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Abstract
BACKGROUND: With the sharp increase in mine-explosive injuries, one of the key tasks of modern histology is to assess the 
morphogenesis of high-energy limb tissue damage.
AIM: This study aimed to characterize striated skeletal muscle tissue in the zone of mine-explosive limb segment avulsion 
during the early post-traumatic period (days 1–4). 
METHODS: Histological methods (hematoxylin and eosin staining and Martius Scarlet Blue [MSB] staining for fibrin age 
determination), immunohistochemical and immunofluorescence techniques (antibodies to CD3, CD20, CD31 [Platelet 
Endothelial Cell Adhesion Molecule-1], CD68, and NETs [Neutrophil Extracellular Traps]), transmission electron microscopy, 
and morphometric analyses were applied.
RESULTS: Post-traumatic pathological changes affected both muscle tissue (necrosis, fiber fragmentation, traumatic 
edema) and endomysial and perimysial connective tissue (traumatic edema, fibrin infiltration). Disruption of the cytoskeletal 
structure (sarcomeres), loss of myosatellite cells, and endothelial cell death in capillaries were observed. Local hemodynamic 
disturbances manifested as mosaic thrombosis, embolism, and hemorrhage. Within the first 24 hours, arterial and arteriolar 
spasms led to reduced tissue perfusion. Partial resolution of the spasms by day 4 likely corresponded to the second stage 
of traumatic shock (the torpid phase). Among leukocytes, CD68+ macrophages were the first to respond, with extravasation 
beginning on day 2 after injury. A similar trend was observed for CD3+ T cells. CD20+ B cells showed no morphological signs of 
reactivity during this period. NET formation was observed both intravascularly and in the extravascular compartment.
CONCLUSION: Structural and ultrastructural changes in skeletal muscle tissue within the first 4 days after mine-explosive 
injury have been characterized.
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Аннотация
Обоснование. В связи с резким увеличением числа минно-взрывных ранений одной из важных задач современной 
гистологии становится оценка морфогенеза высокоэнергетических повреждений тканей конечностей.
Цель — охарактеризовать поперечно-полосатую скелетную мышечную ткань в зоне минно-взрывного отрыва части 
сегмента конечности в ранний посттравматический период (1–4 суток). 
Методы. Применены гистологические [окраска гематоксилином и эозином и окраска на давность образования фи-
брина MSB (Martius Scarlet Blue — окраска по Марццу, Скарлетт и Блю)], иммуногистохимические и иммунофлуорес-
центный методы [антитела к CD3, CD20, CD31  (Platelet Endothelial Cell Adhesion Molecule-1), CD68, NETs  (Neutrophil 
Extracellular Traps)], трансмиссионная электронная микроскопия, морфометрические методы исследования.
Результаты. Установлено, что после травмы патологические изменения затрагивают как мышечную ткань (некроз, 
фрагментация мышечных волокон, травматический отёк), так и соединительную ткань эндомизия и перимизия (трав-
матический отёк, пропитывание фибрином). Показано нарушение структуры цитоскелета (саркомеров) мышечных во-
локон, гибель миостателлитоцитов и эндотелиоцитов капилляров. Нарушения местной гемодинамики проявляются 
мозаичными тромбозами, эмболией и кровоизлияниями. В первые сутки после ранения наблюдали спазм артерий 
и артериол, приводящий к снижению тканевой перфузии. Спазм частично разрешается к 4-м  суткам после травмы, 
что, вероятно, связано с развитием II периода травматической болезни (торпидная фаза травматического шока). Сре-
ди лейкоцитов первыми реагируют CD68+  макрофаги, что проявляется их экстравазацией начиная со 2-х  суток по-
сле травмы. Аналогичная тенденция установлена и для CD3+ Т-лимфоцитов. CD20+ B-лимфоциты в указанные сроки 
не проявили морфологических признаков реактивности. Показано формирование NETs как в сосудах, так и во внесо-
судистом компартменте.
Заключение. Таким образом, охарактеризованы структурные и ультраструктурные изменения мышц в первые 4 суток 
после минно-взрывного повреждения.

