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ABSTRACT

Background. Cold injury is one of the most significant problems for the northern
regions of the Russian Federation. Frostbite is defined as a complex of changes caused
by the action of low temperatures, which lead to morphological changes in damaged
tissue structures. As a result, the skin with underlying tissues and the intercellular
matrix, the components of which are collagen fibers, are damaged, which eventually
leads to remodeling and a protracted course of the wound process. Morphometric
studies in combination with quantitative analysis of microphotographs (histological
specimens) using GIS technologies make it possible to distinguish altered collagen
fibers under the influence of low temperatures from relatively healthy tissues.

The aim of the study. To assess the possibility of using computer analysis of mi-
crophotographs in a complex of morphometric studies of collagen fibers in local
cold injury.

Materials and methods. The study included 84 patients with Il and IV degree frost-
bite of the lower extremities. Morphological study of tissues and microphotography
were performed using Leica DM2500 microscope (Leica, Germany). The thickness
of collagen fibers was measured based on visual measurements of characteristic
areas of the microphotograph. Computer analysis of tissue microphotographs
of the zone of cryoinjury was performed using the ArcINFO software (Esri, USA).
Statistical processing of the study results was carried out using the SPSS Statistics
software package (IBM Corp., USA). Graphs and diagrams were constructed using
MS Office Excel (Microsoft Corp., USA).

Results. With frostbite, severe tissue damage occurs, accompanied by the destruc-
tive processes of the extracellular matrix components. Low temperatures contribute
to changes in the width and orientation of collagen fibers in the damaged area.
In this regard, a change in the texture of the histological specimen image leads
to a change in the numerical characteristics of the standard deviation of the curva-
ture coefficient in the studied area of the microphotograph. Thus, in the late reactive
period, the described complex of morphometric studies makes it possible to classify
particular microphotograph as having pathological signs or as a sample of healthy
tissue.
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curvature coefficient, raster image

For citation: Gruzdeva O.S., Gruzdev R.V.,, Rylskiy I.A., Shapovalov K.G. Automated mor-
phometric studies of collagen fibers as an auxiliary method for diagnosing cold injury.
Acta biomedica scientifica. 2023; 8(4): 147-154. doi: 10.29413/ABS.2023-8.4.16

147



lpyspesa O.C. "7,
lpyspes P.B. 2,
Pbinbckuin U.A. 3,
Wanosanos K.I'.!

T ®rbOY BO «YnTUHCKasA rocyaapCTeeHHas
MeAnLUMHCKana akagemuna» MuHsgpasa
Poccnm (672000, r. Yuta, yn. Fopbkoro, 39a,
Poccus)

2 000 «HH TexH1YecKre cepBUCHI»
(672014, r. Yua, yn. TpakToBas, 356,
Poccus)

3 OIrBOY BO «MocKoBCKMiA
rocyfapcTBeHHbIN YHBEpCUTET

nmeHn M.B. JlomoHocoBa»

(119991, r. MockBa, JleHnHcKue ropei, 1,
Poccus)

ABTOp, OTBETCTBEHHbDIN 33 MEPENUCKY:
lpysnesa Onbra CepreeBHa,
e-mail: lolgas18@gmail.com

(ratba noctynuna: 15.12.2022
(7atba npuHaTa: 08.09.2023
(taTba onybnukoBaHa: 28.09.2023

PE3IOME

AkmyanbHocmes. Xo10008as8 mpasma Aaesisemcs 00HoU u3 Haubosiee 3Ha4UMbIX
npobiiem 0115 CegepHbIX pe2UoHO8 Hawlel cmpaHbl. OmMOpoXXeHUs onpedensiomcs
KaK KOMNJIeKC U3MeHeHUU, 803HUKarWuUx eciedcmaue delicmaus HU3KUX mem-
nepamyp, Komopwle NpugoodsM K Mopgo102uUHeCcKUM CO8U2AM 8 NOBPEXOEHHbIX
MmKaHesbix cMpykmypax. B pesysismame nospexxoaromcs Koxa ¢ N00sIexawumu
MKAHAMU U MeXK/1emOYHbIU MAampuKc, KOMNOHEHMAmMUu KOmMopo20 A8/IAI0MCA
KOJ171a2eH08ble 80/I0KHA, YMO 8 KOHEYHOM UMOoze Npusoodum K pemMooesIupo8aHuUIo
U 3amsxHOMy meyeHuro paHeso20 npoyecca. Mopgomempuyeckue ucciedosaHus
8 KOMNJIeKce C KOsu4eCmeeHHbIM aHAau30M Mukpogomoepagul (2ucmonoeu-
Yyeckux npenapamos) ¢ nhomouwibto [MC-mexHo02uli NO38OAAOM OMAUYUMb
U3MeHéHHble KoJ1/1azeHo8ble 80/IOKHA NO0 OelicmeuemM HU3KUX memMnepamyp
0m omHocumesibHO 300p08biX mKaHed.

