrium occurs at (G, I) = 1/(k1k2 −
1) · (k1 − 1, k2 − 1). See Figure 8

I

G´ = (1 - G - k1*I)G
I´ = (1 - I - k2*G)I
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Figure 8: Phase portrait for k1 < 1 and k2 < 1

Our mathematical model suggest that k1 transitions from values greater than, to values
less than 1; and that k2 transition from values less than 1 to values greater than 1 as a function
of temperature. We reason that the transition is marked by two critical points. The first,
which we denote as TIG and TGI which mark a boundary in temperature for which, in the
average, it is equally likely (in a probability sense) for tissue to be successfully vitrified or
not. Parting from the phase diagram of a generic cryopreservant as shown in Figure 9 we
hypothesize that TIG and TGI lie in the temperatures compatible with ice formation and
glass formation, respectively.
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Salt Tg (◦C)
Mg(OAc)2 -57
La(NO3)2 -70
Mg(NO3)2 -95

MgCl2 -100
ZnCl2 -115

Table 2: Tg values for different salts

Figure 9: Phase diagram for a generic CPA

For exposition we proceed to select a salt as our agent. Moreover, we assume that
the previously mentioned range of equally probable success of vitrification lies within 10
degrees of the phase transition to glass at 10% of agent concentration. Some values of these
temperatures are shown in Table 2. We proceed with a note. The boundary established here
is dependent on CPA concentration. As the concentration of CPA increases it is less likely
that crystallization occurs thus, the range of equal success decreases. With the above being
said, we establish the functions for k1 and k2 to be of the form

k1(−T ) = − 2

π
arctan (rT − TIG) + 1 (6)

k2(−T ) =
2

π
arctan (rT − TGI) + 1 (7)

where r will be the rate of change of temperature approximated to first order. The graph
for the rates is included in Figure 10.
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Figure 10: Plot for k1 and k2 as a function of negative temperature.

With the model at hand, we may inspect the local behavior as a function of time and
temperature rate. For the following computations we set our CPA to have a TIG = −47◦C
and TGI = −67◦C. Which is a reasonable choice for say, the salt Mg(OAc)2 as shown in
Table 2. In figures 11 and 12 we plot different densities of ice and glass as function of the
rate choice.
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Figure 11: Ice density for different choices
of r
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Figure 12: Glass density for different
choices of r

It is worth noting that the long term behavior will be controlled by the final temperature.
In other words, there must be a significant time for which the tissue settles and dynamic
behavior is halted. To inspect different choices of this relevant time constant we plot the
density of glass and ice, against time and rates. In figure 13 we see such plot.
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Figure 13: Ice and Glass densities plotted against t and r

3.2 Remarks and conclusions

Here we have developed a model to understand the behavior of ice and glass structures in a
tissue. We remark that this model is deficient in the following aspects:

1. Glass and ice density may not be well modeled by a competition system. Evidence of
this comes from long term behavior of the model.

2. Normalization of output. For convenience, we decided to normalize the output of our
functions. Although not necessarily a bad thing, it is left to propose an adequate
scaling to real parameters.

3. Coupling of T. Here we opted to approximate the temperature profile to leading order in
time. This is already a strong assumption. However, we have provided the background
and stated the exact form of T. This was done to avoid further dependence of variables,
although numerically this is not an issue.

On the other hand, our model comes with the following predictions and advantages.

1. A balance of crystal and glass states is achieved at medium temporal scales. Thus,
upon fitting parameters, one could predict the likeness of successful vitrification.

2. Simplicity of the model. Competition models are already well understood. Moreover,
since our is a two species model, the analysis is straight forward and small routines are
needed.

3. The model as stated in equations (2) is applicable to a general geometry and thus,
could be used to inspect the behaviour of higher order systems.

4. Our model successfully predicts a high success rate for increasing rates of cooling. The
analysis suggest and exponential decrease in rate cooling rates as a function of the size
of crystallization temperatures
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4 Warming

4.1 Supercooled Tissue Rewarming

Tissues that are supercooled for preservation are lowered to 0◦ to −5◦C without freezing
through the use of preservation solutions. The threat of ice nucleation is attenuated because
the tissue is held at or near freezing in the liquid state. The risk of ice nucleation is confined
mostly to the cooling process and during storage. Warming has fewer associated risks be-
cause there should be no ice to begin with and warming will quickly raise the temperature
so that ice formation is no longer a possibility [44].

