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Abstract

Background

In biomedical science and clinical practice, an estimation of the stable frozen zone volume

and distribution of concentration fields of injected diagnostic and healing solutions in the tis-

sues of living organisms is of great importance and does not currently have any mathemati-

cal solution aimed at its precise evaluation.

Objective

The aim of this research is the estimation of the stable frozen zone volume at ultra-low tem-

peratures as well as the distribution of temperature areas and concentration fields of injected

diagnostic and healing substances in vitro. The results can improve our understanding of

the stable frozen zone volume and the extent of contrast for a therapeutic substance.

Materials and methods

A cryogenic zone (ice ball) was generated at -180˚C using liquid nitrogen without any difficul-

ties in vitro. The effects of freeze-thaw processes using ultra-low temperature and the cryo-

genic response of a 1.5% gelatin solution in water (%g/v) kept at a constant temperature of

20˚C and continuously stirred were mathematically analyzed. The stable frozen zone vol-

ume was illustrated in vitro and measured in terms of its length, depth and cryogenic margin

using a standard medical ruler and Vernier caliper after a freezing period at -180˚C, using

liquid nitrogen to provide cooling and freezing of a small portion of this solution in the vessel

at room temperature (20˚C). Round-shaped cryoprobes with diameters of 15 mm and 50

mm were applied to create a frozen zone volume in vitro. A single cryoprobe was used per

procedure. The sample exposure time was 3 min. After this time, the volume of the frozen

region remains unchanged, which indicates that the equilibrium stationary state has been

reached. The experimental design, cryogenic procedure and freeze-thaw processes of the

hemisphere were described and illustrated in vitro item by item. The statistical analysis
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manifested significant differences that were found between the 50 mm and 15 mm cryo-

probes with regards to the freezing diameter, depth, and cryogenic margin (P < 0.001).

Results

An illustrated analytical mathematical solution of equations determined the stable frozen

zone volume and the radius of the sphere of the frozen medium in the equilibrium stationary

state. The resulting assessment provided the basis for the creation of mini- and micro-cryo-

probes as well as cryoneedles for local tissue freezing in living biological structures. A solu-

tion to the equations was obtained under the boundary conditions with a set stable

temperature value on the boundary surface of the cryoprobe as well as at the surface well-

away from it, where the temperature is equal to the stable temperature of the environment.

For example, this solution gives that in the case of a hemispherical cryoprobe radius of 1

mm, the frozen zone volume was more than three orders of magnitude greater than the vol-

ume of the cryoprobe itself and was equal to approximately 4 cm3. The determination of the

fractal dimension can consider the individual characteristics of the spread of the contrast

medium or therapeutic substance(s) in living tissue. Based on fractal theory, our innovative

mathematical formulas allow for the assessment of the effective distribution of contrast

medium in living biological structures, specifically for tissues assessed for diagnostic pur-

poses, and they enable the selection of an optimal treatment strategy in medical practice.

Conclusion

A simple mathematical approach to solving the problems of assessing the stable frozen

zone volume and distribution of temperature areas and concentration fields of injected diag-

nostic and healing substances in living biological structures, particularly living tissue in vitro,

is presented in this study. The expressed quantitative mathematical formulas determine the

stable stationary frozen zone volume and provide the basis for the creation of mini- and

micro-cryoprobes. The application of fractal theory is proposed for assessing the distribution

efficiency of contrast medium and therapeutic substance(s) in living biological structures for

diagnostic purposes and for selecting a compassionate treatment strategy in medical pro-

fessional practice.

Introduction

The problem of estimating the frozen zone volume as well as the distribution of temperature

areas and concentration fields of injected diagnostic and healing solutions and impurities in

the tissue of a living organism is of great practical importance for the development of

cryoscience, cryomedicine and cryosurgery [1–3].

Numerous fundamental in vitro and in vivo studies have already been carried out and pub-

lished in the global literature. New experimental models have been developed for the investiga-

tion of the dynamic temperature field of the frozen zone and the definition of the four phases

for the effect of low temperatures on living tissue. The concepts of thermal cascade phases

showing the effect of low temperatures on living tissue and the thermal synthesis of tissue

response to low temperature along with its main characteristics of temperature zones resulting
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from low temperature exposure as theoretical models have also been previously described [1,

4].

