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THERMAL IMAGING STUDY OF HUMAN SOFT
TISSUE LESIONS AND BIOLOGICAL TISSUE
EXPOSURE TO LOW TEMPERATURE in vivo

Introduction. Infrared thermography has been currently used in clinical practice only as an additional method
because of insufficient knowledge of the pathophysiological basis of thermal images.

Problem Statement. The main method for diagnosing the severity of soft tissue wound is a visual assessment
by the doctor. As of today, there has been no non-invasive method for controlling the temperature dynamics in the
frozen area under exposure to low temperature in real time.

Purpose. The purpose of this research is to evaluate the capabilities of thermography for the quantitative as-
sessment of the severity of soft tissue wound in the case of thermal and other injuries, the non-invasive control of
the state of the wound during treatment, the current control of the thermal field dynamics in the frozen area of the
skin exposed to low-temperature effect.
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Material and Methods. Eighty patients with soft tissue lesions have been surveyed with the use of an original matrix thermal
imager during the treatment. The soft tissues of 30 experimental animals exposed to low temperature has been controlled with the
other original thermal imager designed to measure low-temperature thermal fields.

Results. A prognostic method for assessing the category of healing potential of burn wound based on the average relative
temperature has been proposed. The ROC analysis (Receiver Operating Characteristic) has been used to assess the prognostic
quality of the method: the numerical value of the area under the sensitivity and specificity curve of the method is 0.79, which
corresponds to a good quality of the prognostic method. It has been found that the ratio of primary necrosis area diameter to that
of frozen areais 0.63 * 0.3, at the used parameters of low-temperature impact. During the thawing, a long quasi-stable stage of
the sizes and temperatures of the frozen area has been observed.

Conclusions. The thermography method has been established to be successfully used both for the monitoring of soft tissue
lesions at all treatment stages, including the quantitative assessment of the healing potential of burn wounds and for the intraope-

rative control of the frozen area parameters during tissue cryo-destruction.

Keywords: thermography, soft tissues, burns, frostbite, and exposure to low temperature.

Infrared thermography (IRT) has been increa-
singly used in various fields of activity [1], thanks
to the informativeness of the method itself and
modern thermographs. They are compact, mobile,
easy to use and have good parameters: high tem-
perature sensitivity (hundredths of a degree),
high spatial resolution (parts of a milliradian),
and high frame rate (tens of hertz). These parame-
ters make it possible to estimate the temperature
field dynamics of various objects, particularly bio-
logical ones, with a high accuracy. The spectral
sensitivity of most thermographs ranges within
3—5 pm and 8—14 pm, in which they see practi-
cally only surface temperature fields. However, these
fields contain information about internal exother-
mic processes. The medical application of IRT is
particularly attractive due to the non-invasive-
ness and functionality of the method itself, as well
as the simplicity and cheapness of survey [2, 3].
IRT can be used for the diagnosis of many dis-
eases, including for the initial assessment of the
severity of soft tissue damage, detection of areas
of necrosis, disorders of blood and lymph circula-
tion, inflammation and other general pathologi-
cal processes not always detectable by other cli-
nical imaging methods. However, until now IRT
has been used in practical medicine only as an ad-
ditional survey method. The reason is that the
pathophysiological fundamentals of thermal ima-
ges have been understudied and, consequently,
there have been no clinical protocols for thermo-
graphic survey. Thus, new data on the parameters
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of the human skin thermal field contribute to the
wider use of thermography in medical practice.

Soft tissue lesions may have various causes
(wounds of various genesis, skin diseases), but
thermal injuries (burns and frostbite) have the
greatest social significance. The choice of treat-
ment depends on how correctly the severity of
thermal injury is assessed in the first hours after
receiving it. First of all, it is a choice between
conservative therapy and surgery. Untimely or
inadequate treatment may lead to serious conse-
quences such as disability or death either.

Burns are tissue wound caused by an increase
in the temperature of the tissue to the level of cell
death (44—51 °C)[4]. According to WHO esti-
mates, 180,000 people die from burns every year.
Burns vary in severity, depending on the depth,
area, and location of the burn. Currently, Ukraine
uses the following classification of burn wounds
according to the depth of the wound [5]: I: super-
ficial (heals within 3—7 days); ITa: partially su-
perficial (heals within 1—3 weeks); ITb: partially
deep (heals within 3—6 weeks with the formation
of scars); ITI: deep (the wound does not heal with-
out treatment, requires a skin transplantation).
Doctors assess the severity of a burn wound ba-
sed on visual and tactile characteristics of the
wound, but the accuracy of such a clinical assess-
ment varies from 50 to 70%, depending on the
doctor’s experience [6]. The heterogeneity of
burn wounds further complicates this assessment.
Therefore, a non-invasive objective method is
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needed to provide early and accurate assessment
of burn wounds.

