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New Treatment Strategy of Cryosurgery and Temperature Control
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Abstract—Cryosurgery, recommended as an effective method
for tumor treatment, has been widely used in clinics. However, it
might lead to a high probability of tumor recurrence due to
incomplete tumor damage. The treatment protocol for

cryosurgery is essential to achieve the desired therapeutic effects.

In this study, a new temperature fluctuation treatment method
was proposed, and the fuzzy control method based on piecewise
adjustment was developed for temperature control during the
treatment. Ex vivo rat liver experiments were conducted and
histopathology analysis used to study the therapeutic effects of
the new treatment method.

1. INTRODUCTION

Cryosurgery, as an efficient method utilizing ultra-low
temperature to freeze and destroy pathological tissues, has got
significant interest in tumor treatments. Compared with the
traditional tumor treatments such as surgical resection,
radiation therapy and chemotherapy, cryosurgery has some
potential advantages of local treatment, minimal invasive to
the surrounding normal tissue, minimal bleeding, less pain
because of anesthetic effect and less cost [1, 2]. Cryosurgery
could also lead to an augmented immune response [3, 4, 5]
and rapid cooling was reported to generate a tumor-specific
immune response [6]. Given these advantages, cryosurgery
has been widely used in several kinds of tumor treatments,
including skin carcinoma, prostate, liver, lung, breast and
bone cancers [6].

Although cryosurgery can be used for localized treatment
while causing less damage to the surrounding healthy tissues,
it has encountered some problems. It might lead to a high
probability of tumor recurrence due to incomplete tumor
damage, especially at the tumor edge [7]. There are various
factors that will have significant impact on the outcome of the
cryosurgery procedure, i.e., the number of cryoprobes used,
the choice of cryoprobes placement and the thermal
parameters [8]. The key thermal factors for the tissue and cell
damages during cryosurgery are the coldest tissue
temperature, freezing time, cooling rate, thawing rate,
freeze-thaw cycles [9]. Therefore, in order to achieve the
desired therapeutic effect and prevent tumor recurrence, it is
essential to choose the most appropriate treatment parameters
to freeze target tumor sufficiently.

In common practice, the coldest temperature at the edge of
target tumor is around -20°C, which is assumed lethal to cells,
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i.e. causing cell death [10, 11]. Mechanistically, the higher the
cooling rate, the more likely the formation of the lethal
intracellular ice crystals, and thus rapid cooling is more
destructive [12, 14]. During thawing, recrystallization, which
is a process of ice crystals melting to form large crystals,
occurs usually when the temperature is warmer than -40°C
(especially about -20°C to -25°C) [13]. When the speed of
thawing is slower, it’s more likely to increase solute effects
and make ice crystals larger to produce more damages to
tumor tissue [13, 14]. The repeated freeze-thaw cycles could
be more destructive because the lethal intracellular ice crystals
are more likely to form during repeated freeze-thaw cycles
[15]. In summary, we should focus on the above factors and
choose the most appropriate treatment protocol to cause lethal
freezing damages to tumor and achieve the cryosurgery
treatment goals.

In this study, we propose to utilize the fluctuated
temperatures at the tumor edge to cause more complete
damage. The related temperature control algorithm was
developed to realize this cryosurgery treatment pattern. The
therapeutic effects were also studied in ex vivo rat liver
experiments and using histopathology analysis.

II. METHODOLOGY

A. Temperature Fluctuation Treatment Strategy

As has been said before, treatment parameters have
significant influences on the therapeutic effects of cryosurgery.
In order to achieve the desired cryosurgery treatment goals, it
is of great significance to choose the most appropriate
treatment protocol. At present, the common treatment
protocol used of cryosurgery is usually freezing the whole
tumor to a subzero temperature until the temperature at the
edge tumor reaching the coldest target value -20°C, and then
maintaining at the temperature for a period of fifteen minutes.
Thus most studies on cryosurgery are researched based on this
treatment strategy.

In this paper, the fluctuated temperature treatment strategy
of cryosurgery was proposed. The fluctuated temperature was
imposed at the tumor edge to cause more complete damages.
During the treatment, the temperature at the edge tumor
periodically fluctuated within a certain range. A mathematic
model of the temperature fluctuation treatment strategy of
cryosurgery was built, and five parameters used in the model
were defined as: Vi, V, T,, T, and f.
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V¢ the initial cooling rate. It could be mainly evaluated by
the time spent decreasing the initial temperature to the coldest
temperature.

V. the thawing rate. It could be mainly evaluated by the
time spent rising the coldest temperature to the fluctuation
temperature point.