The coldest tissue temperature is the prime factor in cell death. The changes in normal and

pathological living nature, i.e., cell lines, tissue structure and fluid systems, could be dependent

on different low temperature exposure, especially deep ultra-low temperatures [5–7].

In the first section, this study proposes the estimation of the stable stationary frozen zone

volume and distribution of temperature areas and concentration fields of injected liquid

medium reflected upon exposure to low temperatures based on the methods of mathematical

physics used in the theory of turbulence and the theory of turbulent diffusion [8, 9].

As with any physical process, the effect of cold on a biological living substance and the use

of low temperatures in biology and medicine can be both positive and negative. One of the

basic objective principles to understand the action of ultra-low temperature in vitro and in
vivo is estimating the frozen zone volume (FZV).

Moreover, considering the complexity in the formulation of the corresponding boundary

value problem, which provides mathematical modeling of these processes, it is of interest to

consider a simplified formulation for the spherically symmetric case of the stable stationary

temperature distribution.

The second section proposes the application of fractal theory to assess the effective mea-

surement of the spread of contrast medium in tissue [10].

The authors’ basic theoretical, experimental and mathematical research has provided fur-

ther scientific and practical foundations on the unexpected role of modern cryoscience, cryo-

biology, cryomedicine, cryosurgery and cryotechnology in different areas of biomedical

science and practical medicine, especially surgical oncology and biogenic cryoimmunology.

A simple mathematical approach to solving the problems of assessing the stable frozen zone

volume and distribution of temperature areas and concentration fields of injected diagnostic

and healing substances in living biological structures, particularly living tissue in vitro, is pre-

sented in this study.

Materials and methods

In this paper, we used experimental observations of the effects of freeze-thaw processes using

ultra-low temperatures in terms of cryoprobes of different sizes and shapes. The investigations

were carried out by means of two selected disc-shaped cryoprobes with diameters of 15 mm

and 50 mm. A single cryoprobe was utilized per procedure. A hemispheric cryogenic zone (ice

ball) was generated at -180˚C using liquid nitrogen without any difficulties in vitro. The simple

exposure time was 3 min. After this time, a stable stationary frozen volume is always found in
vitro.

An innovative mobile universal cryogenic complex (UCC) was applied for the creation of a

cryohemispheric formation of a stable frozen zone volume (Fig 1).

The in vitro and in vivo methods used in the presented mathematical study have been previ-

ously extensively described and published in professionally qualified literature [5, 11].

We used the measurement of a formatted stable frozen zone volume (ice ball) in terms of

the length and depth as well as cryogenic margin using a standard medical ruler and Vernier

caliper after a freezing period at -180˚C, which is decidedly illustrated in this study.

The effect of freeze-thaw processes using ultra-low temperature and the cryosurgical

response of a 1.5% solution of gelatin in water (%g/v) were mathematically analyzed to achieve

the objective of this study. The experimental design, operative procedure, cryosurgical

approach and freeze-thaw processes of in vitro and in vivo hemispheric cryoprobes with diam-

eters of 5 mm to 50 mm have already been described and illustrated in great detail [1, 3].
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Experimental and clinical investigations in vivo paved the way for a mathematical estima-

tion of the frozen zone volume (FZV) and the extent of contrast substance distribution in liv-

ing biological matter [5, 7, 12].

The simple mathematical approach was undertaken to solve the problems of assessing the

stable stationary frozen zone volume and distribution of temperature areas as well as concen-

tration fields of injected diagnostic and healing substance(s) in living biological structures in
vitro and in vivo. To determine the effective measurement of the distribution of contrast agents

in vivo, the concept of the fractal dimension of the region, in which these substances are

observed, is used [8, 13].

We used a stationary solution of the heat equation for the case of spherical symmetry under

given boundary conditions to analyze these data [10].

