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Abstract

Entropy is producing during any irreversible process. In the cancer cells, the entropy generation measures the
irreversibility; so, the cancer cells have higher entropy generation than the healthy cells. The entropy generation rate
shows the amount of robustness, progression, and invasion of the cancer cells. From a thermodynamic aspect,
cancer's origin and growth is an irreversible process, and the thermodynamic variables such as the cell volume,
temperature, and entropy will change during this process. In this paper, a procedure based on experimental data is
proposed to calculate dynamic entropy generation in the tumoral tissues by dynamic thermography and
measurement of tumor size. The dynamic changes in the volume, temperature, and entropy associated with tumor
cells over time are tested and evaluated in this regard. An in vivo assay has been developed to measure and analyze
these changes. This assay investigated the growth of 4T1 Breast Tumor in 55 BALB/c mice over time. Infrared
thermography has been employed to evaluate dynamic temperature changes of the tumors. The computer code has
been developed to gather important data from tumoral and healthy mice's images to compute considered temperature
differences and entropy generation associated with tumoral tissues. To better evaluate tumor tissue, the Micro PET
Images are used to verify volume changes of tumors. The relation between the volume and temperature gradient of
tumor cells has detected by measuring during the experiment. The entropy of tumor cells was studying and
calculating during the process of tumor changes. Results show that entropy generation as the main concept of
thermodynamic is a strong tool for the analysis of cancer cells and has a strong relationship with cancer growth.
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1. Introduction

Cancer refers to a disease in which the cells have lost
their specialization and control over normal growth.
According to reports from the WHO (World Health
Organization), Cancer is the second major cause of
death in the world and is responsible for an evaluated
9.6 million deaths in 2018 [1].

The living cell can be described as a thermodynamic
system whose structure and behavior result from
processes and thermodynamic reactions within the cell
and among the cell and its environment.

Despite many studies and research in this field,
cancer facts are still obscure, and numerous therapies
such as surgery, radiotherapy, and chemotherapy have
not been quite successful. Applying timely diagnosis
and effective treatment can increase the chance for
recovery in patients. For cancer diagnosis, some
enhanced techniques are available such as CT, MRI, and
PET scanning. However, they are expensive and not
flexible, and widely accessible. Widely available, quick,
and accurate tools for objective measurement are needed
for diagnosing cancer and examining its changes over
time [2].

*Corresponding Author

Thermal imaging can be an excellent tool that is an
accurate, non-contact, non-invasive, and real-time
measurement related to the temperature of the surface.

Thermal imaging technology has been made and
developed in clinical medicine since the 1960s and was
initially well approved and accepted [1-4]. Despite that,
after 1977, the medical community has lost interest in
this method of diagnosis. This diagnostic method's
failure has been described in the interpretation of
thermal images and the use of non-digital images [1, 4].
The thermography concept is based on the detection and
visualization of varying heat emitted by the body, and it
has been appending to the procedures available for
inspection and testing for breast cancer and the further
investigation and studies of the action of these lesions.
Thermal images can also recognize the actual size of the
thermal modifications associated with foci with precise
calibration [2]. It is an evident and strong reason that
thermography is a very promising technique for testing
and regenerating patients for breast cancer [7].

Ma et al. estimated the temperature of the tumor in
nanoparticle magnetic hyperthermia using
thermography [8]. Regression functions are made to
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determine the relationship, which is useful for the fast
tumor's inner temperature estimation using infrared
thermography.

In the past years, there has been extensive research
that has determined thermography to have the ability to
find and identify breast abnormalities that other
recognition approaches may not have detected.
Although no single device supplies supreme
foreseeability, a combination that merges thermography,
such as mammography, may promote both particularity
and sensitivity [9]. It was indicated that using
thermography alone had a sensitivity of 83% in
revealing breast cancer, while the integration of
thermography and mammography had a 95% sensitivity
[4]. There is no detection device currently available that
supplies 100% predictability of the existence of a
cancerous tumor. A biopsy is the only deterministic
diagnostic approach is [4].