There have been more than 10 different me-
thods of analysis to assess the depth of a burn
wound (or healing potential), including laser Dop-
pler imaging (LDI), thermography, photoacous-
tic imaging, spectrophotometric intradermal ana-
lysis, dermatoscopy, ultrasound, and others [7].
The research authors have concluded that LDI is
currently the most accurate method for assessing
the depth of a burn wound; thermography is the
second one. However, the LDI scanner is rather
expensive, requires long-term fixation of the pa-
tient in one position, and can be used only 48 hours
after the burn. These disadvantages limit its use
in burn treatment centers.

Our previous studies have shown that IRT has
good prospects for detecting pathological pro-
cesses in the skin and underlying tissues [3, 8]. An
important task of this research is to assess the ca-
pabilities of IRT for early (in the acute period of
burn wound) diagnosis of the depth of the burn
wound, as well as for the further control of the
blood circulation and metabolic processes in soft
tissues during the treatment of burn wound.

Frostbite (local cold injury) is tissue wound
caused by local hypothermia. The severity of the
wound depends on the duration and final tem-
perature of tissue cooling. As a rule, there are 4
stages of frostbite, depending on the wound depth.
The T and II stages are characterized by superfi-
cial frostbite, while the III and IV ones are deep
[4]. Important periods in the pathogenesis of
frostbite are the pre-reactive period (before tis-
sue warming and blood circulation recovery), the
early reactive period (within 24 hours from the
moment of tissue warming), and the late reactive
period (from the 2" to the 15" day). Timeliness
and adequacy of medical care is important for
frostbite, because the pathological processes in
cells and tissues at the early stages are characteri-
zed by high reversibility. Special attention is paid
to the prognosis of the degree of frostbite in the
pre-reactive and early reactive periods, as the re-
sults of this prognosis determine further treat-
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ment [9]. Various possible types of diagnostic
imaging, including angiography (contrast study
of vessels with the use of CT, MRI) and LDI, are
rarely used in clinical practice because of me-
thodological difficulties and high cost.

One of the criteria for prognosticating the depth
of tissue lesion in the early reactive period is skin
temperature. In the case of superficial lesions (I—IT),
it remains normal or reduced by several Celsius
degrees, but sharply decreases to room tempera-
ture in the case of deep lesions (ITI—IV) [10].
IRT is able to provide a simple and cheap non-
invasive method for predicting tissue viability,
especially in deep frostbite (III—IV). In the reac-
tive period, there may arise septic complications
of the wound process. They can be detected by
thermography as an increase in the skin tempera-
ture. However, the main method of diagnosis is a
subjective assessment of the severity of cold in-
jury, based on the doctor’s individual experience.

In the case of mechanical injury of soft tissues,
inflammation plays a leading role in the course of
the wound process; it is characterized by corre-
sponding local signs, first of all, hyperemia (red-
ness) and edema (swelling).

The expression and dynamics of these signs de-
pend on the nature and extent of tissue wound,
the type of infection, the general condition of the
human body, as well as on environmental condi-
tions. The evaluation of wound process indicators
is largely subjective, except for skin temperature
and hemogram (Common Blood Test). Therefo-
re, IRT is one of the objective methods for mo-
nitoring wound healing. This method makes it
possible to assess vascular reactions, activation of
metabolic processes in the wound area. This is
one of the most effective methods for dynamically
controlling the inflammatory process in the wo-
und. Thus, IRT can also be used to monitor me-
chanical wound healing.