Statistical analysis

The statistical analysis was performed with IBM1 SPSS1 Statistics (Version 26). One-way

analysis of variance (ANOVA) was performed followed by simple contrasts comparing the 50

mm cryoprobe to the 15 mm cryoprobe. Results were reported as the mean ± SD. Mean differ-

ences associated with P values less than 0.05 were considered statistically significant. Welch’s

correction was applied for heterogeneous variances. Significant differences were found

between the 50 mm and 15 mm probes with regards to the freezing diameter, depth, and cryo-

genic margin (P< 0.001).

Results

Section I. Determination of the stable frozen area volume

1A. In conjunction with the development of cryosurgery methods, there is a need to deter-

mine quantitative parameters characterizing the stable stationary volume of frozen tissue in

Fig 1. Mobile universal cryogenic complex (UCC) based on liquid nitrogen as the refrigerant produced by

CryoPulse Co., Kyiv, Ukraine. View of electronic device display.

https://doi.org/10.1371/journal.pone.0238929.g001
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contact with the cryoprobe, in which liquid nitrogen is circulated and the temperature of the

liquid reagent is maintained.

Currently, cryoprobes with various contact surface shapes are commonly used [10, 13, 14].

However, for simplicity, we will assume a sphere of radius R1 having a temperature T1 = 930K,

which has a center coinciding with the center of a sphere of radius R2, assuming that room

temperature T2 = 2930K is maintained on the surface of the outer sphere of radius R2 (Fig 2).

It is necessary to find the volume of the medium bounded by a spherical surface until the

radius Rf has a freezing point of water Tf = 2730K (hereinafter, the temperature is measured in

Kelvin).

To implement this procedure, we consider a heat equation in the spherical coordinate sys-

tem written for the spherically symmetric case when the temperature distribution T does not

depend on spherical angular variables θ,φ and is determined only by the radial coordinate r,

Fig 2. The inner sphere of radius R1 corresponds to a cryoprobe surface having a predetermined temperature T1. The outer sphere of

radius R2 defines the surface inside the medium on which a constant temperature T2 is maintained, as determined by the equilibrium state

of the heat balance with the environment, an unlimited heat reservoir in the case of a non-living environment surrounding the applicator

and a condition of homeostasis in the case of an environment in a living organism.

https://doi.org/10.1371/journal.pone.0238929.g002
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measured from the origin coinciding with the center of the cryoprobe sphere. The equation

has the following form [8–10, 13, 14]:

@T
@t
¼ wDT þ Q;D ¼

1

r2

@

@r
r2 @

@r
ð1Þ

In (1), the left side has a partial derivative with respect to time t, and the right side has a Δ
denoting the Laplace operator in the spherically symmetric case when the field of the tempera-

ture distribution is assumed to be independent of spherical angular coordinates θ,φ. At the

same time, χ denotes the coefficient of thermal diffusion, which for water depends on the tem-

perature (at room temperature for clean water χffi1.42×10−3cm2/sec;T = 2930K). Value Q is

determined by the power of internal heat sources, for example, when the tissue of a living

organism is considered a medium. In addition, function Q must also take into account the

heat release that occurs during the phase transition of water into ice, when 334.7 J is released

during the transition of one gram of water into ice.

From the observed data, it follows that the limiting volume of the frozen area is reached in

approximately three minutes. In this regard, instead of the nonstationary Eq (1), one can use

the corresponding stationary equation:

DT þ
1

w
Q ¼ 0;

Q ¼ limt!teq
ðQinðr; tÞ � Qoutðr; tÞÞ

In the general case, with the known form of the functions of heat release Qin and heat

removal Qout, it is possible, using numerical methods, to obtain a solution to this equation and

determine the distribution of the temperature field. From this temperature distribution, the

volume of the frozen region, which corresponds to the isotherm of the freezing point of water

at 273 Kelvin (zero degrees centigrade), can be established. Instead, for simplicity, we consider

only the assumption of complete compensation of the processes of heat release and heat

removal when the balance of these processes and the value of Q = 0 in (1) and the correspond-

ing stationary equation in the limit @T
@t ! 0 are established at a finite time t = teq.