When signs or symptoms of breast disease exist, a
complete test by clinical test, biopsy, thermography, and
mammography is vital. Thermography may be applied
to achieve further data by recognizing metastatic lesions
in superficial lymph nodes or bones [5].

Jo and Kim used infrared thermography as a
diagnostic tool to evaluate abdominal skin temperature
between fertile and infertile women. They indicated that
infertility was related to lower AT [10].

Bousselham et al. used the thermography method on
GPU to demonstrate tumor position and parameter
prediction. The genetic algorithm was applied to the
computation of the inverse problem [11]. The equation
of Pennes for bioheat was solved through GPU parallel
finite difference method.

The hot spot over a tumor and its high thermal
gradient are the most major factors to distinguish
malignancy from a benign state. Increasing 1-2 °C of the
skin surface temperature is usually seen at the periphery
of human breast tumors. This modification is because of
the blood lipids and increasing the blood flow due to
tumor-related angiogenesis [6]. Thermography does not
supply data on the breast's morphological specifications,
but it supplies functional data on vascular and thermal
tissue conditions. These functional variations are
hypothesized to modify before the onset of structural
variations in a diseased or cancerous state [7]. It is well-
known that physiological modifications in tissue before
pathological changes [12] and investigations promote
the significant role of thermography in the early
detection of breast abnormalities that may be reached to
cancer [7].

Das and Mishra performed a numerical study of
malignant tumors in the breast of humans to predict the
size, radial, and angular positions of a simultaneously.
Inverse methods were carried out by a curve fitting
approach [13]. Also, the result of the error of
measurement in temperature was considered.

Patil and Maniyeri investigated bio-heat transfer in
the breast cyst of human-based on the Finite difference
method [14]. The location of the cyst has been
investigated, and the simulation of multiple cysts has
been done. Results are effective for the detection of
cancer in the early stage of progression. Etehadtavakol
and Ng [15] have investigated modeling bioheat transfer
based on numerical approaches for exact measurements
of the skin surface. Thermal distribution for living
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tissues has been modeled based on Pennes bioheat. A
precise mathematical model for heat transfer was
essential for thermography.

The previous studies indicate that it is always
possible to gain tumor parameters with precise static or
transient measurement information. Nerveless, for noisy
temperature information, the application of a transient
approach demonstrated an advantage over the steady-
state condition, which failed due to the very small
temperature differences between the tumoral skin and
healthy skin.

In this study, we have analyzed the dynamics of the
cancer system by using thermodynamic variables. For
this purpose, we have investigated the changes in the
temperature gradient and volume of 4T1 Breast Tumor
in 53 BALB/c mice over time. We have used thermal
imaging to study the dynamic changes in tumor
temperature gradient and compare these changes to
tumor volume changes. With a proven nonlinear relation
and the volume and temperature gradient values, we
have calculated the entropy generation values for tumor
cells. In the new researches, entropy has been suggested
as a strong tool for studying cancer behavior and its
stationary states.

2. Thermodynamic Fundamentals

From a thermodynamic aspect, cancer can be considered
as an open [8] and nonlinear dynamical system [17] in the
non-equilibrium thermodynamic state [9], which is self-
organized in space and time [10], containing high
complexity [11], robustness [12] and adaptability [13].
Irreversibility is the fundamental definition and
measurement for evaluating the cycles and systems [23-26].
Cancer's appearance and progression is an irreversible
process, and entropy generation measures the cancer system
behavior [19]. Entropy is a state function based on the
system equilibrium, and we can only calculate the entropy
differences [21] because, in reality, nothing is generated
[24,27]. Considering the second law of thermodynamic the
total entropy of systems is composed of two sections: the
entropy change that will be achieved conversion overall the
system borders as AS and the entropy generation expressed
as the entropy change the consequences of the
irreversibility as Sgand it is always S, > 0 [27].

o0
s:f(7j:Sg+AS (1)

The total entropy of the system can be calculated as a
relation (1). In this relation, Q is the heat transfer, T the
temperature of the thermostats.

