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Abstract. Treating cancer is one of the major challenges of modern medicine. Since mice models are an important
tool in cancer treatment research, it is required to assess murine tumor development. Existing methods for inves-
tigating tumor development are either high cost and limited by their availability or suffer from low accuracy and
reproducibility. In order to overcome these drawbacks, thermography may be used. DA3 breast cancer carcinoma
tumors in 12 Balb/c mice were thermally imaged and monitored for a period of several weeks. Eight mice were
treated with diffusing alpha emitters radiation therapy (DaRT) wires, while four were treated with inert wires. For
large tumors, the area was estimated by analyzing thermal images and was found to be in correlation with manual
caliper measurements. In addition, the correlation between tumor area and relative temperatures was calculated
and compared to previous works. Temperature differences were larger for tumors treated with DaRT wires than
tumors with inert wires. These correlations can be used to assist in tumor size estimation and reveal information
regarding its metabolic state. Overall, thermography was shown to be a promising tool for assessing tumor develop-
ment with the additional advantages of being nonradiative and potentially providing indication of intratumoral
biological processes. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1,JBO.18.11.111410]
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1 Introduction

Treating cancer is one of the major challenges of modern medi-
cine. A large number of methods are utilized, such as surgery,
chemotherapy, and radiation therapy. Since mice models are an
important tool in cancer treatment research, there is a necessity
to assess tumor development in mice. One method to assess
tumor development is to image the tumor by one of several
modalities [e.g., computed tomography (CT), magnetic reso-
nance imaging (MRI), and positron emission tomography
(PET)] by which size and location of the tumor can be mea-
sured.! Yet, these modalities are limited by their availability
and cost. Mechanical calipers are commonly used for tumor
size assessment. However, this method suffers from low accu-
racy and reproducibility.>?

Thermography, based on the detection of mid-IR radiation
inertly emitted from the surface of a measured object, is an im-
aging modality that enables accurate, high-resolution surface
temperature measurements.* This method is highly suitable
for overcoming the drawbacks described, due to its rapid, non-
ionizing, noninvasive, and low-cost nature. Thermal imaging
has been investigated thoroughly and utilized for numerous
medical applications: peripheral vascular disorders,” inflam-
matory diseases, and cancer detection, especially breast
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cancer.’™'® The high sensitivity of this method to changes on
the surface is extremely valuable in cancer detection, as the
majority of human cancers arise from epithelial cells. Since
malignant tumors are characterized by abnormal metabolic
and perfusion rates,'”" they are expected to show abnormal
temperature distribution compared to their healthy surround-
ings.>?® This characteristic can be used to detect the tumor
and evaluate its properties,”'** although improving the accuracy
of automated algorithms in vivo is a great challenge.

Transplantable tumors in mice exhibit an interesting charac-
teristic: the surface temperature of the tumor is lower than the
temperature of the healthy skin tissue surrounding it.>**** This
temperature difference was measured before in parallel to the
changes in tumor size.”>** However, the correlation between
these factors over time was never investigated and calculated
as well as its dependence on the tumor’s condition.

This paper presents an investigation of the correlation
between tumor-healthy tissue temperature differences and tumor
area in DA3 breast cancer carcinoma tumors. This correlation
was also compared to data extracted from previously published
experiments by other groups.”>?* The ability to estimate tumor
sizes by analyzing the thermal images was investigated and
compared to the conventional method of caliper measurements.
In addition, the dependence of the spatial temperature differ-
ences on changes in tumor’s area and treatment was investigated
as well.
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2 Methods and Materials

Female Balb/c 10.5-weeks-old mice were each injected with
5 x 10° DA3 murine breast carcinoma cells (in a 150 gL phos-
phate-buffered saline solution) below their mammary glands.
Mice were handled in familiar conditions by expert animal
license holders and thermal images were taken while the
mice were awake and without any sedation. The surroundings
of each tumor were shaved prior to the measurements, as much
as tumor state allowed.

In the first experiment, three mice were thermally imaged at
nine different occasions during the period between 13 and 46
days (days 13, 14, 18, 27, 33, 36, 39, 42, and 46 of the experi-
ment) after tumor injection (mouse #3 was imaged only eight
times, starting from day 14). Treatment was initiated 33 days
after tumor cells were injected.