As with all hypothermically preserved tissue, the organ must be warmed prior to im-
plantation. As long as hospitals have the correct equipment, supercooling has relativeley
low risk during rewarming since fracture and ice nucleation are not likely to occur. This
opens the door for most warming techniques. Because it is already so warm (as compared
to vitrified organs), convection could effectively be used to rewarm the tissue. Also, since
it is still in the liquid state, perfusion is another method that could be utilized to warm
the organ. Finally, nanoparticle warming could also be used, though in this case, it may be
overkill since warming rates are not required to be as fast as methods such as vitrified organ
rewarming.

4.2 Isochorically Cooled Tissue Rewarming

Isochoric cooling is simple in that it only requires some sort of pressure vessel to store the tis-
sue while it is cooled. The underlying principle is that ice will not form in a constant volume
pressure vessel since the formation of less dense ice would result in increased pressure in the
vessel. Because there is no place for the ice nucleation and growth to occur without causing
large increases in pressure, the fluid in the system remains in the more thermodynamically
favorable liquid state. This means that during rewarming, the tissue must remain in the
pressure vessel since removing it into an isobaric environment would stimulate ice nucleation
and damage the tissue [42].

Keeping the tissue in some sort of pressure vessel during rewarming would be inefficient
with the addition of another thermal resistance (the wall of the vessel) to the system. How-
ever, perfusion and nanowarming could still be used effectively. As with supercooling, since
the fluid in the system is kept in the liquid state, perfusion can be used for rewarming. Also,
as long as the pressure vessel is non-metallic, nanoparticles embedded in the tissue would
provide another means for warming.

4.3 Vitrified Tissue Rewarming

Cryoprotective agents are added to tissue for vitrification. The temperature is then quickly
dropped to reach the glass transition temperature while avoiding the transition from the
liquid to the solid state and consequent ice nucleation. Rather than forming a crystalline
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ice structure at temperatures around −140◦C, it takes on an amorpheous glass morphol-
ogy. This prevents tissue damage associated with the formation of ice. Rewarming poses
many issues for vitrified tissues. First, ice nucleation is a major obstacle during rewarming,
requiring warming rates that are up to two orders of magnitude faster than for cooling. An-
other danger is cracking. Cracking is caused by the buildup of mechanical stresses caused
by uneven warming. Therefore, it is important that rewarming techniques are not only very
fast, but also have the ability to warm the tissue evenly to prevent the formation of thermal
gradients and cracking [40,41].
Nanowarming is a promising technique for rewarming vitrified tissues and organs since it
meets both of these fundamental criteria. If it can be scaled up effectively, nanowarming
could open the door to long-term organ storage by solving the issues associated with rewarm-
ing. It relies on a a radio frequency generator to warm ferromagnetic iron nanoparticles that
have been loaded through the vasculature to achieve fast, uniform rewarming. Also, at
-140C, tissue can be stored indefinitely for future use [40,41].

4.3.1 Warming Equations

Here, we will focus on two types of vitrified tissue rewarming: convection and nanowarming.
First, we will look at the lumped, one-dimensional approach to compare the two warming
techniques. This model will then be used to verify a spatially varying three-dimensional
model done using Comsol. Equations 8 and 9 are the governing equations used for the lumped
analyis in one-dimension for the convection case and the nanowarming case respectively.
Tissue properties for the lung were found from previously published literature. For both
cases, the density of the lung was taken to be 240 kg

m3 [39], with a specific heat of 3886 J
kg−K

[37],

and a thermal conductivity (for the 3D case) of 0.4506 W
m−K

[45]. For the case of nanowarming,
we used a scaled up value for the radiofrequency generator power of 120kW as proposed by
Finger and Bischof [40].

dθ

dt
=
−2πrLh

V ρc
θ, θ = T − Ta (8)

dT

dt
=

q

ρcV
(9)

4.3.2 Control Volume

Figure 14 is the control volume that was used for the one-dimensional analysis. It is a
cylinder with dimensions similar to those of a lung. It has a height (L) of 21cm and a
diameter (d) of 12cm. The volume is represented by the variable V in Equations 8 and 9
as the volume of a cylinder. For the three-dimensional analysis, Figure 15 was used as the
control volume to represent a single lung. It has similar dimensions to a typical right lung
with the same tissue properties as mentioned above. It has a height of 21cm, a width of
12cm, and a depth of 19cm.
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Figure 14: Cylindrical control volume for modeling the lung using a 1-D lumped approach
(L = 21cm, d = 12cm).