For simplicity, instead of the non-stationary complex process of forming a frozen sphere,

the resulting equilibrium temperature distribution and the corresponding limit volume of the

frozen region should be considered. In this regard, it is sufficient to consider the stationary

solution of the heat conduction Eq (1), which takes into account the presence of a balance

between the inflow and outflow of heat, leading to the stationary equation ΔT = 0, when @T
@t �

Q! 0 in (1). In this case, the characteristic time teq for establishing the equilibrium tempera-

ture distribution is determined by the values of the medium’s thermal conductivity coefficient

χ, the size of the frozen region Rf, and the rate of the heat removal process t� 1
Q along with it’s

inflow t� 1
T under specified stationary boundary conditions for the temperature field. In all

experiments, the time to establish the equilibrium volume of the frozen region has a value

teq�1.8×102 sec regardless of the size of the cryoprobe used. However, there is no significant

change in the volume of the frozen area for t>teq.
Thus, in the stationary limit for t>teq, instead of Eq (1), the Laplace equation ΔT = 0 needs

to be solved under the following boundary conditions:

T ¼ T1; r ¼ R1;

T ¼ T2; r ¼ R2

ð2Þ
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The solution of equation ΔT = 0 under boundary conditions (2) is obtained in the analytical

form without any dependence on the thermal conductivity coefficient:

T ¼ C1 �
C2

r
;C1 ¼

gT2 � T1

g � 1
;C2 ¼ R1

gðT2 � T1Þ

g � 1
; g ¼

R2

R1

> 1 ð3Þ

In view of (3), it is possible to determine the radius of the sphere in the frozen medium,

which has the following representation:

Rf ¼ R1

gðT2 � T1Þ

gðT2 � Tf Þ þ Tf � T1

ð4Þ

For the cryoprobe temperature noted above, T1 = 930K, the external temperature T2 =

2930K and the freezing temperature Tf = 2730K, expression (4) is converted to the following

form:

Rf ¼ R1

10g

ðgþ 9Þ
ð5Þ

In the limit, when the radius of the cryoprobe R1 is much smaller than the radius R2 and

when g ¼
R2

R1
> > 1, then the following formulas can be derived from (4) and (5), respec-

tively:

Rf ¼ R1

ðT2 � T1Þ

ðT2 � Tf Þ
ð6Þ

Rf ¼ 10R1 ð7Þ

Therefore, for example, from (7), it already follows that regardless of the parameter g ¼
R2

R1
,

the ratio of the radius of the frozen region to the radius of the cryoprobe is 10, and accordingly,

the volume of the frozen zone is approximately 1000 times the volume of the cryoprobe in the

case of the considered temperatures (when from (6), it follows (7)). For example, for mini-

cryoprobes and/or micro-cryoneedles having a spherical shape and a radius of 0.1 cm, the vol-

ume of the frozen area will be approximately equal to 4 cm3.

The resulting assessment provides the basis for the development of mini- and micro-cryo-

probes and/or cryoneedles for tissue freezing in internal areas well below the body surface.

Formulas (4)-(7) obtained for the spherical surface of the cryoprobe, taking into account

the application of the principle of symmetry, can also be used for a hemispherical cryoprobe

for arbitrary values of the parameter γ.

1B. Let us compare formula (5) with experimental data from observations of the effects of

freezing close to living biological structures shown in Fig 3A–3E.

Based on (5) and the experimental data mentioned above, the value of radius R2�28.9mm
(because in (5) γ�3.857 for this data) of the outer sphere can be determined when room tem-

perature is maintained.

As in the previous case, it is possible based on (5) to obtain the estimations γ = 1.514;R2 =

37.85mm. Thus in this case we have R2−Rf�1.85mm, while in the case of the cryoprobe in Fig

3, this difference is larger and equal to R2−Rf�6.4mm. For a smaller cryoprobe this difference

only grows. This is important in applications for choosing the radius of the cryoprobe.