In other words, entropy is a measure of disorder, and life
should remain in a low-entropy state [27]. Generating large
amounts of entropy in the industrial systems reduces these
systems' efficiency and in the biological systems is a sign of
dysfunction and disease. Typically, the entropy generation
rate of cancer cells is always higher than healthy cells
(about two times) when no external forces are used [30].
The entropy generation rate is the characteristic behavior of
the tumor and indicates its progression, invasion [31], and
robustness [32], so entropy can be a useful and effective
tool for diagnosing cancer cells from healthy cells and
measuring its progression, invasion, and robustness. It's has
been proven that the entropy of living cells can be
calculated in terms of two variables: the volume and
temperature of cells. Studies have shown that these two
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thermodynamic variables are important independently in
detecting cancer and analyzing cancer cell behavior. As
mentioned in the previous section, the temperature has been
regarded as one of the main parameters in the analysis of
cancer advances [33], and recently, by using thermal
imaging, the temperature has been studied as an interesting
topic of research concerning the behavior of tumoral and
normal cells [34]. Umberto Lucia [18] has calculated a
critical value for the volume of cancer tumors based on
entropy generation and the values of initial tumor volume
and the temperature gradient between tumoral and healthy
cells. This critical volume is the beginning of metastasis.
Therefore entropy, volume, and temperature of tumor cells
are three important factors for studying cancer and
predicting its behavior. The cancer system can grow only
for values of thermodynamic quantities in a stationery
range, and outside of this range, it cannot develope [18,30].

It has been mentioned that the entropy production rate, Sy
contains five terms [14,19,35,36]:

1. The entropy generation because of the thermal flux
obtained by a temperature difference; can be
calculated as:

3.3x10"% 1, 2

Sey =0AT L* with o=

Where L is the typical length of a cell, AT [K] is the
temperature difference in L, T, [s] is the time associated
with the heat flow obtained by temperature difference and T
[K] is the temperature. The temperature of normal cells is
homogeneous and AT=0; therefore, there is no entropy
generation in consequence of heat flow. Nevertheless, an
increase in temperature for some cancers has been reported.
We have considered T=305K based on laboratory
conditions and T, = 15 ms
2. The entropy generation because of the diffusion
current achieved by a potential chemical gradient;
3x1071, 3
T
In which T, is the process lifetime. The chemical potential
gradient usually occurs in the cell cytoplasm. This work
T, has been considered 10 ms.
3. The entropy generation in consequence of the
velocity gradient integrated with viscous stress;
y 4.7x10%1, 4)

gvg ZF with Y= T

Seax =BL with B=

In which t; is the process lifetime. Due to the low amount
of entropy generation in this term S, has been ignored and
T3 has not been calculated.
4. The entropy generation because of the chemical
reaction rate obtained by a Gibbs energy decrease
(affinity);

4
Sigery =€ L with £=0.5237, 2N, = ®)

In which T, is the time associated with the rate of chemical
reaction obtained by affinity, N is the number per unit time,
and chemical reaction related to its volume. 4 is the
affinity, examined as the changes of the standard Gibbs'
free energy. In this work, we have considered t, = 17 ns

and the value of the term Y N; %; due to the cell

proliferation equal to 10'°.
5. The entropy generation because of the dissipation of
the work completed by an external force field. It is
not possible to analyze an overall relation for this
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term for a cell due to its associates with the cell's
environment.
So, the entropy generation for a cell in the case where no
external energy is applied can be calculated as [23]:

Sg = SgA,f +Sg.ak +Sg,vg +Sg.cr = 6)
1 aly v 2 3,7
—(a+y)=———(f+&)==aATL" + L + 5 +¢L

(a+7)5= "2 (Bre)y pr+t;

This relation is only based on the values of volume and
temperature gradient and with a, B, v, and € are constant in
the defined environment. It must be underlined that this
relation can be used for the entire tumor cells.