Unlike the mechanical and thermal injuries, which
have a precise date of occurrence, the wounds cau-
sed by skin and soft tissue infections (STIs) deve-
lop gradually; some of them do not heal for years.
STIs can cause abscesses, ulcers, etc. It is very
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difficult to objectively assess the activity of local
manifestations of the infectious process. For this,
only limited primary endpoints (criteria) are used:
visual assessment of the degree of skin lesion in a
certain area, lack of progression in the size of the
affected area, indirect clinical signs of infection,
biochemical and hematological markers. Research
[11] has presented the results of measuring the
dynamics of the infected limb skin temperature. The
authors have noted the important role of skin tem-
perature in the diagnosis and treatment of STTs.
Remote non-invasive IRT is also promising for
monitoring the process of controlled decay of pa-
thological tissue caused by exposure to low tem-
perature (cryo-destruction). Cryo-destruction is used
in dermatosurgery for the treatment of benign and
malignant neoplasms, as well as other dermatolo-
gical diseases [12]. The amount of destroyed tis-
sues depends on the size of the frozen area, the
temperature level reached in it, the duration of
cooling and the rate of freezing/warming pro-
cesses [13, 14]. To avoid tumor recurrence, surge-
ons excessively enlarge the area of cryo-destruc-
tion, including healthy surrounding tissue. The-
refore, it is important to monitor the size dynam-
ics of both the entire frozen area and the area of
primary necrosis (irreversible damage to patho-
logical tissues) in real intra operative time. Since
the limit temperature of the necrosis area is dif-
ferent for different tissue types, it is necessary to
control the temperature distribution in the fro-
zen area. Ultrasound survey and CT allow esti-
mating only the size of the frozen area, not the
temperature in it. The promising method of MRI
thermometry enables measuring internal thermal
fields by analyzing the temperature dependence
of some MRI parameters. However, the listed ima-
ging methods are difficult to use directly in the
course of cryosurgery. In addition, these methods
have a number of significant methodological and
economic limitations, especially in the conditions
of small medical institutions. Hollow needles with
thermocouples, which are commonly used in cryo-
surgery, enable measuring only individual points
of the temperature field. In addition, the needle
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insertion procedure is invasive and has limita-
tions because of the risk of tumor cell dissemina-
tion. Therefore, the purpose of our research is to
evaluate the possibilities and limitations of IRT
for controlling skin cryo-destruction in vivo.

The research has been carried out by the IRT
method in two directions.

The first direction (thermography of damaged
soft tissues): 80 adult patients aged from 20 to 90
years old (30% women and 70% men), including
43 patients with burns, 12 with frostbite, 6 with
mechanical injuries of soft tissues, and 19 with
soft tissue wounds caused by infectious and other
diseases were involved in the study. The largest
group consisted of the patients with burns of var-
ious degrees, areas, and locations. In this group,
24 patients got flame burns (56%), 15 ones suf-
fered from boiling water (35%), 2 patients were
burnt by semi-liquid substance (molten bitumen
and boiling porridge), one patient had a contact
burn, and one got a radiation burn. In order to
ensure the confidentiality of patient information,
we provided each patient with an appropriate
code under which all medical and thermographic
information was processed. Whenever possible,
each patient underwent a thermographic survey
before the start of treatment (baseline session)
and several times during the course of treatment.

Thermographic survey of patients is made with
an original thermal field analyzer based on an
uncooled matrix (384 x288) of microbolometers
[16]. A relative temperature scale is used for the
quantitative analysis of the obtained thermo-
grams. With this approach, the temperature in
the area of interest T, is compared with the that
of the selected reference (healthy) area T , [17].
Whenever possible, we use the thermal sym-
metry violation criterion, according to which the
reference area is chosen as symmetrical and iden-
tical in terms of the area and shape to the area of
interest. However, many patients with thermal
trauma had damages of both limbs, or too large
areas of the wound, which made it difficult to use
the criterion of thermal asymmetry. In these ca-
ses, we choose a reference area in healthy tissues
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near the wound, but no closer than 3 ¢cm from the
border of inflammatory process.

At the basic thermographic session, the rela-
tive temperature AT of the wound surface is de-
termined AT, = T — T . This parameter is the
main indicator for diagnosing the degree of the
wound, and its dynamics reflect the wound con-
dition in the course of treatment.

The black body model with a surface emissivity
of 0.98 (like human skin) is used as an additional
source of reference temperature, to control the
radiant temperature of the room when estimating
the depth of a thermal wound. To analyze the
thermal field dynamics in the course of treatment,
the exact location and size of the area of interest
and the reference area selected for each patient in
the baseline thermographic session are recorded
in each subsequent session, if possible.

For the largest group of patients (with burn
wounds), the research results have been evaluated
with the use of statistical methods [18, 19]. ROC
analysis (Receiver Operating Characteristic) that
allows evaluating the prognostic value and qual-
ity of the diagnostic model has been used.

The second direction (the cryo-destruction of
soft tissues), the dynamics of low-temperature
thermal fields of the skin have been studied on
6-month-old white male rats (30 animals) in com-
pliance with the requirements of the Bioethical
Committee the Institute for Problems of Cryobio-
logy and Cryomedicine of the NAS of Ukraine, ba-
sed on [20]. A contact cryo-probe (cryo-applicator)
actively cooled by liquid nitrogen has been used
for studying low-temperature effect. The exposure
to low temperature lasts 0.5 min (10 animals),
1 min (10 animals), and 2 min (10 animals) [21].