Ключевые слова: мышечная ткань; минно-взрывная травма; травма; повреждение; электронная микроскопия; 
индекс Керногана; индекс Вагенворта.
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摘要

论证。随着地雷爆炸伤数量的急剧增加，评估肢体组织高能量损伤的形态发生学特征成为当

代组织学的重要任务之一。

目的。 描述在早期创伤期（1–4 天）地雷爆炸致肢体节段缺损区域内横纹骨骼肌组织的变

化。

方法。采用组织学方法［苏木精-伊红染色；MSB（三色法，Martius Scarlet Blue）纤维蛋白染色］、

免疫组化及免疫荧光方法［CD3、CD20、CD31（Platelet Endothelial Cell Adhesion Molecule-1）、 

CD68、NETs（Neutrophil Extracellular Traps）］，并结合透射电子显微镜及形态计量学方法进

行研究。

结果。发现创伤后病理性改变既累及肌肉组织（坏死、肌纤维断裂、创伤性水肿），也波及

内肌膜及肌束膜结缔组织（创伤性水肿、纤维蛋白渗出）。肌纤维细胞骨架（肌小节）结构

受损，卫星细胞及毛细血管内皮细胞死亡。局部血流动力学紊乱表现为灶性血栓、栓塞及出

血。创伤后第1天观察到小动脉及微动脉痉挛，导致组织灌注下降。至第4天痉挛部分缓解，

可能与创伤病Ⅱ期（休克迟钝期）的发展有关。在白细胞反应中，CD68+巨噬细胞最早反应，

自创伤后第2天开始发生血管外渗。CD3+ T淋巴细胞呈现类似趋势。CD20+ B淋巴细胞在此阶

段未表现出形态学反应性。NETs的形成既见于血管内，也见于血管外间隙。

结论。本研究在地雷爆炸伤后前4天内，对骨骼肌的结构与超微结构变化进行了表征。

关键词：肌肉组织；地雷爆炸伤；创伤；损伤；电子显微镜；Kernohan指数；Wagenvoort指

数.
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Background
The assessment of tissue damage and regeneration 

patterns following high-energy impacts on the human body 
has become a highly relevant field of histology [1]. Such 
studies acquire particular practical significance during 
armed conflicts, when their results directly influence the 
diagnostic and therapeutic strategies of physicians across 
various specialties [2, 3]. High-energy, primarily gunshot 
injuries, have been extensively investigated using both 
experimental and clinical materials [4–7]. In cases of ordinary 
mechanical trauma and gunshot wounds, specific features 
of regenerative histogenesis in skin, striated skeletal 
muscle, and bone tissues have been established [1, 4, 7, 8]. 
A clinical morphological analysis of internal organ injuries in 
servicemen, both local and systemic, provided the basis for 
the so-called hemodynamic concept of trauma response [6, 
8]. According to this concept, the extent of ischemic necrosis 
resulting from post-traumatic microcirculatory disorders 
and subsequent replacement of functional parenchyma 
by connective tissue is determined not only by the initial 
structural damage at the moment of injury but also by 
pathological vasomotor reactions at the microcirculatory 
level, leading to functional failure of internal organs.

Researchers note that the ratio of different types of 
combat injuries varies depending on the tactical conditions 
in a particular theater of military operations [2, 9], with 
mine-blast injuries increasingly prevailing in recent years. 
Despite this, the morphological analysis of limb tissues 
under this type of high-energy injury remain insufficiently 
studied.