Considering the case corresponding to parameter value γ = 1.14, the radius of the frozen

hemisphere is equal to Rf�27.5mm when R1 = 25mm according to (5).
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Additionally, in this case, the deviation from sphericity may be due to the relatively more

noticeable effect of the flat border on the parts of the freezing zone close to it. This accordingly

leads to a slight deviation from purely spherical symmetry. For small cryoprobe sizes, this devi-

ation from sphericity no longer appears.

1C. To estimate the volume of the frozen zone shown in Fig 4B, we model it in the form of

a truncated sphere, as shown in Fig 5.

The volume of the figure depicted in Fig 5 has a form according to the corresponding vol-

ume integral:

V ¼
pR2H

3
ð3 �

H2

R2
Þ ð8Þ

Using (8), we can estimate the volume of the frozen zone shown in Fig 4B, which for the

dimensions shown there is equal to V�50.7 cm3.

Fig 3. A-E Cryohemispheric formation using a cryoprobe 15 mm in diameter at -180˚C: freezing diameter 45.6±0.3 mm, depth 24.4±0.5 mm and cryogenic margin

18.3±0.3 mm after a freezing duration of 3 min. (A) start; (B) after 3 min; (C) width of the cryogenic zone; (D) depth of the cryogenic zone; (E) margin of the cryogenic

zone. The part of the cryoprobe immersed in the medium in Fig 3A is modeled using the bottom hemispheres, i.e., located at Z<0, of radius R1 (Fig 2). The frozen zone

volume (Fig 3B) is mathematically modeled by a hemisphere of radius Rf, whose value is determined according to formula (5).

https://doi.org/10.1371/journal.pone.0238929.g003
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Section II. Determination of the measurement of the distribution area of

diagnostic contrast medium and therapeutic substance(s)

Let us now consider the task of determining the effective cross-sectional area of a tissue volume

in which a given volume of contrast medium or therapeutic substance(s) is distributed. For

practical purposes, the inverse problem of establishing the necessary volume of an injected

contrast medium or therapeutic substance(s) to cover a given cross-sectional area of the inves-

tigated tissue volume is also important.

The distribution of contrast medium and therapeutic substance(s) in a living organism, in

contrast to the distribution of temperature fields, is heterogeneous, and it is not only diffuse

inside the tissue fluid but also a complex branched system of blood and lymph vessels and

capillaries form a fractal-type structure characterized by its large-scale invariance.

In this regard, to solve the indicated direct and inverse problems, it seems possible to use

the methods of fractal theory developed for structurally complex turbulent flows of liquid and

gas (8). Moreover, the concept of fractal flow is associated with a difference in the effective

Fig 4. A-F Cryohemispheric formation using a cryoprobe 50 mm in diameter at -180˚C: freezing diameter 72.7±0.7 mm, depth 28.6±1.0 mm and cryogenic margin

20.5±0.9 mm after a freezing duration of 3 min. (A) exposure time at -180˚C using a cryoprobe 50 mm in diameter; (B) start; (C,D) the measurement of the stable

formatted frozen zone volume (ice ball) is illustrated after freezing for 3 min at -180˚C by utilizing a Vernier caliper to determine the length; (E) depth; and (F)

cryogenic margin.

https://doi.org/10.1371/journal.pone.0238929.g004
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dimension of the corresponding structures compared to their physical (or topological) dimen-

sion. For example, the surface separating regions with finite and zero vorticity can be so com-

plex that their effective dimension may no longer be an integer. At the same time, the shape

exceeds the usual two-dimensional dimension characterizing such surfaces locally, but it is not

equal to the three dimensions characterizing a homogeneous volume structure.

Similarly, when the contrast medium or therapeutic substance(s) spreads in living tissue,

the dimension of the area occupied by this substance in any flat (having a two-dimensional

dimension) section of the tissue volume is a complex heterogeneous structure having a nonin-

tegral fractal dimension 1<d<2, which can be determined as follows [10]:

d ¼ limε!0ðlnNðεÞ=lnð1=εÞÞ ð9Þ

where N(ε) = the number of sites with a transverse length covering the considered surface on

which the contrast medium or therapeutic substance(s) is distributed in the limit when the size

ε!0. It should be noted that due to the inhomogeneous distribution of the contrast medium

or therapeutic substance(s) in the tissue volume, the dimension of the region occupied by the

contrast medium or therapeutic substance(s) will no longer be three-dimensional but will have

a dimension of 2<d<3. Accordingly, a flat section of such a fractal region occupied by a con-

trast medium will have the indicated dimension 1<d<2.