For this line of research, the original IR camera
developed at B. Verkin Institute for Low Tempera-
ture Physics and Engineering of the NAS of Uk-
raine has been employed. The camera is built ac-
cording to the principle of “open architecture” in
accordance with the concept proposed in [22].
The modular design of hardware and software al-
lows the adaptation of the camera to a specific
task. The camera has a single-element, cooled de-

ISSN 2409-9066. Sci. innov. 2022. 18 (6)

tector. The range of measured negative tempera-
tures has been extended to —190 °C. For this pur-
pose, a reference emitter with a radiation tem-
perature of approximately 78 K (the boiling tem-
perature of liquid nitrogen) is included in the
optical scheme of the device, which made it pos-
sible to significantly increase the accuracy of low-
temperature measurements. The camera software
has also been optimized for this task. For exam-
ple, the function of automatically recording a
half-hour “thermographic movie” has been added
to track rapid changes in the temperature field.
The “movie” is a sequence of digital thermal ima-
ges with an interval of 1.5 seconds.

The thermal data have been processed by the
method of primary statistical analysis and eva-
luated according to the Kruskel-Wallis test (p <
<0.05) [23].

THERMAL FIELD STUDY IN THE CASE
OF A THERMAL WOUND

The main task of the burn studies is the assessment
of the capabilities and limitations of the IRT for
the early prognosis of the wound depth (burn se-
verity or healing potential). The depth assess-
ment is based on the criteria prescribed by [6, 7].

The thermal data of 25 burn wounds of 18 pa-
tients surveyed by the IRT method in the first
three days after the injuries have been processed
by statistical methods. To assess the prognostic
value and the quality of the diagnostic model, the
ROC-analysis has been employed. The relative
temperature AT is estimated in the equal areas of
interest of various wounds. AT is compared with
the corresponding depth of the wound, which is
determined by the physician at the initial exami-
nation of the wound (clinical assessment) and
with the final result (after 3—5 days after the in-
jury). The obtained data are structured accord-
ing to the three categories of clinical assessment
of the wound depth:

“1” the wound heals without surgical treat-
ment own within t < 14 days (=<I—II degree);

“2” the wound may heal without surgical treat-
ment within 14 < t < 21 days (=Ila—IIb degree),
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Fig. 1. ROC curve of sensitivity and specificity of the prog-
nostic method
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Fig. 2. Thermographic assessment of burn wound healing
potential. The third day after a 5% flame burn, I1I degree

Fig. 3. Thermographic assessment of burn wound healing
potential. The second day after a boiling water burn 20,/10%,
IIb—I1I degree

however, complications (scars) may arise. There-
fore, the wound requires additional examination
to make a decision about the necessity of plastic
surgery (autodermoplasty);

“3” the wound cannot heal without surgical
treatment or healing takes t > 21 days, with the
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formation of hypertrophic scars and other comp-
lications. Therefore, plastic surgery (III degree)
is necessary.

As aresult of the analysis of structured data, it
has been established that the mean values of (AT,),
have significant differences for each category of
the clinical assessment of healing potential: (AT,), =
= +0.97 °C, for category “1”, (AT,), = —0.74 °C,
for category “2”, and (AT,), = —2.5 °C, for catego-
ry “3”. Based on this, we have formulated a hy-
pothesis about a significant difference in the mean
value (AT,), for different categories of lesion depth.
The hypothesis of a reliable difference in the mean
values has been confirmed based on the results of
the analysis of variance of our data.

The further analysis aims at confirming the exi-
stence of a relationship between the mean values
(AT,), of burn wounds for each category and cli-
nical assessments of the wound degree. Based on
the categorical nature of the clinical assessment
data, the method of non-parametric correlation
analysis has been employed and the Spearman
rank correlation coefficient has been calculated.
As a result, a fairly significant positive correla-
tion has been found between AT and the clinical
assessment (Spearman’s coefficient r = 0.72; P <
< 0.001). On the basis of the obtained data of sta-
tistical analysis, a method for assessing the cate-
gory of the wound depth by AT of a burn wound
has been proposed:

* (AT,) 2 0 °C: the relative temperature in the
area of interest of the burn wound indicates ca-
tegory “1” of the wound depth;

* 0°C > (AT,) > -2.5 °C: indicates category
“2” of the wound depth;

* (AT,) < -2.5°C:indicates category “3” of the
wound depth.