Unlike gunshot or shrapnel wounds, a mine-blast injury is 
considered a combined injury. It results from the cumulative 
action of a brisant gas–dust jet (a wave of detonation gases 
and the blast wave), a shock wave that causes contusive–
commotional tissue damage, and the effects of fragments, 
flame, and toxic combustion products [6, 10]. This complex of 
damaging factors largely determines the specific morphology 
of mine-blast injuries and the extent of injury across body 
regions or limb segments. In particular, in cases of mine-
blast limb detachments, it is impossible to identify the well-
known zonality of the wound channel described for gunshot 
and shrapnel injuries, since no such wound canal exists 
[8]. Several morphological regularities of wound process in 
mine-blast injuries have been described [5, 11]. However, 
current data remain insufficient to fully characterize the 
sequence of events underlying the first and second stages 
of trauma response—specifically, the mechanisms of 
primary and secondary necrosis, delayed programmed cell 
death, infectious complications, and both local and systemic 
immune responses [6, 8, 11].

The work aimed to characterize the striated skeletal 
muscle tissue in the zone of a mine-blast detachment of a 
part of a limb segment in the early post-traumatic period 
(1–4 days). 

METHODS
Study Setting

The study was conducted under a scientific collaboration 
agreement with the N.N.  Burdenko Main Military Clinical 
Hospital.

Eligibility Criteria
The study included 31 samples of skeletal muscle tissue 

obtained during primary surgical debridement of the lower 
limb stump following mine-blast–related detachment of limb 
segments. Tissue alterations were analyzed 1–4 days post-
injury.

Inclusion criteria: patients aged 18–65 years; traumatic 
injury accompanied by complete or partial detachment 
of a limb; amputation performed during primary surgical 
debridement within 1–6 cm from the detachment line; written 
informed consent.

Exclusion criteria: systemic diseases (such as diabetes 
mellitus, atherosclerosis of the lower limb arteries, HIV 
infection, or viral hepatitis B or C) and malignant neoplasms.

Intervention
Samples were obtained intraoperatively during primary 

surgical debridement of the amputated limb stump from 
four distinct sites: directly at the detachment line and 2, 4, 
and 6  cm proximally along the limb segment. All collected 
specimens were fixed in 10% formalin, followed by standard 
histological processing and embedding in paraffin blocks. 
Serial 4-μm sections were prepared and stained with 
hematoxylin and eosin (MLT, Russia), as well as for fibrin 
using Martius Scarlet Blue (MSB; ErgoProduction LLC, 
Russia). The perimeter and cross-sectional area of muscle 
fibers were measured quantitatively. To assess muscle 
perfusion, two complementary indices were calculated: the 
Wagenvoort index (the ratio of arterial wall area to lumen 
area) and the Kernohan index (the ratio of vascular wall 
thickness to lumen diameter) [12, 13].

Cells of the inflammatory infiltrate were identified 
immunohistochemically using antibodies to CD3 for the 
detection of T cells (dilution 1:75; cat. No. MRQ-39, Cell 
Marque, USA), CD20 for the detection of B cells (1:100; cat. 
No. L26, Cell Marque, USA), and CD68 for the detection of 
macrophages (1:100; cat. No. PG-M1, Dako, USA). For the 
immunohistochemical identification of vascular endothelium, 
antibodies to CD31 (Platelet Endothelial Cell Adhesion 
Molecule-1; dilution 1:50; cat. No. JC70, Cell Marque, USA) 
were used. All reactions were performed automatically using 
a Bond III instrument (Leica Biosystems, USA).

Detection of neutrophil extracellular traps (NETs)  was 
performed on skeletal muscle sections obtained 2 and 6 cm 
proximally from the detachment line. Primary antibodies 
against fibrinogen (1:1000; cat. No. ab118533, Abcam, UK) 
and myeloperoxidase (1:500; cat. No. ab9535, Abcam, UK) 
were used. Detection systems included antibodies conjugated 
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with Alexa Fluor 488 (1:500; cat. No. ab150105, Abcam, UK) 
and Alexa Fluor 405 (1:500; cat. No. ab175676, Abcam, 
UK). The samples were examined under a semi-motorized 
upright fluorescence microscope  Olympus BX53  (Olympus 
Corporation, Japan) using reflected-light fluorescence 
in the blue and green spectral ranges, followed by image 
processing by overlaying two channels.