In the second experiment, nine mice with single main tumors
were thermally imaged at four different occasions during the
period between 15 and 29 days (days 15, 18, 22, and 29 of
the experiment) after the tumor injection. Treatment was initi-
ated at day 15, 14 days after tumor cells were injected. Two mice
died during the experiment and participated only in the first two
imaging days.

The thermal images were captured using a ThermoVision
A40 (FLIR©) thermal camera. This camera can detect thermal
differences as low as 0.08°C, with a spatial resolution of
1.3 mrad, and produces thermal images of 240 x 320 pixels.
The thermal camera was placed 30 cm from the mouse to cap-
ture and record its temperature during the experiments. IR
images captured during the experiments were transferred to
the PC by a FireWire connection. The data from the thermal
images obtained by the camera were analyzed using the thermal
camera software (ThermaCAM Researcher Professional, FLIR)
and Matlab. Images in the visible spectrum were taken by a
Panasonic© DMC-ZS10 Lumix camera (14 megapixels) for
the first experiment and by a Samsung© 19300 Galaxy S3
(8 megapixels and autofocus) for the second experiment.

Size was calibrated by including a ruler with a known width
in each image. The number of pixels required to image the ruler
was measured and the ratio of mm/pixel for each image was
calculated and used to estimate the size of imaged objects by
multiplying it by their size in pixels.

The grown tumors are approximately elliptical. Manual mea-
surements of the widths (w), lengths (I), and depths (d) of these
tumors were taken by a caliper (without applying compression)
following each imaging session. Tumor area and volume
approximations were calculated using ellipsoid area and volume
formulas:*

A=Z(w- 1), ()

IS

T
V=2(wel-d). )

Tumor depth measurements were found to be highly unstable
due to the difficult measurement in this dimension. The rela-
tively small depth of the tumors (around 3 mm) led to large
errors in volume calculations. Therefore, it was decided to
neglect the depth dimension and use only area estimations in
order to improve the estimation’s accuracy.
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The mice were treated with diffused alpha radiation therapy
(DaRT)** wires. In this method, tumors are treated by the
insertion of specially prepared radioactive sources, impregnated
with small activities of a parent alpha emitting isotope (***Ra),
which continually releases its short-lived alpha emitting daugh-
ter atoms from the source surface. These atoms can then spread
within the tumor by the combined effects of diffusion and con-
vection (vascular and possibly interstitial), forming a region of
tumor cell destruction, where a lethal dose is delivered through
their alpha decays.” Treated mice were injected intratumoral
with an 11-mm-long DaRT wire (10 mm of which are active).

In the first experiment, mouse #1 and mouse #2 were injected
with 60 kBq wires. Mouse #3 was injected with an inert wire as
a control. In the second experiment, mice #1 to #6 were injected
with 40 kBq wires. Out of those, two mice (#2 and #3) received
25 mg/kg cyclosporine per day in addition to DaRT treatment.
This was done in order to inhibit their immune system and was
expected to affect metastasis formation only (and not the tumor
itself). Mouse #1 received glucose solution in addition to DaRT
treatment. Mice #7 to #9 were injected with inert wires.

3 Results

Initially, thermal images of three mice were analyzed in order
to evaluate the ability to estimate tumor areas and to observe
changes in the temperature of tumors and their surroundings.
In this initial experiment, thermal images of the three mice
were obtained and analyzed to create an optimal basis for com-
parison in order to better observe the tumor and the undergoing
processes. First, the tumor was identified by visual examination
of the image. Next, using the size calibration ratio for each
image, a 2 cm X 2 cm-equivalent section of the image was
cropped out of the main image. The cropped section included
the tumor in its center and the healthy tissue surrounding it
(tumor diameter was always smaller than this length). Images
were rotated if necessary in order to show the tumor in approx-
imately the same orientation.

An example of a cropped tumor image can be seen in Fig. 1.
The figure demonstrates some of the difficulties arising in the
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Fig. 1 2 x 2 cm thermal image of tumor surroundings for mouse #3, day
21. The colder region in the center of the image is the tumor. The
inserted inert wire can be seen as a relatively cold line, adjacent to
the upper left side of the tumor. Other tissues and features appear
on the bottom of the image. The estimated tumor area is marked by
the elliptical black dashed line.
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Fig. 2 Thermal images of tumor area for mouse #1. Estimated tumor boundaries are marked by a black ellipse.

analysis of the images. Although the tumor can be easily iden-
tified, its borders cannot be conclusively determined. Other fea-
tures, irrelevant for the analysis, can be seen in the lower part of
the image, such as the background and nearby tissues.