Lenb uccnedosanusa. OyeHUMb 803MOXHOCMb NPUMEHEHUS KOMNbIOMepHO20
aHanu3a Mukpogomoepaguli 8 Komnsiekce MopghoMmempuyecKux ucciedosaHuli
KOJ1/12€HO08bIX 80JIOKOH NPpU MeCMHOU x0/100080U mpasme.

Mamepuanel u memoobl. BuccnedosaHue 8K/oHeHbl 84 60/1bHbIX COMMOpPOXe-
HUAMU HUXHUX KoHe4dHocmed lll u IV cmeneHu msxecmu. Mopghonozudeckoe usyye-
Hue mkaHel U MUKpOpOMOoCsEMKA 8bINOJIHAIUCL HA MUKpOcKone Leica DM2500
(Leica, lepmaHus). 1amepeHue moswuHbl KOJ1J1G2eHO8bIX 80JIOKOH 8bINOJIHEHO
Ha 0CHOBe 8U3YAJIbHbIX U3MepeHUU XapakmepHbIX y4acmKos8 Mukpogomozpaguu.
KomnbtomepHebil aHanus mukpogomoepaguli mkaHeli 30Hbl KpUONOBpPeX0eHUs
sbinosiHeH 8 npoepamme ArcINFO (Esri, CLLUA). Cmamucmuyeckas obpabomka
pe3ysibmamos ucc1e008aHUs OCYyUecmaesisanacs C NOMOWbIO Nakema npozpamm
SPSS Statistics (IBM Corp., CLLIA). TocmpoeHue 2paghukos u ouazpamm 8binOsIHeHO
¢ nomowbro nakema MS Office Excel (Microsoft Corp., CLLA).

Pe3synemamel. [Ipu ommopoxeHUAX NPoOUCXooum 8bipaxeHHoe nospexoeHue
mkaHel, conposoxoaroujeecs 0eCmpyKmusHbIMU nNPoyeccamu KOMNOHEeHMo8
8HEKJIeMOYH020 Mampukca. Huskue memnepamypsi cnocobcmayiom UsmeHeHUo
WUPUHbI U OpUeHMayuu KosijiazeHo8bIX 80JIOKOH 8 30He nospexoeHus. Bamoti ces-
3U U3MeHeHUe meKCMypbl U306PaxxeHUs 2UCMOJI02UYeCcK020 npenapamanpusooum
K U3MeHeHUI0 YUC/IeHHbIX XapaKkmepucmuK CmaHOapmHo20 OMKJ/I0HeHUS Ko3gpgu-
yueHma kpususHel 8 uccriedyemoli obacmu mukpogomoezpacguu. Takum o6pasom,
8 N030HEM pedKmuBHOM nepuode ONUCAHHbIU KOMNJIeKC MOopgoMempuyeckux
ucc1e008aHuUli N0380/IIeM OMHECMU MY U/U UHYI0 MUKPOpOmMozpaguio K Yucsy
UMeruux namoJsioauyeckue NPU3HAKU U6o K 06pasyy 300po8bix mkaHed.

Knioueesle cnoea: mopgomvempus, KossiazeHo8ble 80/10KHA, Kpuompagma, om-
MOpPOXKeHUS, CMaHOdpmHoe OMKJIOHeHUe, KO3hguuyueHm KpusU3sHsl, pacmpogoe
u3obpaxeHue
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INTRODUCTION

Frostbite is one of the most severe types of cold injury
and often leads to a high level of disability and death of vic-
tims [1]. During cold alteration, severe dystrophic, inflam-
matory, and necrotic changes develop after tissue warm-
ing, which contribute to damage to cells, intercellular mat-
ter, and connective tissue [2, 3].

One of the most characteristic symptoms of the de-
velopment of pathological processes in tissues is a change
in the structure of collagen fibers. In general, the changes
include a change in the thickness of the fibers and a transi-
tion from a highly dispersed fine-fiber structure to a coarse-
dispersed one with thickened linear structures. The listed
changes in collagen fibers are visually recorded during mor-
phometric studies.