For transmission electron microscopy, immediately 
after surgery (amputation), a fragment of muscle tissue of 
approximately 1  mm3 in size was excised directly in the 
operating room and fixed in 2.5% glutaraldehyde solution in 
phosphate buffer (pH 7.4). The samples were then post-fixed 
in 1% osmium tetroxide, dehydrated in ethanol, contrasted 
with 1% uranyl acetate in 70% ethanol, and embedded 
in an epon–araldite mixture. Semi-thin sections were 
stained with methylene blue (Scientific Research Center for 
Pharmacotherapy, Russia). Ultrathin sections obtained with 
a UC Enuity ultramicrotome (Leica Microsystems, Germany) 
were additionally contrasted with lead citrate according to 
Reynolds. Microscopy was performed using a field-emission 
transmission electron microscope  Himera EM50X  (Ciqutek, 
China).

Statistical Analysis
Statistical analysis was performed in R (v. 4.4.1; R Foundation 

for Statistical Computing) using the  tidyverse,  rlang,  purrr, 
and  flextable  packages. For each quantitative variable, the 
median and interquartile range (M [Q1; Q3]) were calculated 
separately for each observation day (days 1, 2, and 4) and for 
each distance from the detachment line (0, 2, 4, and 6 cm).

Intergroup comparisons were performed using the 
nonparametric Kruskal–Wallis test; two-sided p-values < 0.05 
were considered significant.

Results
On the first day after injury, muscle fibers along the 

detachment line had completely lost their transverse 
striation and, in several areas, showed fragmentation. In the 
marginal zones, distinct  carbonization  was observed; skin 
flaps were found adjacent to the muscle tissue, and foreign 
bodies such as plant debris and soot particles were present 
within the tissue. In cross-sections, muscle fibers appeared 
disconnected, the endomysium was markedly altered, and 
interfiber spaces were filled with loose fibrin masses (see 
Fig. 1, a). The fibrin impregnation was diffuse and extensive, 
containing occasional leukocytes and erythrocytes. When 
determining the age of fibrin deposits, both young (4–6 hours) 
and mature fibrin areas could be detected within the same 
specimen (see Figs. 1c–1f).

Blood vessels demonstrated pronounced spasm not only 
in small arteries and arterioles (see Fig. 2) but also in veins. 
Characteristic findings included fibrin and hyaline thrombi 
within the lumina of small vessels. Optically empty vacuoles 
observed in some vascular lumina indicated fat and/or air 
embolism.

At a depth of 2 cm from the detachment line, fragmented 
muscle fibers showed partial loss of nuclei. Fibrin masses in 
the endomysium contained numerous erythrocytes, indicating 
hemorrhagic impregnation of the muscle tissue. The color 

Fig. 1. Fibrin in the interstitial fluid of the endomysium: a, skeletal muscle tissue at the site of limb avulsion, 1 day after injury; b, skeletal muscle 
tissue at the site of limb avulsion, 4 days after injury; c, fibrinogen (blue) in the endomysium, 2 cm from the avulsion line, 1 day after injury. Fibrin in the 
endomysial exudate: d, e, fibrin in the endomysial exudate corresponding to an interval of up to 12 hours; f, fibrin in the endomysial exudate corresponding 
to 18–24 hours. Staining: a, b, hematoxylin and eosin; c, immunofluorescence with antibodies to fibrinogen (Alexa Fluor 405); d–f, Martius Scarlet Blue. 
Magnification: a, b, d–f, ×400; c, ×50.
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Fig. 2. Endomysial and perimysial arteries, 1 day after injury, 2–4 cm from the avulsion line: a, air and/or fat embolism, endothelial desquamation; 
b, vascular wall and cellular edema, endothelial desquamation; c, d, partial lumen occlusion by desquamated endothelial cells; e, f, arterial spasm; 
g, partial (semicircular) necrosis and edema of the vascular wall, dissection of the tunica adventitia. Staining: a, b, e–g, hematoxylin and eosin; 
c, immunohistochemistry with CD68 antibodies; d, immunohistochemistry with CD31 antibodies. Magnification: a–d, g, ×400; e, f, ×100.