Another feature of interest in this figure is the treatment wire
(inert, in this case), which can be seen as a colder line adjacent to
the upper left side of the tumor.

An automated algorithm was developed to detect the tumor
and its boundaries but produced poor results due to the
described characteristics. Therefore, for each image the tumor
and its boundaries were identified manually and were repre-
sented by an elliptical shape. The estimated boundaries of
the tumor in Fig. 1 were marked with a dashed black line.

When observing thermal images of the same mouse on dif-
ferent days, the healthy skin tissue temperature varies due to
environmental conditions and the mouse’s physical state. In
order to show thermal changes in the tumor, the temperature
scales of all the images were standardized by reducing the
healthy tissue temperature for each day. The healthy tissue tem-
perature was determined by examining the image and manually
selecting an adjacent tissue with representing temperature (that
can be seen on most of the tissues around the tumor). This tem-
perature was estimated from a shaved region in the abdomen
area representing a healthy skin tissue.

Figures 2 to 4 show the processed thermal images obtained
for mice #1 to #3, respectively. To allow for easier comparison
between images, the same temperature scale was used for all
images.

Transplantable DA3 tumors are characterized by the develop-
ment of a necrotic region in the center of the tumor due to a poor
blood flow there. In this experiment, the skin above the necrotic
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area (the necrotic shell) of mouse #1 has broken down between
days 18 and 27, exposing the tissues beneath it and forming a
cavity. The thermal images clearly show the colder boundary
region of this wound (which is also a part of the tumor).
This behavior was not seen in mice #2 and #3, which showed
convex tumor morphology.

This breakdown of the necrotic shell in mouse #1 exposed
the internal underlying processes occurring in the tumor and
allowed in vivo examination of the effects caused by the
DaRT treatment. Specifically, the thermal image of day 46
reveals small (2 mm diameter), round, hotter regions in the
tumor, which may show the biological response to the DaRT
wire treatment.

The estimated area of the tumors on each day was calculated
according to the area of the representing ellipse. The estimated
area was compared with the caliper-measured area. The com-
parison is shown in Fig. 5. The figure shows a relatively
good qualitative fit as the slope of both graphs is similar for
each mouse.

Tumor morphology seems to have an effect on the way tumor
area is estimated according to the thermal image, leading to a
constant offset in tumor area estimation. For mouse #1, which
showed concave tumor morphology, the estimation was slightly
but consistently above the manual measurement. On the other
hand, for mice #2 and #3, which showed convex tumor morphol-
ogy, the estimation was slightly but consistently below the
manual measurement. As presented in Fig. 6, this deviation
might be explained in the following way: For the concave mor-
phology of mouse #1 tumor, tumor edges are more exposed
to air compared to convex morphology. Therefore, the cooler
area extends, resulting in the determination of a larger tumor
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Fig. 3 Thermal images of tumor area for mouse #2. Estimated tumor boundaries are marked by a black ellipse.
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Fig. 4 Thermal images of tumor area for mouse #3. Estimated tumor boundaries are marked by a black ellipse.
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Fig. 5 Caliper measurements of the tumor’s area (circular markers) and estimation from the thermal images (square markers).
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Fig. 6 (a) concave tumor morphology causes an overestimation of
tumor area due to cooling of tumor edges. (b) convex tumor morphol-
ogy causes an underestimation of tumor area due to heating of tumor
edges.

area. In mice #2 and #3, the convex tumor shape creates
a larger distance between the air and the healthy surrounding
tissues, thus allowing the healthy tissues to slightly heat the
tumor boundaries, leading to underestimation of the tumor’s
area.

Mouse 1

Mouse 2

The temperature profile inside the estimated tumor bounda-
ries was extracted and used to calculate the average and minimal
tumor temperatures. These temperatures, along with the temper-
ature of the healthy skin tissue, were used to calculate the aver-
age and maximal temperature differences between the tumor and
the healthy skin, shown in Figs. 7 and 8, respectively.