In order to reduce the subjective component in the eval-
uation of tissue samples, it seems advisable to apply some
numerical estimates of microphotographs, in particu-
lar, the study of the texture of the sample. This approach
would reduce the time for mass evaluation of samples
and eliminate the features introduced by the level of train-
ing of the specialist performing the diagnosis. The gener-
al purpose of this approach is to develop a set of numeri-
cal characteristics that would allow us to classify a sample
as having pathological features or as a healthy tissue sam-
ple. Similar studies are known in the work on the assess-
ment of the structure and condition of collagen by the sec-
ond harmonic generation signal, which provides the results
of numerical characterization of collagen fibers in a bundle
and the mutual organization of bundles of collagen fibers
[4]. It should also be noted that there is no universal me-
thod to quantify microphotographs suitable for any colla-
gen structure [4].

Any rasterimage, in particular microphotography of col-
lagen fibers, can be represented as a surface, the height
of which corresponds to the numerical characteristic
of brightness [5]. In this case, the black pixel (brightness 0)
will correspond to a height of 0 m, and the white pix-
el (brightness 255) will correspond to a height of 255 m.
Taking the pixel size as a fixed spatial value (for example,
also for 1 m), we get a three-dimensional surface. It should
be noted that the direct assessment of the spectral charac-
teristics of the samples (color) is not a reliable source of clas-
sifying features. The color may vary depending on the re-
agents used and the characteristics of lighting. Therefore,
texture assessment is the most reliable and promising ap-
proach.

For surface analysis, there is a fairly set of geoinfor-
mation technology tools [6-8], traditionally used for spa-
tial analysis (regardless of spatial coverage). It is justified
to use such a surface characteristic as curvature coefficient
at a given point.

The change in the organization of collagen fiber bun-
dles, their width and length is accompanied by a large num-
ber of brightness changes, i. e. (in the representation de-
scribed above) local surface bends within a certain studied
area. The more bends such a surface has, the higher the total
and average values of the curvature coefficient (CC) will be.

It is expected that the CC value will be significantly high-
er for an image of a histological specimen (transformed
into a surface) with a large number of thin contrast fibers
than for an image with a smaller number of thicker fibers.
In this regard, the authors of the article proposed an algo-
rithm that allows using the CC value as a reliable numeri-
cal criterion for classifying a sample as having pathologies
or no pathologies.

THE AIM OF THE STUDY

To assess the possibility of using computer analysis
of microphotographs in a complex of morphometric stud-
ies of collagen fibers in cold injury.

MATERIALS AND METHODS

The study included 84 patients with frostbite
of the lower extremities of the Ill and IV degrees of se-
verity in the period of granulation and epithelialization
(day 30). The age of the victims ranged from 25 to 45 years.
Men made up the majority of the group of patients —
78 %, women - 22 %. All the victims with local cold in-
jury of the distal segments of the feet underwent sur-
gical treatment at the regional center for thermal trau-
ma at the Chita City Clinical Hospital No. 1 in the peri-
od from 2016 to 2020. All the patients gave written vol-
untary informed consent. Tissue fragments measuring
1 x 1 x 0.5 cm were taken with a scalpel under local an-
esthesia during surgical treatment in the affected area
at the border of damaged and healthy tissues (in the de-
marcation zone). The study was performed in accordance
with the Regulations of Declaration of Helsinki of the World
Medical Association (rev. 2013).

Autopsy material was used as a control. Tissue sampling
from the lower extremities was performed within 24 hours
after the biological death of the patients. The control group
consisted of 50 patients who died from acute trauma, with-
out severe concomitant diseases, of a similar age category.

Exclusion criteria: age — under 18y. 0.and over 50y. 0.;
tuberculosis; cachexia of various etiologies; sepsis; chron-
ic obstructive pulmonary disease; diabetes mellitus; vascu-
lar and nerve diseases of extremities; rheumatism; premor-
bid heart rhythm disorders; acute inflammatory diseases;
atherosclerosis; acute cerebral circulation disorder.

Histological specimens were prepared according
to agenerally accepted method. Sections of 5-10 um thick-
ness were stained with hematoxylin, eosin and picrofux-
in according to Van Gieson. Histological microslides of tis-
sues of patients with local cold injury and tissues of patients
of the control group were examined using Olympus CX21
microscope (Olympus, Japan), microphotography was per-
formed using a Leica DM2500 microscope (Leica, Germa-
ny), at the Department of Pathological Anatomy of the Chi-
ta State Medical Academy.