Figure 15: 3D control volume for modeling the lung in Comsol (h = 21cm(y), w = 12cm(z),
and depth = 19cm(x)).

Tissue Property Value
Lung density (ρ) 240 kg/(m3)
Specific heat (c) 3886 J/(kg-K)
Thermal conductivity (k) 0.4506 W/(m−K)
Nanowarming heat generation 120kW
Convection coefficient (h) 1000 W/m2 −K

4.3.3 Convective Warming

As discussed earlier, convective warming is an approach that can be utilized to rewarm
vitrified tissue. Equation 10 provides the solution to the governing differential equation
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(Equation 8) where h is equal to 1000 W
m2−K

and the ambient temperature is 37C. The initial

rate of warming in this case is 11.39 K
min

.

θ = −177e−
25t

23316 (10)

Figure 16 provides a graphical summary of the outputs form Equation 10 using different
values for the ambient temperature and the convection heat transfer coefficient (h). Ac-
cording to Manuchehrabadi et al [41], values for h for convective warming of vitrified tissue
fall between 10 and 1000 W

m2−K
. Therefore, true warming curves will fall between these two

extremes. The graph can be used to determine when the system reaches steady state. For
the case where h is equal to 1000 W

m2−K
and Ta = 37C, steady state is reached after about

4000s. The time to reach steady state increases if the heat transfer coefficient is lowered and
the time to reach steady state decreases if the ambient temperature is increased.
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Figure 16: Warming rates for different conditions during 1-D, lumped convection warming.

Figure 17: 3D lung model during convective warming after 100 seconds.

The results of the 3-D analysis align nicely with the results from the lumped case using
the cylindrical control volume. Tissue properties were kept the same as the 1-D case, with
Equation 8 serving as the governing equation for the temperature-dependent convection heat
transfer. Once again, the ambient temperature during rewarming was held at a constant 37C
and h equal to 1000 W

m2−K
. Figure 17 shows the results of the 3-D simulation for the convection

case after 100 seconds of rewarming. Even at this early time point, it is clear that warming
is uneven over the surface of the organ with the thinner sections warming more quickly than
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the thicker portions of the tissue, which results in temperature gradients across the surface
of the tissue. These effects become even more pronounced when analyzing the temperature
changes in the center of the tissue. Figure 18 shows the temperature near the center of the
control volume shown in Figure 15 over time. As in the 1-D case, warming is very slow,
with the system reaching steady state at around 4000 seconds after initializing convective
warming. This result is confirmed in the 1-D case, where the time to reach steady state
is very similar. Figure 19 shows the temperature distribution throughout the tissue at 500
second intervals. It is readily apparent that large temperature gradients form throughout
the tissue during the slow process of rewarming.

Figure 18: Temperature at the center of the lung model over time during convective warm-
ing.
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Figure 19: Temperature through the middle of the lung model at 500 second intervals
during convective warming.

Figure 20: Temperature change of cylindrical control volume using a simple nanowarming
model (Equation 11).
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4.3.4 Nanowarming

Nanowarming provides an alternative to convective rewarming, and has shown promise on
small scales. Here, we scale up the power of the RF coil to 120kW for rewarming of large
organs [40]. Tissue properties were kept the same as in the convective rewarming case and
the cylindrical control volume in Figure 14 was used here for 1-D lumped nanowarming.
We also considered warming from the surroundings as negligible compared to the warming
from nanoparticles in the system. We have also simplified the model by assuming that
nanoparticles are evenly distributed throughout the tissue, which allows us to model this
case as a uniform heat generation within the tissue. This left us with Equation 9 as the
governing differential equation and Equation 11 as the solution to this equation.