3. Material and Method
3.1. Experimental Method
In this study, assuming cancer as a thermodynamic

system, the dynamic changes of the thermodynamic
variables such as the volume, temperature gradient, and
entropy of the tumor system have been investigated during
the appearance and progression of cancer. It was necessary
to inject cancer cells into some mice because of analyzing
the changes in these thermodynamic variables and their
relationship to digﬁrent cancer stages. The thermodynamic
behavior of the tumor cells has been studied from the time
of injection. The volume and temperature of the tumor were
measured every day. For this purpose, 62 BALB/c mice
have been selected. The 4T1 cancer cells were injected
Subcutaneously into the breast tissue of 55 mice, and the
other was kept healthy as the control group. The
temperature changes in the breast tissue and the changes in
tumor volume were monitored daily from tumor cell
injection. The volume of the tumor measured using a
laboratory digital caliper, and an IR camera measured the
tumor's temperature. Using the relation (6), the entropy of
the tumors was calculated by using the volume and
temperature gradient of the tumor cells. All of the mice
were kept in similar conditions and all of the measurements
were done while the mice were awake and without any
sedation.

Figure 1 shows the BALB/c mice and the camera test to
taking thermography before the injection of tumoral cells.

Figure 1. The BALB/c mice and the camera test to taking
thermography before the injection of tumoral cells.

3.2. Model of 4T1 Breast Tumor for Mouse

The 4T1 mammary carcinoma is chosen for
experiments. The 4T1 is an appropriate experimental
animal model for human mammary cancer. The 4T1 tumor

Vol. 24 (No. 2) / 174



is extremely aggressive and tumorigenic. Unlike most
tumor models, it can spontaneously metastasize from the
initial tumor in the mammary gland to multiple distant
positions, including blood, lung, lymph nodes, brain, liver,
and bone [37]. As shown in Figure 2, the selected cases
injected 700,000 4T1 cancer cells subcutaneously based on
[37] procedure.

5-“; \

g

{/

Figure 2. The demonstration of the tumor injection into the
BALB/c mice.

3.3. The Volume measurement

After the injection, the tumors were grown as
volumetric shapes that were approximately sphere or
elliptical. The tumor sizes were measured with a digital
caliper, and based on the geometric shape, the volume was
calculated.

Most measurements of the tumor are performed
manually by mechanical calipers, which have low precision
and weak reproducibility. The measurement is performed
by compressing the tumor between the caliper blades. The
size of the tumor is then determined from the caliper. Also,
to the inherent mistakes defined by this process, there is
relevancy that the attendant mechanical disruption may
overset tumor progress [6].

3.4. The temperature measurement

A Hti Model HT-18 thermal camera was used to
examine the surface temperature of the tumoral tissues. Its
accuracy is +2 °C, thermal sensitivity is 0.08 °C, and
resolution is 220x160. All of the measurements were
considered in a control room, and the camera was
calibrated. The temperature variations were measured at the
tumor site center. The consequence of the tumor presence in
each mouse on the temperature of the surface body was
predicted as the temperature gradient by the formula:

TISTC (°C) = TTC (°C) — MTTC (°C) ®)

Which TISTC is Tumor-Induced Surfa ce Tempe rature
Change (°C); TTC s Temperature of Tum or Cen ter and
MTTC Mean Temp erature of T umo r cent er same area in
each mouse before tumor cell injection [6,7].

Against the temperature of the body surface or skin
increases relevant to breast cancer, a temperature reduction
occurred in the tumor site. This temperature reduction
continued during the 4T1 tumor growth progressively as the
volume of the tumor became larger. The interpretation for
this consequence is unclear, but it may be due to the poorly
vascularized nature of rapidly growing tumors [36-37].
There were no temperature changes in the breast tissues in
the control group that did not receive tumor cells.
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3.5. Micro Pet Imaging