Morphometric studies to determine the thickness
of collagen fibers were performed for the control group
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and patients with frostbite on day 30 with local cold in-
jury. The measurement of the thickness of collagen fib-
ers was performed on the basis of visual measurements
of characteristic areas of microphotograph, the areas
for measurements were selected based on diagnostic ex-
perience. For each microphotograph, at least 10 measure-
ments of the thickness of collagen fibers were performed
at the same magnification of the microscope (x 5). The com-
plex of morphometric studies includes computer analysis
of images of collagen fibers, which suggests the author’s
method of evaluating microphotographs in the field of view.
The following sequence of actions was adopted for process-
ing microphotographs:

Step 1. Creating surfaces. To perform this task,
the RGB image in JPG format was converted to grayscale
by channel-by-channel averaging (the numerical values
of the brightness of each pixel in R, G, B channels are add-
ed and divided by 3). Contrast, gamma and histogram
correction, other digital brightness correction methods
were not applied in order to ensure the most homo-
geneous, content-independent spectral brightnesses
of the samples. The resulting gray image is transformed
into an ArcINFO GRID type surface (matrix with height
values), where each cell is assigned a height numerical-
ly equal to the brightness of the gray image on a scale
from 0 to 255.

Step 2. Surface filtration. The resulting image may
contain digitization (technical features of the micro-
scope) and compression (defects in the JPG algorithm)
defects. Samples from different researchers may have dif-
ferent types of artifacts. For this purpose, the final sur-
face was filtered. The sliding window method with a radi-
us of 2 pixels is used for filtering, window shape - circle.
The idea of the filtering algorithm is that a circle with a ra-
dius of 2 pixels is built around the current cell of the sur-
face, the brightness of all pixels inside the circle is added
and divided by the number of cells. The resulting average
value is assigned to the current cell. Next, the analysis win-
dow moves one pixel to the side.

Step 3. Calculation of the curvature surface. The sur-
face is calculated using the ArcGIS package using the Cur-
vature function. The calculation of the numerical character-
istic of the curvature goes along a 3 x 3 cell section, the final
results are assigned to the central cell. The calculated cur-
vature coefficient is multiplied by 100 for ease of use —it al-
lows us to work with whole numbers, not fractional num-
bers. The result is a surface of CC values, the range of val-
ues is from 0 to 1800.

Step 4. Calculation of Curvature statistics. For each
image, a block structure was formed in the form
of squares measuring 100 x 100 pixels (which corresponds
to a 64 x 64 um matrix cell). The size of the block is deter-
mined by the size of the digital image, the field of view
and the size of the collagen fibers. It is necessary to fol-
low the principle when the block size is at least an or-
der of magnitude larger than the average fiber thickness
and when the field of view is at least an order of magni-
tude larger than the block. The size of 100 x 100 pixels sat-
isfies these conditions.

Statistics of CC values were calculated for each im-
age and for each block. The «Average» value is not rep-
resentative, as it is close to 0 for all blocks and images —
this is a consequence of peculiarities of the algorithm itself.
However, the value of the standard deviation for CC values
shows the presence of two well-defined classes correlating
with the presence or absence of pathologies in the images.
Calculating the values of standard deviations not for the en-
tire images, but for blocks (with their subsequent filtering)
allows us to exclude from consideration tissue samples
and structures present on tissue samples, but not the sub-
ject of analysis (background, extraneous inclusions, accom-
panying tissues, etc.).

Step 5. Displaying the results. The results of the com-
puter analysis of microphotographs are presented
in the form of classified images by class: Control — Transi-
tional class — Patients.

Statistical processing of the study results was carried out
using the SPSS Statistics software package v. 25.0 (IBM Corp.,
USA). The results of the study are presented in the form
of median, quartiles 1 and 3 - Me (Q1; Q3). Taking into ac-
count the number of the studied groups, the assessment
of the normality of the distribution of quantitative charac-
teristics was carried out using the Kolmogorov-Smirnov test.
The statistical significance of the differences in the indica-
tors was assessed by comparing the calculated and critical
values of the Kruskal-Wallis test, followed by determining
the significance level of p.

The results are presented in the form of boxplots of col-
lagen fiber thickness and values of CC standard deviations
in the studied area of the microphotograph for the groups
(Control, Patients) in the figures. The image of the results
of the computer analysis of microphotographs is present-
edin the form of classified images by class: Control — Tran-
sitional class — Patients in the pictures.

THE RESULTS OBTAINED
AND DISCUSSION

As aresult of the study, a significant increase in the thick-
ness of collagen fibers was revealed in a group of patients
with cold injury in the late stages of cryoinjury relative
to the control group.