T = 1.625t− 140 (11)

Figure 20 shows the plotted solution to Equation 11 with a dashed line marking when
the tissue reaches 37C. It takes 109 seconds for this system to reach a physiologic tissue tem-
perature of 37C, which is roughly 40 times faster than in the convective warming case. Here,
the rate of warming is 97.5 C

min
, which is sufficiently fast to avoid ice nucleation in the tissue

using most CPAs [40, 41]. Clearly, the speed at which warming occurs makes nanowarming
the only reasonable option when compared with convective warming as we have described
it here. However, it is also important that the tissue be warmed evenly, which was a major
pitfall in the convective case.

Figure 21: 3D lung model during nanowarming after 100 seconds.
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Figure 22: Temperature at the center of the lung over time during nanowarming using a
3-D Comsol model.

Figure 23: Line plot of temperature distribution through the center of the lung at 10 second
intervals using Comsol model.

In order to analyze the temperature distribution through the organ, we once again made
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use of 3-D modeling software. The tissue properties were kept the same as for the 1-D case,
with a k value of 0.4506 W

m−K
[45] and a constant internal heat source of 1.52kW

m3 . This heat
source is the equivalent heat generation per unit volume of the 120kW that was used for the
1-D case with a cylindrical control volume. Equation 9 served as the governing equation.
Figures 21, 22, and 23 provide graphical summaries of the results. First, Figure 21 shows
that, after 100 seconds, warming is even across the surface of the tissue and approaching
the target of 37C for the organ. Figure 22 shows the temperature in the center of the organ
during rewarming. The time required to reach 37C ( 110 seconds) is nearly identical to
the lumped approach. Of course, this should be expected if the heat generation per unit
volume was the same as in the 1-D case. This adds further support to the results of the 3-D
modeling. Finally, Figure 23 provides plots of the temperature distribution throughout the
tissue at 10 second intervals. According to this model, warming occurs evenly throughout
the organ, lacking any temperature gradients. Of course, this is an idealized case, but this
serves to show that nanowarming gets around the two major obstacles of rewarming vitrified
tissue:speed and uniformity.

5 Conclusions

Various methods of cooling and warming technologies of organ preservation were analyzed
for Lung. Each Cooling/warming method has its own advantages and disadvantages. Based
on our analysis on lung preservation, vitrification and nanowarming are preferred because of
less injury to the lung tissue and a faster warming rate.

The cold blood perfusion can be beneficial in lowering the metabolism and still sup-
plementing oxygen and other nutrients for the tissue. With equilibration length of 80cm
which is greater than the actual size of the lung (24cm), uniform cold temperature can be
achieved in within a minute (64sec). Some of the disadvantage of the cold blood perfusion
is the shrinkage of the lung organ due to the cold temperature and reperfusion can cause
unexpected edema. However, this issue is combated by the use of normal temperature blood
perfusion, which is the current state of art in lung perservation.

The vitrification method, as per our model, shows great success in CPAs where glass
transition temperatures are raised to about -50◦C. Our model estimates that vitrification
could be achieved at cooling rates as low as 30◦C per second. However, this the success may
be hindered by the CPA toxicity. Articles such as [47] demostrate that concentration of CPA
may be needed to be as high as 80% of total solute.

For rewarming vitrified organs, it is clear from this analysis that nanowarming is far
superior to convective rewarming. Convective rewarming is slow and fosters the formation
of significant thermal gradients in the tissue, which can cause mechanical stresses that lead
to cracking. The initial rate of warming was determined to be 11.39 C

min
, which is far too

slow to avoid ice formation. More than that, as the organ is warmed, the rate of warming
slows, with steady state not being reached until around 4000 seconds! No organ could be
successfully transplanted after undergoing this type of rewarming.

Nanowarming, on the other hand, shows incredible promise in overcoming the obstacles
that doomed convection rewarming. First, temperatures of 37C could be achieved in under
two minutes (109 seconds). According to our model, the rate at which warming could occur
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using nanoparticles was 97.5 C
min

. This was nearly nine times faster than the fastest rate
achieved through convection rewarming under the described conditions. On top of that,
nanowarming warms the organ evenly, as demonstrated by our 3-D simulations. Though
some thermal gradient can be expected in real-life experiments, these gradients are minimal.
Nanowarming is the ideal technique for rewarming vitrified tissues for its ability to warm
quickly and evenly.
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