PET is a nuclear medicine imaging technique that
generates an image of the target of body tissues in the form
of three-dimensional. PET scans use a small number of
radioactive drugs or trackers to differentiate between
healthy and unhealthy tissues. The most common
radiopharmaceutical for this type of imaging (FDG) is
called fluorodeoxyglucose, so sometimes this type of scan
is called FDG-PET. Before the PET scan, a small FDG is
injected into the animal because the cancer cells grow
rapidly. In this study, 250 mCi to 300 mCi of FDG into
each mouse through a vein has been injected and after one
hour of injection of 0.1 ccs of anesthetic subcutaneously.
It grows more than healthy tissue, cancer cells absorb more
FDG than healthy tissue, so in the CT scan images, the
cancer cells are more colorful than healthy cells. The micro
pet imaging is performed in the Xtrim preclinical Tehran
University of Medical Sciences

The preclinical Xtrim Micro Pet scanner with high-
resolution (PNP Co, Tehran, Iran) includes ten detectors
considering crystals of cerium-doped lutetium-yttrium
oxyorthosilicate (LYSO: Ce) configured in the polygonal
full-ring topology. Each block of the sensor consists of of
24x24 array integrated into a 12x12 SiPM. The detector
size is 52x52 mm? with an active area of 50.3x50.3 mm?.
Each block includes of 24x24 LYSO: Ce crystal with a
pixel size of 2x2x10 mm?3. The pixels are involved with
0.5 m BaSO4 reflectors. The system applied SensL
ARRAYS-30035-144P.

Figure 3a demonstrates the injection of FDG to BALB/c
mice before PET imaging. Also, Figure 3b shows the Micro
PET imaging device's schematic that is applied in this
investigation.

-~ :_'
P
P i
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— ,A" \

” 4

[ : 4
(@) (b)

Figure 3. (a) FDG injection into the BALB/c mice (b) Micro
PET Imaging Device.

3.6. Micro Pet Imaging

Micro Positron emission tomography (PET) imaging is a
non-invasive approach to visualize and quantify the tumor
microenvironment [39-40]. Micro Pet imaging is used to
better visualize the size, position of the tumor.

In this study, the tumor is first injected into mice. After a
few days, the effect of the tumor on the body of the mouse
appears. Using thermal imaging, the condition of each
mouse at the tumor injection site is checked every 4 hours
and the relevant images are saved for further analysis. After
creating a palpable tumor, the tumor size is recorded using
a digital clipper, and the tumor volume is calculated
according to the relevant geometric shape.

Int. Centre for Applied Thermodynamics (ICAT)
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Generation
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Compute Entropy Generation Using

Tempreture Diffrence

Volume

Figure 4. Proposed procedure to calculate the dynamic entropy generation in tumoral tissue.

Due to the greater accuracy in calculating tumor volume
from 5 tumor mice and one healthy mouse, Micro PET
images were taken, and the exact tumor volume was
calculated using image processing and compared with the
computed samples with a micrometer.

Also, micro PET images can be effective in analyzing
the thermography results due to considering the metabolism
within the tissue.

Then, the images taken from the tumor mice in the
tumor area are compared with the photos taken from the
healthy mice simultaneously and the same tumor location of
the tumor mice in terms of temperature. This operation is
done with the help of the code prepared in the content
software.

The amount of entropy production is calculated using
the mentioned relationships using the volume and
temperature difference of the tumor tissue.

The proposed procedure to calculate dynamic entropy
generation in tumoral tissue is demonstrated in Figure 4.

4. Results

During the initial days after injection (at least two days),
there was no visible sign of any skin temperature variation
in the breast tissue and a volumetric tumor. Temperature
changes around the injection site were started about 2-6
days after injection and before any visible or palpable signs
of a volumetric tumor. The volumetric tumor appeared after
5-10 days after injection and about 2-5 days after the start
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of the temperature gradient. The tumors continued to grow,

and the temperature kept decreasing at the injection site.
The infrared images of healthy mice are shown in Figure

5. As illustrated, there are no temperature changes

associated with tumors in breast tissue. Also, Figure 6
demonstrates the infrared images of the tumoral mice. The
brown spots in the two mice above and the lower-left
mouse are due to a tumor's presence. Figure 7 and 8 shows
the infrared images of the Rbb case and RR case as two
selected samples of tumoral mice.

Figure 5. The infrared images of the healthy mice.