a

e f g

b c d
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Fig. 3. Damage to striated skeletal muscle tissue (cross-section), 1 day after injury, 2 cm from the avulsion line: a, intrafibrillar hemorrhages; b, c, partial 
destruction of muscle fibers; * denotes an occluded blood vessel with wall edema. Hematoxylin and eosin staining; magnification ×400.

a cb

*

of fibrin on MSB staining corresponded to an estimated 
age of 18–24 hours, which matched the timing of injury. In 
some areas, both the fibrin network and endomysial matrix 
appeared loosened due to edema. Isolated findings included 
intrafibrillar hemorrhages (see Fig.  3a). In addition, this 
region was characterized by partial necrosis (destruction) 
of muscle fibers, with the necrotic zones filled with fine-
granular material (see Figs. 3b, 3c). 

Some blood vessels, without a clear topographic pattern 
relative to the detachment line, exhibited vasospasm. In the 
lumina of several vessels, emboli (optically empty vacuoles) 
were observed, consisting of air bubbles, fat droplets, and 

desquamated endothelial cells (see Fig.  2d). In certain 
cases, edema and partial necrosis of the vascular wall were 
noted, along with asymmetric spasm. Immunofluorescent 
colocalization of fibrinogen and myeloperoxidase (NETs) 
revealed positive signals among sludged erythrocytes within 
the small vessels of the examined region.

Ultrastructural signs of damage were highly 
heterogeneous. In some marginal areas, coagulated tissues 
were identified. Within muscle fibers, disorganization of 
sarcomeric elements was verified, manifested by shortened 
distances between Z-lines and loss of clear boundaries 
between A- and I-bands. The sarcoplasmic reticulum and 
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mitochondria appeared vacuolated, the latter containing single, 
disoriented short cristae within an electron-lucent matrix. 
Death of myosatellite cells was characteristic, evidenced by 
a marked reduction in the volume of vacuolated cytoplasm, 
disappearance of organelles, plasmolemmal rupture, and 
the presence of a large, invaginated nucleus with dense 
chromatin clumps along the nucleolemma (see Fig.  4a). In 
other fields, myosatellite and stromal cells exhibited a more 
electron-lucent cytoplasm. Occasionally, localized dilations 
of the perinuclear space and small chromatin aggregates 
in otherwise light nuclei were observed (see Figs.  4b, 5a). 
The cytoplasm contained dilated cisternae of the rough 
endoplasmic reticulum and heteromorphic, often edematous 
mitochondria, with extensive plasmolemmal disruption.

At the cytoskeletal level, muscle fibers frequently 
demonstrated disorganization of A- and I-bands and loss 
of Z-lines (see Fig. 4c). Some fibers showed fragmentation 
of myofibrils with the normal alignment of Z-lines and 
associated triads (see Fig. 5b). In the rarefied subsarcolemmal 
space, flocculent debris was observed. Intermyofibrillar 
regions contained swollen, vacuolated mitochondria with an 
electron-lucent matrix and residual cristae. The sarcoplasmic 
reticulum was vacuolated. Microvascular structures 
demonstrated marked vascular wall edema and luminal 
narrowing, as well as pronounced perivascular edema, 
destruction of endothelial cells (cytoplasmic and organelle 
lysis), and death of pericytes.

At a distance of 4–6  cm from the detachment line, the 
muscle tissue showed a mosaic alternation of destroyed 
muscle fibers, hemorrhagic impregnation, and moderate 

leukocytic infiltration. In this region, extravasation of 
polymorphonuclear leukocytes was observed. Most muscle 
fibers showed signs of sarcoplasmic material destruction 
(see Fig.  5). Vascular changes were stereotypical: arteries 
and arterioles exhibited spasm and a stellate lumen due 
to folding of the tunica intima; numerous leukocytes were 
visualized in small veins. Single CD68+ macrophages and CD3+ 
T cells were found in the endomysium, closely associated 
with muscle fibers or located perivascularly. CD20+ B cells 
were extremely rare.