So, as a result of the quantitative and statisti-
cal analysis of 25 burn wounds, the burn wound
cutoff temperature [6] has been obtained AT, =
= —2.5 °C. If the cutoff temperature is below this
value, autodermoplasty is required.

To assess the prognostic value and quality of
the proposed method, the ROC analysis has been
employed: the ROC curve of sensitivity and spe-
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34.4

314 . - |

Fig. 4. Thermographic monitoring of burn wound dynamics. A patient with radiation
dermatitis. From left to right: photo of radiation burn and two thermograms in differ-
ent palettes. On the black-and-white thermogram, the areas with a temperature above
36 °C are highlighted in red. The area of interest and the reference area are marked

with blue ovals

cificity of the method is constructed and the area
under it is calculated. The numerical value of the
area under the curve (AUC = 0.79) corresponds
to a high quality of the prognostic method (Fig. 1).
The results of thermographic survey of patients
with burns of limbs in the acute period are pre-
sented in Figs. 2 and 3. Because of both limbs be-
ing burnt, the reference areas are chosen on the
lower leg (Fig. 2) and on the thigh (Fig. 3), 3 cm
from the edges of the inflammation (white rec-
tangles on the thermograms). The mean tempera-
ture of the reference area T~ 29.9 °C (Fig. 1).
According to the proposed prognostic method
and the obtained limit temperature, all areas of
burns with temperature T<T,_ —|AT |=30.1°C -
— 2.5 °C = 27.6 °C are referred to category “3”
and require autodermoplasty. For visibility, such
areas are outlined in black on the left lower leg.
The other areas of the burn wound can heal with-
out surgical treatment within 21 days, without
the formation of rough scars. The assessment of the
depth of the lesion (IIb—III stage) by the IRT me-
thod coincides with the clinical assessment (III
stage). At the same time, IRT shows the exact
shape and size of the areas referred to stage I11.
The mosaic thermal field of a burn wound
caused by boiling water splashes can be seen on
the thermogram (Fig. 3). Within one large wound,
there are scattered areas with varying severity of
injury and, accordingly, with different healing
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potential. The reference area of intact skin, which
is selected in the upper part of the right thigh
(white rectangle in the photo and thermogram),
has an average temperature T , = 32.6 °C. The
black areas on the thermogram have a relative
temperature equal to or below the limit tempera-
ture (AT = —2.5 °C). These areas require surgi-
cal intervention (autodermoplasty).

Also, an important task of the research is to
evaluate the capabilities of IRT to control the dy-
namics of the wound process, including the as-
sessment of the state of blood circulation and in-
flammatory processes in injured tissues at the
stages of restorative treatment of burn wounds.
Figure 4 features an example of processing a ther-
mogram according to the criterion of thermal
symmetry violation in order to quantitatively as-
sess the dynamics of the state of a non-healing
burn wound caused by radiation therapy 8 months
ago. On the black-and-white thermogram, areas
with a temperature above 36 °C are highlighted
in red. The area of interest and the reference area
are marked with blue ovals. Both thermograms
confirm the presence of thermal asymmetry only
in the upper part of the face. The relative tem-
perature of the area of interest (the temperature
difference of the ovals) is AT = 1.2 °C. It should
be noted that the hyperthermia area on the ther-
mograms differs in shape and location from the
visual area of the wound (see photo). The tem-

89



Glushchuk, M. 1., Shustakova, G. V., Gordiyenko, E. Yu. et al.

29.5

21.0

Fig. 5. Thermographic monitoring of complications during
burn treatment. The photo and thermogram correspond to
15 weeks after a 50/40% flame burn, I[Tb—IIT degree. Puru-
lent inflammation of the right knee joint. The joint is washed
and drained

21.5

Fig. 6. Thermal picture of the feet of a patient with frostbite
of the fingers in the early reactive period

26.6

21.0

Fig. 7. Frostbite of three toes of the right foot during the
reactive period

perature of the hyperthermic area in the healthy
eye of 36.4 °C corresponds to the criteria of a
healthy person [24].

Figure 5 shows an example of the detection and
subsequent control of complications in the treat-
ment of burn wounds, by the IRT method, namely,
the detection of purulent inflammation of the knee
joint and the control of the effectiveness of its
treatment (wash with drainage). The thermogram

20

features an area of hyperthermia AT ~ 3.2 °C cau-
sed by the purulent inflammation of the joint.