Figure 1 shows an example of the results of determina-
tion the thickness of collagen fibers for microphotographs
from the control group and the group of patients.

In the field of view of the microphotograph, significant
differences are observed in the form of changes in the thick-
ness and orientation of the collagen fibers of the cryoinjury
zone. This fact confirms the significant damage to the tis-
sues of the frostbite zone at a late date (on day 30). De-
structive processes in collagen fibers manifest themselves
in the form of changes in their thickness and orientation.
The so-called tissue disorganization of the cryoinjury zone
occurs.

In the late reactive period, in patients with cryoinjury,
the fiber thickness is 2.8 times higher relative to the con-
trol group (p < 0.001).
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FIG. 1.

Thickness of collagen fibers in the control group and in the group of patients with frostbite. Van Gieson picrofuxin staining. Magnification

during microphotography x5. Photo made by the author
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FIG. 2.
Fiber thickness (microns) in the control group and in the group
of patients with local cold injury

Collagen disorganization has enzymatic and non-enzy-
matic mechanisms. Enzymatic mechanisms are carried out
by the interaction of collagenases and their inhibitors, which
regulate the intensity of catabolic processes. Non-enzymat-
ic mechanisms are associated with the formation of addi-
tional intermolecular links under the influence of end-prod-
ucts of glycation of UV irradiation or mechanical pressure
(edema), as well as a result of carcinogenesis. Different reg-
ulatory pathways and degradation mechanisms intersect
with each other at different stages, rather than working in-
dependently of each other [9-11].

Thus, secondary dystrophic and inflammatory chang-
es in tissues under the influence of low temperatures lead
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to damageto collagen and its disorganization. This phenom-
enon pathogenetically explains the large number of late
complications in patients with frostbite and the character-
istic prolonged course of reparative processes.

As a result of computer analysis of images of colla-
gen fibers for the control group and the group of pa-
tients, the standard deviation of the curvature coefficient
in the studied area of the microphotograph was deter-
mined.

In the late reactive period, in patients with cryoinjury,
the standard deviation of CC in the studied area of the mi-
crophotograph is 1.8 times lower relative to the control
group (p < 0.001).
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Control group Patients

FIG. 3.
Standard deviation of the curvature coefficient (standard units)
in the studied area of microphotograph



Tissues of patients with frostbite of llI-IV stage, day 30

Tissues of a patient from the control group

Class - Patients Transitional Class Class — Control
200-400 401-650 651-750 751-1 150 1151-2 000

FIG. 4.
Classification of microphotographs according to the values of the standard deviation of the curvature coefficient. Photo made by the au-
thor
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With significant cryoinjury of tissues, changes
in the thickness and orientation of collagen fibers occur,
which is well matched in the field of view of microgra-
phy. In this regard, a change in the texture of the micro-
photograph leads to a change in the numerical character-
istics of the standard deviation of CC in the studied area.
This is confirmed by a strong inverse correlation between
the measured thickness of collagen fibers and the standard
deviation of CCin the studied area of the microphotograph
(rs =-0.75; p < 0.001).

Thus, the characteristic of the standard deviation
of the CC allows us to attribute one or another micropho-
tograph to the number of pathological signs or to a sam-
ple of healthy tissues. This fact makes it possible, based
on the obtained statistical indicators of the standard devi-
ation of the CC, to classify the field of study of microphoto-
graph by classes: Control — Transitional class — Patients
(Fig. 4).

Based on the classification obtained, the difference be-
tween the microphotograph of tissues of patients with frost-
bite of lll-1V stage on day 30 and the control group is clear-
ly demonstrated (Fig. 4).

The number of colored blocks in each class characteriz-
es the area of damage to collagen fibers in the field of view
of the microphotograph.

CONCLUSIONS

Low temperatures lead to qualitative changes in colla-
gen fibers and contribute to a change in their width and ori-
entation in the area of damage. With frostbite, severe tissue
structure damage occurs, accompanied by the destructive
processes of the extracellular matrix components. Chang-
es in the tissue structure and their organization are impor-
tant for the morphological characteristics of tissues in var-
ious physiological conditions and pathologies, including
cold injury.

Computer analysis of microphotographs allows clas-
sifying the image of a histological preparation by the val-
ue of CCand classifying one or another microphotograph
as having pathological signs or as a sample of healthy
tissues. Thus, the characteristic changes in collagen fib-
ers during local cold injury in the late reactive period
are a factor that makes it possible to perform automat-
ed computer diagnostics of microphotographs using GIS
technologies.
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