In samples obtained two days after injury, the growth of 
rod-shaped microorganisms was detected along the muscle 
tissue at the detachment line, without any reaction from the 
underlying tissues. The muscle tissue showed loss of nuclei 
and fragmentation of muscle fibers; the spaces between fiber 
fragments were filled with fibrin masses containing a few 
wandering cells. The phenomenon of free nuclei was noted 
in several fibers.

At a distance of 2  cm from the detachment line, the 
leukocytic reaction was more pronounced. Histocytic 
infiltration of the edematous perimysium, margination of 
macrophages in arteries, and their infiltration into vascular 
walls were observed (see Figs.  6b, 6c). Necrotized muscle 
fibers underwent phagocytosis by individual macrophages. 
Most arteries remained in spasm; fibrin and hyaline thrombi 
persisted, and signs of embolism could be detected. 
NETs were identified both within thrombotic masses and 
extravasally, in areas of hemorrhagic impregnation.

At a distance of 4–6 cm from the detachment line, there 
was massive hemorrhagic impregnation, fragmentation, and 
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Fig. 4. Ultrastructural changes in striated skeletal muscle tissue, 1 day after injury, 2–4 cm from the avulsion line: a, fragment of a muscle fiber with 
destroyed mitochondria and a degenerated myosatellitocyte; b, destroyed endomysial cell; c, cytoskeleton of a muscle fiber, * indicates mitochondria 
undergoing destruction; d, fragment of a muscle fiber with disorganized myofibrils and destroyed mitochondria, * indicates a capillary with a red blood 
cell, ** indicates edematous basement membrane. Transmission electron microscopy, magnification: a, ×7000; b, ×7500; c, ×14,000; d, ×5500.
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Fig. 5. Ultrastructural changes in striated skeletal muscle tissue, 1 day after injury, 4 cm from the avulsion line: a, fragment of a myosatellitocyte with 
a shrunken nucleus and destroyed mitochondria, * indicates red blood cells in the capillary lumen, partial myofibril destruction and total mitochondrial 
death; b, fragmentation of myofibrils, destruction of mitochondria and triads. Transmission electron microscopy, magnification: a, ×3000; b, ×7000.

destruction of muscle fibers, along with signs of autolysis. 
The leukocytic response was sparse.

The degree of intracellular edema in muscle fibers was 
assessed by measuring their perimeter and cross-sectional 
area at different time points after injury (see Tables  1, 2). 
A significant increase in these parameters was found 
between days 1 and 4 after injury. The severity of edema 
decreased with increasing distance from the detachment line 
(days 1 and 4).

On day  4 after injury, muscle tissue at the detachment 
line was intensively infiltrated with neutrophilic granulocytes, 
with areas of hemorrhagic impregnation. Fibrin deposited 
between muscle fibers appeared homogenized and 
compacted (Fig. 1b). Clusters of reactively altered connective 

tissue elements promoted the early stages of granulation 
tissue development (see Fig. 5d).

At a distance of 2 cm from the detachment line, pronounced 
autolysis of muscle tissue was observed, with massive 
fragmentation of muscle fibers. The tissue underwent lytic 
changes due to the accumulation of a leukocyte-rich exudate. 
Edema, destruction of collagen fibers, and dense leukocytic 
infiltration were observed in the connective tissue matrix of 
the endomysium and perimysium. Single myosymplasts of 
small diameter with intensely basophilic nuclei, arranged in 
rosettes or chains, were detected.