T,: the coldest temperature of cryosurgery.

T,: the range of temperature fluctuation.

f: the fluctuation frequency.

The coldest tissue temperature, freezing time, cooling rate,
thawing rate and freeze-thaw cycles are all key thermal factors
for the tissue and cell damages during cryosurgery. We
propose to use the temperature fluctuation treatment method
of cryosurgery to cause more complete damages. Besides,
there might be an optimal choice for these five parameters to
produce the most damages, which need to be validated by
experimental studies.

At present, the coldest treatment temperature at the tumor
edge is normally around -20°C in practice. During cryosurgery,
it is necessary to minimize the damages to the surrounding
healthy tissue. Therefore, in this paper, the following studies
about the realization and the therapeutic effects of the
temperature fluctuation treatment strategy of cryosurgery,
were mainly studied under the condition that the temperature
at the edge of target tumor fluctuates between -15°C and -25°C,
ie. T,=-25°Cand T, = 10°C.

B. Alternate of Cooling and Heating Treatment System

All the following researches in this paper were based on
the alternate of cooling and heating treatment system which
was developed in our laboratory [16]. As can be seen from the
Fig.1, the system is mainly composed of the following six
parts: the control system, the data acquisition system, the
radio-frequency generator, the vapor-liquid separator, the
liquid nitrogen Dewar and the cryo-heat probe. The alternate
of cooling and heating treatment system can be used to
perform cryosurgery and hyperthermia treatment, but in this
paper we only used the function of cryosurgery. During the
cryosurgery operation, after opening the main-pass valve,
liquid nitrogen flows out from the liquid nitrogen Dewar. It
flows through the vapor-liquid separator, and then flows into
the inner tube of the probe. Finally liquid nitrogen exhausts
through the channel between the inner tube and the outer tube
of the probe as shown in Fig.2 [17]. Liquid nitrogen circulates
in the probe to freezing tissue. The vapor-liquid separator is
designed by our collaborators, which can change the
proportion of liquid nitrogen and gas nitrogen to adjust the
cooling capability [18]. When the by-pass valve is opened, gas
nitrogen discharges from the pipe so that the proportion of
liquid nitrogen reaches its maximum and the cooling
capability is also strongest.

C. Fuzzy Control Method Based On Piecewise Adjustment

During the cryosurgery treatment, the temperature at the
tumor edge is detected by thermocouple. Generally speaking,
in order to achieve the best therapeutic effects, it is usually
required to drop quickly to the coldest target value. The
overshoot of the temperature is also controlled as small as
possible which is best less than 1°C. According to the above
introduction of the treatment system, we know that during the
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Figure 1. The schematic diagram of the treatment system.

1, liquid nitrogen Dewar. 2, safety valve. 3, switch. 4, pressure meter. 5,
main-pass valve. 6, liquid-gas separator. 7, by-pass valve. 8, cryo-heat
probe. 9, single conductor shielded wire. 10, data cable.
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Figure 2. The schematic diagram of the probe.
1, inner tube. 2, outer tube. 3, treating face. 4, exhausting pipe. 5, T type

pipe.

cryosurgery operation, the temperature control is mainly
realized by adjusting the frequency of opening and closing the
main-pass and by-pass valve. The two valves cannot be
opened or closed too frequently. It is also difficult to know
exactly the proportion of liquid nitrogen and gas nitrogen of
the flow to determine how to better control temperature. The
heat transfer is based on heat conduct. It needs time to be
transferred so that the temperature is very prone to exceed the
target value. Therefore, it will not satisfy the requirements of
the temperature control. All the above factors make it difficult
to establish a precise mathematical model of cryosurgery, and
conventional control methods are unlikely of satisfying the
basic control requirements.

In order to solve this problem and realize the
temperature fluctuation treatment strategy of cryosurgery
as well as possible, the fuzzy control method was adopted
in this paper. Fuzzy control method is widely used in the
experienced operators implementing instead of having a
precise mathematic model [19]. Fuzzy control algorithm is
a summary of a lot of experience of operators, and there are
three important stages for us to design fuzzy control, the
first stage is having an understanding of base design, the
second stage is defining control tuning parameters and the
last stage is establishing membership functions [20].

When fuzzy control method is applied to cryosurgery of
this treatment system, the input parameters are the size of
tumor, e(t) and A e(t) while the output parameter is the
frequency of the opening and closing the main-pass and
by-pass valve, e(t) is the difference between the current and
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Figure 3. The fuzzy control system.

the target temperature at the edge of target tumor, and A e(t) is
the slope of the temperature change. The fuzzy control system
can be described as Fig.3.