At the same time, analogous with the theory of turbulence, the introduction of the mini-

mum and maximum scales η and L is permissible; accordingly, for scales smaller than the spec-

ified minimum scale and scales larger than the maximum scale, the distribution of contrast

medium and therapeutic substance(s) in the tissue can already be considered uniform. In these

areas, the usual relationship between the volume occupied by the contrast medium or thera-

peutic substance(s) should be V, and the cross-sectional area should be S, which has the

Fig 5. Truncated hemispheric radius R, modeling the frozen zone volume from the flat cryoprobe, located in the

x-y plane. Here, the value H determines the depth to which the medium freezes in the direction of the z-axis.

https://doi.org/10.1371/journal.pone.0238929.g005
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following form:

V ¼ CS3=2 ð10Þ

In Eq (10), the value of C is a constant coefficient of proportionality, which can be deter-

mined from empirical data. For example, from the available data on the distribution of a con-

trast medium, it follows that C = 0.001.

A more accurate calculation, taking into account scales larger than η and smaller than L,

requires additional research similar to that shown in Fig 6 for the turbulent boundary layer,

from which it will be possible to determine the fractal dimension of this region of intermediate

scales, in which the contrast medium or therapeutic substance(s) has spread. In this case, the

Fig 6. Schedule N(ε) for the cross-section of the turbulent volume. Boundary layer.

https://doi.org/10.1371/journal.pone.0238929.g006
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general formula, from which it is possible to determine the necessary volume of contrast

medium or therapeutic substance(s) introduced, will have the following form:

V ¼
X

l<Z

CZS
3=2

Z
þ
X

L<l

CLS
3=2

L þ
X

Z<l<L

Cf S
3=d ð11Þ

Thus, a preliminary determination of the fractal dimension d is necessary, which can take

into account the individual characteristics of the spread of contrast medium or therapeutic

substance(s) in living biological tissue. On this basis, it is possible to solve the problems formu-

lated above.

At the same time, for a rough estimate of the volume of injected contrast medium or thera-

peutic substance(s), formula (10) can be used, which accounts for only the second term on the

right-hand side of (11).

Discussion

A simple useful approach to solving the problems of assessing a stable stationary frozen region

and the distribution of temperature fields in living biological structures, particularly living tis-

sue in vitro, is presented. The advantage of the proposed solution, which is consistent with

observational data, is the universality of the result, which can be used to estimate the size of the

frozen tissue region in vivo. The disadvantage in this case is the inability, within the framework

of this approach, to estimate the time to establish the equilibrium temperature distribution teq,
which can be determined only when solving the complete nonstationary problem of the propa-

gation of the freezing area.

The mathematical formulas for calculating a passive admixture, whether a contrast medium

or therapeutic substance(s), presented in this scientific study can serve as a theoretical basis for

the use of more accurate volumes of contrast agents and their solutions for diagnostic purposes

as well as therapeutic substance(s) in practical medicine. The volumes of various diagnostic

substances introduced into the human body of a healthy and sick person, especially contrast

and radioactive substances and their solutions for the purpose of diagnosis, as well as the par-

enteral administration of drugs, especially cytostatics, are not harmless and in many cases

cause side effects of varying severity. Among these side effects, systemic and local-regional

allergic and endotoxic reactions of mild to severe manifestations have been observed [15].

The conducted research opens up a completely new area in the practical application of cyto-

statics in oncology to use both systemic and local-regional chemo- and immunotherapy,

including anticancer treatment options. In this case, the calculated dose of the administered

chemotherapeutic agents, which have a toxic effect and are accompanied by side effects, is of

particular importance for each cancer patient who has a weakening of the immunological pro-

tective mechanisms of the body, expressed to a varying degree of severity [16].