As the figures show, the average and maximal temperature
differences are correlated to the tumor’s area. The temperature
decreases as the area increases. In order to further investigate
this relationship, the average and maximal temperature differ-
ences were plotted as a function of tumor area. The results
are shown in Figs. 9 and 10, respectively.

It is evident that the slope of the fitted trend lines does not
change if there is a constant error or offset in the measurement or
estimation of the area or temperatures (and, therefore, it hardly
changes if the caliper measurements are used instead of the
estimation). Instead, the plotted points and trend line are
moved up or down (in case of temperature constant offset) or
left and right (constant area offset).

A few noteworthy conclusions can be derived from these
graphs. The general behavior of the temperature difference
(either average or maximal) as a function of the area seemed

Mouse 3
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Fig. 7 Tumor area (circular markers, scale on the right) and average temperature difference (square markers, scale on the left) as a function of time.
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Fig. 8 Tumor area (circular markers, scale on the right) and maximal temperature difference (square markers, scale on the left) as a function of time.
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Fig. 9 Average temperature difference as a function of estimated tumor
area. A linear fit for each mouse appears as a line along with its
equation.

to be the same. The tumor temperature decreases as its area
increases. This can be explained by the necrosis at the center
of the tumor and its extruding shape, typical to this type of trans-
plantable tumors.

It was also cautiously observed (due to the small number of
mice for this part) that the slopes for all mice are similar. For
example, a growth of 10 mm? in tumor area seemed to be linked
to a reduction of 0.2 to 0.36 deg in the average tumor temper-
ature, indicating that the biological and physical characteristics
of the tumor (such as the necrotic center and a similar growth
pattern) created similar heat transfer patterns for varying areas.

The small changes between line slopes in the graphs were
hypothesized to be indicative of internal biological changes.
For example, the larger slope of mouse #2 graph could indicate

Journal of Biomedical Optics

111410-6

1 r - O Mouse #1
5 s Mouse #1 - trend
-..,,,'"'.. o Mouse #2
0F ", o wu Mouse #2 - trend
. & Mouse #3
1 ""n..,,,,b “» Mouse #3 - trend
2} “'"e.ff o
-0.033*A+0.754 Q.
-3 I R
“, -0.0819*A-0.518
-4 ’ °

5t

-6

7t

Maximal temperature difference [K]

-0.0491*A-2.72

0 20 40 60 80 100 120

area [mmz]

-9

Fig. 10 Maximal temperature difference as a function of estimated
tumor area. A linear fit for each mouse appears as a line along with
its equation.

a stronger reduction in tumor temperature, which may be attrib-
uted to lower metabolic and perfusion rates in the tumor due to
the treatment. One should have expected to see this result in
mouse #1, but the collapse of the necrotic shell prevented reach-
ing any significant conclusions.

In order to test these hypotheses, a second experiment was
conducted including nine mice, six of which were injected with
DaRT wires and three with inert wires. These mice were imaged
four times in order to calculate the slopes described before. In
this experiment, the tumors were smaller and the treatment had
begun at an earlier stage.

Figure 11 shows visual and thermal images of one of the inert
treated mice’s tumor at days 15 and 29 of the experiment, while
its area was 15.5 and 50.4 mm?, respectively. As the figure
shows, unlike in the first experiment, tumors were not always
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Fig. 11 Visual and thermal images of an inert-treated mouse at days 15
and 29 of the second experiment. (a) Thermal image at day 15.
(b) Thermal image at day 29. (c) Visual image at day 15. (d) Visual
image at day 29. The temperature scale appearing in (b) is relevant
for (a) as well.

easy to detect in the thermal images at the initial stages of their
growth (probably due to their small size). Although the temper-
ature pattern caused by the tumor was similar to the pattern
shown in the first experiment (cooler elliptical area), the temper-
ature differences compared to the skin were smaller and the
tumor was sometimes partially obscured by other features in
the image.

The procedure in this experiment was similar to the one
described for the thermal images in the first experiment and
is illustrated in Fig. 12. The image was rotated if necessary,
scaled and cut to a smaller image around the tumor. In order
to locate the tumor and its boundaries in the most accurate man-
ner possible, the visual images were used to help find the tumor
in the thermal images. The tumor was then manually marked on
the thermal image and its calculated area was compared to the
caliper measurements. If the estimated tumor was too small or
large, the process was repeated until an area difference of 20%
or less was achieved. The hottest point at each image, indicating
shaved abdomen skin tissue, was selected as the reference
healthy skin tissue temperature and was subtracted from the
entire image. The estimated tumor boundaries were used to cal-
culate the tumor’s maximal and average temperature differences
compared to the reference temperature.