Changes in the vascular bed maintained a stereotypical 
pattern, including mosaic spasm of small arteries and 
arterioles, as well as embolic phenomena of decreasing 
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Fig. 6. Macrophages in the area of muscle tissue injury, 2–4 cm from the avulsion line: a, CD68+ macrophages in the endomysium and phagocytosis of 
a damaged muscle fiber, 1 day after injury; b, margination of monocytes/macrophages in an artery, 2 days after injury; c, monocytes/macrophages in 
a thin-walled endomysial vessel, 2 days after injury; d, monocytes/macrophages in the vascular lumen, within an infiltrate and organizing hemorrhage 
(*), 4 days after injury. Staining: a–c, immunohistochemistry with CD68 antibodies; d, hematoxylin and eosin. Magnification ×400.
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severity. Perfusion indices showed significant changes 
depending both on the depth of injury and on the time since 
injury (see Tables  3, 4). The Wagenvoort index decreased 
from the day of injury, reaching its minimum value by day 4 
at the maximum studied distance (6 cm) from the detachment 
line. The Kernohan index confirmed this trend.

At a distance of 4–6 cm from the detachment line, large 
tissue areas were disrupted by hemorrhages and regions 
containing lipid droplets with early signs of organization and 
massive leukocytic infiltration. Notably, hemosiderophages 
were absent. Thin-walled vessels actively delivered 
polymorphonuclear leukocytes to this zone. The arteries 

remained in a state of spasm. In several cases, the vascular 
wall was densely infiltrated with leukocytes from the tunica 
externa, indicating the onset of vasculitis; however, the 
vessels remained patent.

Given these findings, particular attention should be paid 
to the changes in leukocyte infiltration within the injury 
zones, which reflect both the potential for oxygenation and 
the capacity for leukocyte delivery.

The changes in CD68+ macrophage counts indicated that 
the observed changes were of a diffuse–focal pattern and 
depended on the perfusion status of individual muscle tissue 
regions (see Table 5). The number of CD68+ cells increased 
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Table 1. Perimeter of muscle fibers, μm

Distance from detachment 
line, cm

Time after injury, days
p-value

1 2 4

0 337.07 [282.62; 389.61] 283.55 [185.63; 473.36] 317.05 [265.28; 345.48] 0.0236

2 307.87 [245.18; 386.82] 293.54 [273.83; 351.16] 353.49 [331.95; 409.26] 0.0026

4 242.84 [204.42; 277.99] 297.29 [263.59; 341.02] 328.42 [288.61; 368.76] 0.0000

6 268.53 [237.25; 319.81] 319.57 [279.00; 369.38] 185.89 [130.31; 291.76] 0.0000

p-value 0.0000 0.2511 0.0000 -

Table 2. Cross-sectional area of muscle fibers, µm²

Distance from detachment 
line, cm

Time after injury, days
p-value

1 2 4

0 6110.92 [4522.70; 7794.73] 4827.60 [2196.35; 10927.55] 6153.04 [4754.95; 7892.40] 0.1176

2 5855.90 [3731.12; 8834.94] 5297.20 [4492.88; 7397.70] 6753.65 [5821.00; 9009.75] 0.0660

4 3547.05 [2494.95; 4865.85] 5273.40 [4483.62; 7300.45] 6056.51 [4653.91; 7279.44] 0.0000

6 4212.80 [3279.70; 5636.91] 5866.90 [5212.62; 7903.38] 2330.50 [1066.10; 4992.25] 0.0000

p-value 0.0000 0.0787 0.0000 -
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Table 3. Wagenvoort index