Additionally, the discussion presented in this paper can be generalized to consider the non-

stationary processes realized during the propagation of temperature fields in living matter, in

particular, the human body in the presence of internal heat sources that support homeostasis

[17–19].

It is also of interest to further develop the proposed approach for already dynamically active

impurities, in particular, in connection with the possibility of mathematical modeling of

threshold processes of carcinogenesis based on the analogy with threshold phenomena in

hydrodynamics [3, 11, 20–22].
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Summary

The presented and illustrated quantitative mathematical estimates provide the basis for the cre-

ation of mini- and micro-cryoprobes and cryoneedles that can provide a given frozen zone vol-

ume in living tissue not only near the surface of the body but also in areas well below the

surface of the body. For example, if the radius of the hemispherical cryoprobe is 1 mm, the fro-

zen zone volume can be a thousand times greater than the volume of the cryoprobe itself and

can be approximately 4 cm3.

The analytical dependence of the stable frozen zone volume was obtained on the parameters

of the cryogenic applicator (cryoprobe) as well as on the initial temperature and the thermal

conductivity of the tissues in living biological structures, which are exposed to ultra-low tem-

peratures locally.

The application of fractal theory for assessing the distribution efficiency of contrast medium

and therapeutic substance(s) in living biological structures, in particular biological tissues, is

proposed, which is necessary for diagnostic purposes and choosing a strategy with the gentlest

treatment.

The presented basic theoretical, experimental and mathematical research has provided fur-

ther scientific and practical foundations on the unexpected roles of modern cryoscience, cryo-

biology, cryomedicine, cryosurgery and cryotechnology in different areas of biomedical

science and practical medicine, especially surgical oncology and biogenic cryoimmunology.

Acknowledgments

The authors would like to acknowledge the technical assistance of personnel at the Interna-

tional Institute of Cryosurgery and Rudolfinerhaus Hospital, Vienna, Austria

Author Contributions

Conceptualization: Nikolai N. Korpan.

Formal analysis: Sergey G. Chefranov.

Investigation: Nikolai N. Korpan, Sergey G. Chefranov.

Methodology: Sergey G. Chefranov.

Project administration: Nikolai N. Korpan.

Validation: Sergey G. Chefranov.

Writing – original draft: Nikolai N. Korpan, Sergey G. Chefranov.

References
1. Korpan NN, editor. Atlas of Cryosurgery. New York, Vienna, Sydney, Tokyo, Munich: Springer, 2001;

p. 1–525.

2. Taourel P, Pages E, Millet I, Bourgier C, Rouanet P, Jacot W, et al. Magnetic resonance imaging in

breast cancer management in the context of neo-adjuvant chemotherapy. Crit Rev Oncol Hematol.

2018; 132:51–65. https://doi.org/10.1016/j.critrevonc.2018.09.012 PMID: 30447927

3. Korpan NN. Cryoscience and Cryomedicine. From Fundamental Research to Clinical Implications in

Scientific Facts. Vienna: University Facultas Publisher, 2009; p. 1–462.

4. Korpan NN, Xu K, Schwarzinger P, Watanabe M, Breitenecker G, Patrick LP. Cryo-Assisted Resection

En Bloc, and Cryoablation In Situ, of Primary Breast Cancer Coupled With Intraoperative Ultrasound-

Guided Tracer Injection: A Preliminary Clinical Study. Technol Cancer Res Treat. 2018; 1

(17):1533034617746294.

PLOS ONE Estimation of the stable frozen zone volume

PLOS ONE | https://doi.org/10.1371/journal.pone.0238929 September 17, 2020 13 / 14

https://doi.org/10.1016/j.critrevonc.2018.09.012
http://www.ncbi.nlm.nih.gov/pubmed/30447927
https://doi.org/10.1371/journal.pone.0238929


5. Korpan NN. Cryosurgery: Ultrastructural changes in pancreas tissue after low temperature exposure.

Technol Cancer Res Treat. 2007; 6:59–67. https://doi.org/10.1177/153303460700600202 PMID:

17375968

6. Gage AA, Baust JG. Cryosurgery—a review of recent advances and current issues. Cryo Letters. 2002

Mar-Apr; 23 (2):69–78. PMID: 12050774

7. Korpan NN. Cryosurgery: Early ultrastructural changes in liver tissue in vivo. J Surg Res. 2009; 153

(1):54–65. https://doi.org/10.1016/j.jss.2008.02.063 PMID: 18486151

8. Landau LD, Lifshitz EM. Fluid Mechanics, 2nd ed, Oxford: Pergamon, 1987.

9. Toro EF, Riemann Solvers and Numerical Methods for Fluid Dynamics. A Practical Introduction, 3d

ed., Berlin, Heidelberg: Springer, 2009.