Figure 13 presents the caliper-measured average area of the
tumors for all the mice measured during the entire second
experiment (i.e., excluding two mice). On average, mice with
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Fig. 12 Analysis procedure for the second mice experiment.

DaRT treatment increased their tumor area by 78% in compari-
son to mice with inert wires, which increased their tumor area
by 165%.

The average and maximal temperature differences between
the tumor and the healthy skin tissue temperature were calcu-
lated and presented in Figs. 14 and 15, respectively. Since
the average temperature greatly depends on the area of the
estimated tumor, and due to the small areas of the tumors,
the estimated tumor areas were used to calculate the average
temperature differences. Therefore, errors caused by different
tumor area estimations were reduced.

55
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Fig. 13 Caliper-measured average area of the tumors for all the mice
participating during the entire experiment (i.e., excluding two mice
that died in the middle of the experiment). On average, mice with
DaRT treatment increased their tumor area by 78% in comparison to
mice with inert wires, which increased their tumor area by 165%.
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Fig. 14 Average temperature difference as a function of estimated
tumor area. A linear fit for each group appears as a line along with
its equation.

As the figures show, all tumors exhibited a pattern similar to
the one observed in the first experiment: the tumors were colder
than their surroundings and their temperature further reduced as
their area increased. The calculated slopes for the DaRT-treated
tumors were larger than the slopes calculated for the tumors with
inert wires. Both slopes were relatively similar to each other and
were only slightly higher than the slopes calculated in the first
experiment.

Since the tumor temperature differences exhibit a linear
dependence on the area (AT = a - A + b, where AT is the aver-
age or maximal temperature difference and A is the tumor area),
it is expected that, on average, the ratio between the temperature
difference change and the area change between measurements

0
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- o --------------------------- Inert - trend line
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Fig. 15 Maximal temperature difference as a function of estimated
tumor area. A linear fit for each group appears as a line along with
its equation.
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Fig. 16 Ratio of (changes in average tumor temperature difference) to
(changes in tumor area), averaged on all mice during the second
experiment.

will be similar to the slopes calculated, as demonstrated by
Eq. (3):

AT, - AT, (a-A,+b)—(a-A,+D)

A, —A, A

n _Am - (3)

where the indices n and m indicate the corresponding values for
days n and m, respectively.

For each mouse, the ratio described in Eq. (3) was calculated
between all consecutive measurements (a total of three ratios for
each mouse, excluding the two mice that had only two measure-
ments and therefore only one ratio could be calculated).

Figures 16 and 17 show the calculated ratios for the DaRT
and inert wire treatment groups, between the average (in Fig. 16)
and maximal (in Fig. 17) temperature difference changes and the
area changes, averaged for each group. The error bars represent
the range of all averages.

As shown in the figures, DaRT-treated tumors have a larger
ratio on average [—0.27 and —0.313 (K/mm?) for the average
and maximal temperature differences, respectively] than the
inert-treated tumors [—5 x 10~ and 0.0335 (K/mm?)]. These
values mean that the temperature of DaRT-treated tumors

o8

0.2

Average of dT/dA ratios [Klmmz]

DaRT (n=6) Inert (n=3)

Fig. 17 Ratio of (changes in maximal tumor temperature difference) to
(changes in tumor area), averaged on all mice during the second
experiment.
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decreases at an increased rate when compared to tumors with
inert wires. This finding possibly indicates reduced metabolic
activity due to the destruction processes caused by the treatment,
leading to reduced heat production. Both ratio groups seem to be
almost separated and distinct, although they have a small over-
lap. It is also interesting to observe the differences between mice
in the DaRT treatment group. On average, both mice with the
inhibited immune system had a ratio of —0.132 (K/mm?),
while the other mice on this group had a calculated ratio of
—0.34 (K/mm)? (for the average temperature difference).
This finding (although calculated for a small sample size)
may suggest that a different biological process occurs for
these mice.