The thermographic survey of patients with
frostbite aims both at diagnosing the stage of
frostbite in the early reactive period and at moni-
toring the wound process in the late reactive pe-
riod and in the period of granulation, epitheliza-
tion, and scarring. Because of the fact that only a
few patients underwent thermography in the ear-
ly reactive period, no statistical analysis of ther-
mal data has been made. However, the obtained
data have indicated the effectiveness of using
IRT to prognosticate the severity of injury based
on the temperature of the frozen area surface.

The thermal pattern of the patient’s frostbitten
toes in the early reactive period (the first day) is
presented in Fig. 6. The temperature of the toes
(=20 °C) does not exceed the ambient tempera-
ture, which indicates a deep frostbite of the toes
(ITT—1V stage). The thermographic assessment is
confirmed by the clinical examination, as well as
the further course of the wound process.

Of the 12 patients with local cold injury, who
were involved in the study, the majority was so-
cially disadvantaged men aged from 42 to 60
years old with deep frostbite (III—IV stage) they
got before the beginning of our study. Figure 7
presents the results of a thermal imaging survey
of a local cold injury in the reactive period. The
photo shows necrosis (blackening) of the 3 and
4% toes, which is confirmed by the thermogram:
the temperature of these toes does not exceed the
ambient temperature. However, the thermogram
also features an invisible in the photoviolation of
the blood circulation of the 2" toe, the tempera-
ture of which is 4.5 °C lower than that of the skin
of the 1% (healthy) toe.

Multiple thermographic surveys of patients
with frostbite in the late reactive period and in
the period of granulation, epithelization, and
scarring have also indicated the possibility of suc-
cessful use of IRT for non-invasive monitoring of
complications of the wound process.

Figure 8 presents an example of thermographic
monitoring of complications that may occur dur-
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Fig. 8. Thermal imaging control of complications in the period of granulation, epithelization,
and scarring. A patient with lower limbs amputated because of deep frostbite. IRT has shown

an inflammatory process in the right stump

Fig. 9. An example of IRT capabilities. Photo/thermogram on the left: a patient with a toe wound caused by a mechanical
injury; photo/thermogram on the right: a patient with gangrene of the toes caused by frostbite of the I1I stage

ing the granulation-scarring period in patients
with limbs amputated because of deep frostbite.
The thermogram shows the patient’s stumps 5
weeks after the amputation. Both the thermo-
gram and the thermal profiles along both stumps
have indicated the development of inflammatory
process in the right stump. As a result, the patient
is scheduled for repeated amputation of a part of
the right stump.

STUDYING THERMAL FIELDS
IN WOUNDS OF OTHER ORIGIN

We have conducted thermographic surveys of
soft tissue lesions caused by mechanical impact

ISSN 2409-9066. Sci. innov. 2022. 18 (6)

and infectious or other diseases. The task of this
research direction is to analyze the capabilities of
IRT for the monitoring of the healing of mecha-
nical wounds and for the objective assessment of
the severity of wounds caused by soft tissue in-
fection (STI) and their response to treatment.
Two pairs of photos/thermograms of the feet of
two different patients are shown in Fig. 9. On the
left, there is an injury to the toes from a mechani-
cal impact, on the right, there is a picture of frost-
bite of the toes (111 stage). Both injuries were re-
ceived 10 days ago. The blackening of the fingers
is visible in both photos. However, IRT features a
significant difference in the temperature of the
affected areas. The left thermogram shows that
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Fig. 10. A patient with a lower leg trophic ulcer caused by
diabetes

24.7

Fig. 11. Thermal image of the lower legs of a patient with foot
mycosis and palmoplantar psoriasis (left) and of a healthy
person (right)

-80

4-120

Fig. 12. Thawing of the frozen area after cryo-exposure last-
ing 0.5 min. Temperature profiles through the center of the
frozen areain 2 s (red curve), 5 s (green), and in 90 s (blue)
after the end of cryo-exposure. The inset shows a thermo-
gram of a biological object (rat) at one of the moments of the
quasi-stable stage. The arrow indicates the position of the
temperature profile
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the temperature of the toes is (6—7) °C higher
than the ambient temperature even in the area of
blackening, which is within the normal range for
healthy toes of an adult. At the same time, in an-
other patient, the temperature of the toes (see the
thermogram on the right) does not exceed the
ambient temperature, which is a sign of necrosis

(gangrene) of any genesis. Thus, the causes of

blackening of the skin can be differentiated by

the temperature of the affected area:

o whether it arose from mechanical impact that
results in an injury of the superficial vascular
plexus, with microcirculation in the tissues re-
maining unaffected, which ensures heat flow to
the surface of the skin in the affected area;

o whether it is caused by gangrene (tissue necro-
sis to a considerable depth).