10. Monin AS, Yaglom AM. Statistical Hydromechanics. St.-Petersburg: Hydrometeo Publishing House,

1992. Russian.

11. Korpan NN. Cryoscience and Cryomedicine. Lecture at the Karolinska Institutet, Stockholm, Sweden,

25 March 2009. Vienna: University Facultas Publisher, 2009; p. 1–217.

12. Reimer P, Vosshenrich R. Contrast agents in MRT. Substance, effects, pharmacology and validity.

Radiologe. 2004; 44 (3):273–83. https://doi.org/10.1007/s00117-004-1026-8 PMID: 15287365

13. Vladimirov VS. Equations of Mathematical Physics. Moscow: Nauka Publisher, 1967. Russian.

14. Batchelor GK. An Introduction to Fluid Dynamics. Cambridge: Cambridge Univ. Press, 1967.

15. Korpan NN, editor. Basics of Cryosurgery. New York, Vienna, Sydney, Munich, Tokyo: Springer, 2001;

p. 1–325.

16. Roos A, Higgins CB. Cardiac radiology: centenary review. Radiology. 2014; 273 (2):142–59. https://

doi.org/10.1148/radiol.14140432 PMID: 25340434

17. Korpan NN. Hepatic Cryosurgery for Liver Metastases. Long-Term Follow-Up. Ann Surg. 1997;

225:193–201. https://doi.org/10.1097/00000658-199702000-00007 PMID: 9065296

18. Korpan NN, Xu K, Isoda H. CryoOncology: Decryption of Biological Response of the Living Organism to

Ultra-Low Temperature. Chirurgia, East Europe. 2019; 3:41–56.

19. Korpan NN. BioCryoImmunology: Impact of Cytology. Cryobiology. 2020; 92:276.

20. Chefranov SG. Effective diffusion in finite stochastically inhomogeneous medium and threshold arising

of global dust storms on Mars. Atmospheric and Ocean Physics, 1991; 27 (7):58–66.

21. Chefranov SG. Exact statistically closure description of vortex turbulence and admixture in compress-

ible medium. Sov Phys Docl. 1991; 36 (4):286–289.

22. Chefranov SG, Chefranov AS. The new exact solution of the compressible 3D Navier-Stokes equations,

Commun. Nonlinear Sci. Numer. Simulation. 2020; 83:105118. Available from: https://doi.org/10.1016/

j.cnsns.2019.105118.

PLOS ONE Estimation of the stable frozen zone volume

PLOS ONE | https://doi.org/10.1371/journal.pone.0238929 September 17, 2020 14 / 14

https://doi.org/10.1177/153303460700600202
http://www.ncbi.nlm.nih.gov/pubmed/17375968
http://www.ncbi.nlm.nih.gov/pubmed/12050774
https://doi.org/10.1016/j.jss.2008.02.063
http://www.ncbi.nlm.nih.gov/pubmed/18486151
https://doi.org/10.1007/s00117-004-1026-8
http://www.ncbi.nlm.nih.gov/pubmed/15287365
https://doi.org/10.1148/radiol.14140432
https://doi.org/10.1148/radiol.14140432
http://www.ncbi.nlm.nih.gov/pubmed/25340434
https://doi.org/10.1097/00000658-199702000-00007
http://www.ncbi.nlm.nih.gov/pubmed/9065296
https://doi.org/10.1016/j.cnsns.2019.105118
https://doi.org/10.1016/j.cnsns.2019.105118
https://doi.org/10.1371/journal.pone.0238929