According to the mathematic model of the new treatment
strategy of cryosurgery proposed in this paper, the
temperature curve obviously can be divided to the following
typical three sections: the initial cooling section, the thawing
section and the cooling section during the fluctuation of
temperature. Based on these characteristics, we should adopt
piecewise adjustment to realize the treatment method.
Specifically, during the initial cooling period, both the
main-pass valve and by-pass valve are opened so that the
cooling ability of the system is strongest and the freezing rate
is fastest. At the same time, we should determine when to
close these valves in order to avoid large overshoot. During
the thawing period, both the valves are closed so that the
temperature goes up gradually. Finally, during the latter
cooling period, the opening time and the opening frequency of
valves are needed more precise to avoid a large overshoot.
Through fuzzy control method based on piecewise adjustment
to realize the new treatment strategy as well as meet the
requirements of temperature control.

D. Ex Vivo Experiment

For the purpose of realizing the temperature fluctuation
treatment strategy of cryosurgery and meeting the related
control requirements, ex vivo experiments were conducted. In
this study, ex vivo pork experiments were done to observe the
freezing curve and adjust the control parameters so that the
new treatment method with a fast response speed and a small
overshoot could be realized through accumulating a large
amount of experience. In addition, the therapeutic effects of
the new treatment strategy were studied by ex vivo rat liver

experiment and using histopathology analysis by
Hematoxylin-Eosin (H&E) staining to view the tissue’s
damages.

III. RESULTS

At present, the temperature curve of the common
cryosurgery treatment was achieved as shown in Fig.4. During
the process of the temperature fluctuation treatment
method, we adjusted related control parameters after
summing up the experience through lots of ex vivo pork
experiments, and eventually achieved a satisfactory
temperature curve which was described in Fig. 5. As
shown in Fig.4 and Fig. 5, we can see that the tissue was
frozen to the coldest temperature T, within about 90
seconds and the overshoot within 2°C. The temperature
curve met the requirement of rapid response and small
overshoot.

Then the therapeutic effects of the new treatment strategy
of cryosurgery were researched and Hematoxylin-Eosin
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Figure 4. Temperature curve of the common treatment strategy.
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Figure 5. Temperature curve of the new treatment strategy.

(H&E) staining results of ex vivo rat liver were analyzed. Ex
vivo rat liver experiments were conducted with the
temperature fluctuation treatment strategy, while the
temperature at the edge tumor fluctuated around -20°C up and
down within a range of 10°C, the coldest temperature T, was
-25°C and the freezing time was fifteen minutes. The H&E
staining results shown in Fig.6 were obtained at the bottom of
rat livers. As shown in Fig. 6, by microscope observation, we
found that after cryosurgery, rat liver was damaged and the
damages were mainly evaluated by observing the destruction
of hepatic sinusoid around central vein. In normal liver,
hepatic sinusoid locates radially around the central vein, as is
shown in Fig. 6 (a). However, the hepatic sinusoid in Fig.6 (b)
and Fig.6 (c) were clearly different from in Fig. 6 (a), one
could clearly find that the radial distribution of hepatic
sinusoid around the central vein was damaged in Fig. 6 (b) and
in Fig. 6 (c). In addition, hepatic sinusoid in Fig. 6(c) was
found to be more destruction in comparison with hepatic
sinusoid in Fig. 6(b).
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(b)
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Figure 6. Hematoxylin-Eosin (H&E) staining results of rat liver.
(a ) Normal rat liver H&E graph (original magnification 10).
( b ) Rat liver with common cryosurgery treatment H&E graph
(original magnification >10). ( ¢ ) Rat liver with temperature
fluctuation cryosurgery treatment H&E graph (original
magnification XX10).

IV. DISCUSSIONS AND CONCLUSIONS

In this paper, the new treatment method of cryosurgery
using the temperature fluctuation treatment strategy was
proposed. The temperature control method was researched
and the fuzzy control method based on piecewise adjustment
was adopted to realize the temperature fluctuation treatment
strategy of cryosurgery. Moreover, the therapeutic effects of
the new treatment method were studied primarily through

histopathology analysis. Through histological analysis, we
discovered that the new treatment strategy of cryosurgery
could produce severe damages to tissue. At the same time, the
primary results showed that the damages were more
destructive with the new treatment method as compared with
the constant temperature cryosurgery. However, there is still
need more experimental studies to optimize the parameters
used to achieve the best outcome of this new method. Further,
research of different treatment patterns could be also very
meaningful in various clinical applications.
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