Figure 10 features a pair of photos/thermograms
of the right lower leg of a patient with a trophic
ulcer caused by diabetes. The skin of the leg aro-
und the trophic ulcer is significantly colder (by
almost 4 °C) than the similar areas of the healthy
leg (in the background), which indicates impaired
blood circulation.

Figure. 11, on the left, shows a thermogram of
the lower legs and feet of a patient with foot my-
cosis and palmoplantar psoriasis. There are areas
of hyperthermia on both feet and lower legs. The
temperatures of these areas exceed the tempera-
tures of similar areas of a healthy person (AT ~ 3 °C).
For comparison, the thermal image of the lower
legs of a healthy person is shown on the right.

STUDYING THERMAL FIELDS OF THE SKIN
EXPOSED TO LOW TEMPERATURE

Also, using the IRT method, we have monitored
in real time the parameters of the freezing and
thawing areas caused by exposure to low tem-
perature in vivo |21, 25]. The in vitro results
[26] have demonstrated the hemispherical shape
of the frozen volume under a point cryo-applica-
tor. Based on this, we have assumed the equiva-
lence of the radial temperature distribution on the
surface and in the volume of the ice hemisphere.
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Fig. 13. Dynamics of the size of the ice spot and its minimum
temperature during the thawing process

According to this approach, the dynamics of the
thermal field in the ice spot on the surface reflects
the dynamics of the temperature distribution in the
volume of the ice hemisphere. As a result of quanti-
tative and statistical processing of a large array of
digital data (more than 1000 thermal images in di-
gital format), the amplitude and time parameters of
thermal fields in the frozen area have been obtained.

It has been established that in the case of the low-
temperature effect modes used [21], the ratio of the
diameters of the necrosis area and the frozen area
does not depend on the duration of exposure and
is 0.63 = 0.3. During the thawing process, a long
quasi-stable stage has been observed in the dy-
namics of the size and temperature of the frozen
area. The authors have associated this effect with
the processes of structural rearrangement of ice
(recrystallization).

The temperature profiles along the line passing
through the center of the ice spot at different
times of thawing are shown in Fig. 12: the tem-
perature distribution in 2 s (red curve), in 5 s
(green curve), and in 90 s (blue curve) after the
exposure to low temperature, which lasts 0.5 min.
The blue curve corresponds to the quasi-stable
stage. The inset shows a thermogram of a biologi-

ISSN 2409-9066. Sci. innov. 2022. 18 (6)

cal object (rat) at a quasi-stable stage with the
indicated position of the temperature profile.

The dynamics of the size and minimum tempe-
rature of the ice spot during natural thawing is shown
in Fig. 13. Quasi-stable stages are observed in the
dynamics of both parameters. More detailed re-
sults of these studies are published in [21].

CONCLUSION

1. In the case of burns, IRT has been successfully
used both for early diagnosis of wound healing
potential (in the acute period of a burn wound)
and for the assessment of the effectiveness of burn
wound therapy. Based on the obtained data, the
prognostic method for assessing the category of
healing potential based on the mean relative tem-
perature of burn wound has been proposed. Ac-
cording to the results of the ROC analysis, the
prognostic method has demonstrated “a good
quality” (AUC = 0.79).

2. In the case of frostbite, IRT has been used to
control the wound process in the reactive period
(to clarify the stage of injury), as well as to evalua-
te the dynamics of granulation, epithelization, and
scarring of wounds.

3. In the case of mechanical injuries and infec-
tions of the skin and soft tissues, IRT has been
successfully used to identify blood and lymph cir-
culation disorders, inflammatory and other gen-
eral pathological processes and to assess the dy-
namics of wound healing.

4. The amplitude-time parameters of thermal
fields on the surface of the skin exposed to low
temperature have been measured. In the case of
used low-temperature effect modes, the ratio of
the necrosis are a diameter to that of the frozen
area is 0.63 = 0.3. In the course of thawing, a long
quasi-stable stage of the size and temperature of
the frozen area, which is possibly related to the
structural rearrangement of the ice (recrystalli-
zation) has been recorded.
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TEPMOTI'PA®TYHE JTOCJIJIKEHHA YPAJKEHHA
MAKNX TKAHNH JIIOAVHU TA HUSbKOTEMIIEPATY PHOTO
BIIVINBY HA BIOJIOTTYHI TKAHWHMU in vivo

Beryn. [ndpauepBona repmorpadist Ha cbOTOIHI BUKOPUCTOBYETHCS Y KIIIHIYHIH MPAKTUIII JIUIIIE SIK IOAATKOBUI METO] ue-
pes3 HeocTaTHi 3HaHHA MPO MaTo()i3i0I0r 4HI OCHOBH TEILIOBUX 300paKeHb.