Unlike in the first experiment, no breakdown of the necrotic
shell above tumors was observed in the second experiment.
Therefore, the same thermal patterns were maintained for the
DaRT-treated tumor group, simplifying the analysis and improv-
ing the validity of the results.

In order to compare these findings with previous experimen-
tal results found by other research groups, tumor sizes, temper-
ature differences, and their correlation were extracted from
graphs in papers describing the progress of human MDA-
MB-231, MCF7, and rat 13762 MAT tumors™** in mice.
The slopes were calculated from the first day the tumors
were detected and were found as —0.0359, —0.1369, and
—0.011 (K/mm?), respectively. The relatively low slope for
the 13762 MAT tumors may be explained by the fact that
this type of tumor is originated from rat tumor cells. There-
fore they are more adapted to growth in mice tissues, leading
to higher viability of the tumor and reduced necrosis and
lower temperature differences.

4 Discussion and Conclusions

Thermal images showing the development of DA3 tumors in
mice before and after treatment were presented. Tumor area
was estimated for the larger tumors and comparability with
manual measurements was shown. The correlation between esti-
mated tumor area and temperature difference between the tumor
and its surroundings was also calculated and presented. Overall,
all mice depicted a similar behavior for this correlation. More
specifically, treated mice were expected to show higher slopes,
as treatment should induce more necrosis and therefore larger
thermal differences. In the first experiment, this was seen when
treated mouse #2 was compared to untreated mouse #3.
However, it was not seen when treated mouse #1 was compared
to treated mouse #3. This can be explained by the different
morphology of the tumor of mouse #1. This effect was observed
more clearly in the second experiment.

In both experiments, area estimation was based on visual
examination of the image and manually defining tumor borders.
For the second experiment, this process is illustrated in Fig. 12.
The complex surroundings of the tumors, especially when deal-
ing with small tumors (smaller than ~30 mm?), have made
the detection and area estimation difficult (as seen in Fig. 11),
making automated and semi-automated algorithms inaccurate
in this case. This topic should definitely be improved in future
research.

Tumor identification could benefit from improved integra-
tion of the visual and thermal images. A possible method to per-
form such integration is by placing markers near the tumor and
using them to locate it and cross-correlate between the images,
as implemented in other works.'®
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Repeating the experiment with a larger sample size revealed
that the slope difference between the treated and inert wire
groups was actually larger than expected from the first experi-
ment and that the slope obtained for mouse #2 was small relative
to the average slope for this group.

Two steps should be considered in order to further strengthen
the validity of the results. The first step is to increase the sample
size of mice and measurements in order to establish more rigid
statistics, expanded to additional tumor types, treatments,
and sizes. The second step is to explain the high temperature
difference between tumors and their surroundings. This differ-
ence is up to 8°C and is higher than was expected. It can be
explained by either a different emissivity of the tumor or by
heat loss due to the lack of blood perfusion and low thermal
conductivity at the tumor surface.

The correlation between temperature differences and tumor
area can be used to further improve tumor area estimation by
cross-checking area estimations in comparison to the estimated
average temperature and the tumor’s temperature change to area
change specific ratio. In addition, since measuring the maximal
temperature difference does not require accurate detection of
tumor boundaries, it may be extremely useful to find the relevant
gradient for the inspected mouse at the initial days of the experi-
ment and use it to perform quick size estimation at later stages
using a simple process—estimation of the healthy tissue temper-
ature and locating the coldest spot in the tumor.

Future work should expand this method to other types of
tumors as it could reveal a significantly unique temperature dif-
ference/area relation for each tumor type. This could provide a
future tool for the indication of abnormal behaviors during
tumor development. Future work should also consider the use
of simulations (e.g., finite elements method simulations) and
experiments in phantoms. By doing so, the effect of physical
parameters, such as size and shape, can be isolated from effects
resulted solely from biological changes.

In conclusion, the correlation between tumor temperature
and area was investigated, presenting a potentially useful tool
for tumor development assessment. Unlike common methods
such as tumor size measurement by a caliper, this method
has the advantage of not only being noninvasive but being non-
contact as well. In addition, this method is nonradiative and low
cost, which provides a significant advantage over methods such
as CT and PET-CT. Last, thermal images provide indication of
biological processes (e.g., necrosis) that are important when
tumor development is being monitored and are difficult to
acquire by other methods.
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