Vol. 24 (No. 2) / 176



e 4

Figure 6. The infrared images of the tumoral mice.
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Figure 8. The infrared images of the tumoral mice-rr case.
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In addition, Micro PET images of one healthy (B) mice
are shown in Figure 7 over time. Furthermore, the Micro
PET Images of tumoral (BG) and (BBBG) mice during the
time are demonstrated in Figure 8.a and 8.b subsequently.

2R A

B_15.8.97 B_22.8.97

Figure 9. Results of Micro PET Images of healthy mice (B)
during the time.

Micro PET images' results indicate that the
computational error in calculating the volume with a digital
caliper is less than two percent compared to the results
obtained by the Micro PET Images.

& (a)

W B

BG_15.8.97 BG_29.8.97 BG_6.9.97

;‘()

BG_6.8.97

BBBG_15.8.97

Figure 10. Results of Micro PET Images of tumoral (BG)
and (BBBG) mice during the time.

The magnitude of the volume changes and temperature
gradient were different in mice. After about 12-26 days, 14
mice started to recover, and their tumor became smaller. As
the tumors were becoming smaller in this group, the
temperature continued to increase, and the temperature
gradient decrease till the tumors was eliminated. The reason
for the recovery of these mice was probably the resistance
of their genes against this type of cancer. In Figures 11-13,
the curves show the appearance and growth of tumors, then
the recovery process in three mice. In the other mice, the
tumor kept growing, and in most of them, cancer generated
metastasis. Finally, all of them died. In Figures 14-17, the
curves show cancer's appearance and progression until the
death time in 6 mice for this group.
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In both groups, the dynamic behavior of thermodynamic
variables is the same. Based on the curves, a tumor was
detected first due to the temperature changes by using
thermal imaging. The maximum temperature gradient in the
recovered mice group was about 1-2 °C, but in the other
group, it even reached 4-5 °C.

5. Discussion and conclusions

In this approach, we have studied and tested the changes
in the volume, temperature, and entropy of the 4T1 breast
tumor in 55 Bulb/c mice over time. We have measured the
changes in the volume and temperature gradient of tumor
cells during the stages of appearance and growth of cancer
every day.

As indicated in this study's experimental results, the
entropy generation of cancer changes in time due to the
progression of the tumor, as mentioned in Ref. [16-18]. So,
the results of this study are confirmed by Ref. [16-18].

According to the extrema entropy generation change
[16, 18], the present study results are approved. The entropy
generation during the progression of the tumor is as
predicted by Luica [16].

The results of entropy generation progression in this
study's tumor tissues are confirmed by the data gathered by
Deisboeck, Berens, Kansal, and Torquato [17] on brain and
breast tumors based on the thermodynamic engineering
concept that proposed by Lucia [18].

Furthermore, it is also proof of the basic theory proposed
by Norton [41] on the principle rule of the fractal geometry
of the tumors. The geometry of the tumor is associated with
the spatial gradient of the entropy generation [18, 25].

Also, the experimental results and entropy generation
are agreed with the results obtained by Lucia [16].

Results obtained by the thermography of temperature
changes in tumor tissue are consistent with Agnelli et al.
investigation [42].

According to the results, as the tumor volume increases,
the temperature gradient increases too. The temperature
changes can be detected before the appearance of a
volumetric tumor by using thermal imaging, so thermal
imaging can be used as a widely available, non-invasive,
quick, accurate, and objective measurement tool for
detecting cancer.

By using a proven relation, we have calculated the
entropy values over time. The entropy values can be used as
a powerful tool for measuring cancer cells' invasion,
progression, and robustness.

By using the obtained data, we can model the dynamic
behavior of cancer as a thermodynamic system. This model
can be applied in the prediction of different stages of cancer
and its stationary states. We can calculate the critical value
of the tumor volume and predict the time of metastasis. We
hope it can be used for anticancer therapy plans.

In future studies, classical models and artificial neural
networks can achieve a dynamic model of the tumor
progression using experimental data. Also, the metastatic
position and time can be predicted by the transient model of
the tumoral tissue by using entropy generation values.
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