IIpoGaemaTura. OCHOBHUM METOJIOM JIarHOCTUKH TSIKKOCTI YPaKeHHsT M'SIKUX TKAaHUH € BisyasibHa OIliHKa Jikaps. Ha-
pasi He iCHy€ HeIHBa3UBHOT'O MeTO/[y KOHTPOJIIO IMHAMIKY TeMIIepaTypy B 3aMOPOsKEHiH 30H1 B pealbHOMY 4aci KpiOBILINBY.

Merta. OtinnTi MOKJIUBOCTI TepMorpadii is KisibKiCHOT IarHOCTUKY TSKKOCTI YPaskeHHsI M'SIKUX TKAaHUH TIPU TePMiy-
HUX Ta IHIIMX YITKO/KEHHSX, HEIHBA3MBHOTO KOHTPOJIIO CTAHY PAaHU IIiJl 4ac JiKyBaHHH, IOTOYHOTO KOHTPOJIIO JANHAMIKN
TETJIOBOTO TOJISI B 3aMOPOXKEHIH 30Hi TIPOTSTOM KPiOBILIUBY Ha MIKIipPY.

Marepiamm it MeToan. Y pocuikenHi B3stin yuactb 80 NAIiEHTIB 3 yPajKeHHSAM M SIKMX TKaHUH, SIKUX 0OCTEKYBaIU OPHU-
riHAJIBHUM MaTPUYHUM TepMorpahoM IPOTIToM Tepioy JikyBanHs. KoHTposb KpioBrinBy Ha M'ski Tkanunu 30 excriepu-
MEHTAJIbHUX TBAPKH IIPOBOJIUIIU 3a OTIOMOTOO IHIIIOTO OPUTIHATILHOTO TepMOTpady, po3po6JIeHOTO /1Jist BUMIPIOBAHHS HU3b-
KOTEMIIEPATYPHUX TEIJIOBUX I10JIiB.

PegyabraT. 3anpornoHoBaHO TTPOTHO3HUI METO/] OIliIHKU KATEeTropii MOTeHIliady 3aTOEHHS OIKOBOI PaHW 32 CepeHiM
rating Characteristic): YUCJIOBU TTOKA3HUK TIJIONI TTijT KPUBOIO Uy TIMBOCTI Ta crieiiniunocti metoxny ckas .79, o Biamo-
Bi/Ia€ XOPOTIil SKOCTI IPOTHO3HOTO METO/Y. BCTaHOBIIEHO, IO CIiBBIHOIIEHHS /[iaMeTPiB 30HN MEePBUHHOTO HEKPO3y Ta
3aMOPOsKeHOo1 30HKM ctaHoBUTD 0,63 £ 0,3 11pu BUKOPHUCTAaHKUX NapaMeTpax HU3bKoTeMIiepaTypHoro BiuuBy. [1ig yac Bixra-
BaHH CIIocTepirasacs TpuBasa KBasictabisbHa cTaiss po3MipiB i TeMIIepaTyp 3aMOPOKEHOI 30HMU.

BucnoBku. [Tokazamno MOKJINBICTD yCHITTHOTO BUKOPUCTAHHS TepMoTpadii K /1711 MOHITOPUHTY YPaXkKeHb M’ TKUX TKAHUH
Ha BCIX eTarnax JiKyBaHHs, 30KpeMa K /7T KiTbKiCHOI OIliHKH TTOTEHIIiay 3aTOEHHST OMIKOBUX PaH, TakK i /IJIsT iHTpaorepartiii-
HOTO KOHTPOJIIO TAPaMeTPiB 3aMOPOKEHOT 30HU TIi/T 9ac KPioJeCTPYKILii TKAHUH.

Kmouosi cnosa: repmorpadist, M'sIKi TKaHUHM, OIIKK, 0OMOPOKEHHSI, HU3bKOTEMIIEPATYPHUIT BILIWB.

96 ISSN 2409-9066. Sci. innov. 2022. 18 (6)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Uncoated FOGRA29 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