Distance from detachment 
line, cm

Time after injury, days
p-value

1 2 4

0 57.16 [47.52; 63.65] 50.23 [34.80; 57.16] 42.66 [36.64; 48.97] 0.0088

2 51.85 [35.92; 61.39] 41.16 [33.94; 56.62] 61.22 [55.41; 67.19] 0.0163

4 48.37 [35.58; 59.03] 49.33 [35.74; 59.05] 59.66 [46.39; 78.39] 0.3401

6 48.87 [40.76; 61.14] 43.59 [34.08; 50.59] 29.85 [25.57; 36.70] 0.0032

p-value 0.0166 0.8523 0.0001 -

Table 4. Kernohan index

Distance from detachment 
line, cm

Time after injury, days
p-value

1 2 4

0 1.33 [0.91; 1.75] 1.01 [0.54; 1.34] 0.75 [0.58; 0.96] 0.0088

2 1.08 [0.56; 1.60] 0.70 [0.51; 1.31] 1.58 [1.24; 2.06] 0.0163

4 0.94 [0.55; 1.44] 0.98 [0.56; 1.44] 1.48 [0.87; 3.63] 0.3401

6 0.96 [0.69; 1.57] 0.77 [0.52; 1.02] 0.43 [0.34; 0.58] 0.0032

p-value 0.0166 0.8523 0.0001 -
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with the distance from the detachment line and time since 
injury. Deviations from this pattern were likely due to the 
mosaic nature of tissue alterations and the uneven distribution 
of damaging factors and local perfusion disturbances.

A similar trend in expression was observed for T cells 
(see Table 6). CD20+ B cells were detected only sporadically 
at all examined post-injury time points.

Discussion
As aptly stated by Avtsyn, a wartime pathologist (1943–

1945), “From a general biological point of view, a gunshot 
wound can briefly be described as a monstrous experiment 
on a human being by virtue of its brutality” [14]. It is generally 
accepted that in Russian medical practice, the particularly 
destructive consequences of high-energy trauma to tissues 
were first noted by Pirogov, who wrote: “What especially 
distinguishes, in my view, the effect of a projectile on 
tissues is precisely the molecular concussion it produces; 
its boundaries and extent we can never determine precisely” 
[15]. The morphological features of wound channels in 
gunshot and/or shrapnel injuries were described during 
World War I by the German pathologist Borst. He proposed 
the concept of the three-layer structure of the wound canal 
wall. Borst distinguished the following: a zone of tissue 
defect, associated with the impact of the primary shock 
wave and the projectile itself; a lateral wall, representing 
the zone of primary necrosis formed under the influence of 
the lateral shock wave (lateral impact); and a deeper zone of 
secondary necrosis, the development of which depends on 
microcirculatory disturbances within the affected tissues (in 
modern terminology) [16]. World War II and the subsequent 
decades brought new insights into wound ballistics and 
tissue responses to high-energy impacts. Fundamental 
contributions in this field were made by Soviet morphologists 
Davydovsky, Maksimenkov, Dyskin, and others [3, 10].

The experience of armed conflicts throughout the 20th 
and early 21st centuries has shown a steady increase in the 

proportion of mine-blast injuries among combat casualties 
[2, 8–11]. The injuring factors of mine-blast trauma render 
the resulting wound non-identical to a gunshot wound. In 
particular, the classical zoning pattern becomes less distinct. 
According to Klochkov et al. [8], a zone of primary traumatic 
necrosis (zone 1) without clear boundaries forms at the 
border of the detached limb segment. In surgical practice, 
this area has been referred to as the zone of detachment, 
crushing, and tissue separation. The extent of this zone 
may reach 5–35  cm [11]. Zone 1 transitions into the zone 
of contusional and commotional damage (zone 2), which 
can be conditionally regarded as the analog of the zone 
of secondary necrosis (lateral impact), characterized by 
vasomotor disturbances affecting the remaining part of the 
limb segment [8]. However, zone 2 may still contain areas 
of minimally altered or intact tissue [11]. The extent of 
both zones depends on several factors, including the type 
of ammunition, angle of explosive energy application, limb 
position, and other parameters [11]. 

In the present study, we examined areas of muscle 
tissue primarily corresponding to zone 1 and partially to 
zone 2 of mine-blast injury. Structural alterations of striated 
skeletal muscle tissue in regions adjacent to the border of 
the detached limb segment have been previously described, 
demonstrating that they may include the so-called stair-step 
pattern of muscle rupture [8]. In our research, fragmentation 
of muscle fibers was consistently detected in the presence of 
pronounced traumatic edema caused by fibrin-rich exudate, 
resulting in a distinct morphological pattern. Intracellular 
edema was confirmed by daily measurements of the muscle 
fiber perimeter and cross-sectional area (Tables 1, 2). These 
findings are consistent with reports that in the early post-
traumatic period following high-energy injury, tissue changes 
are predominantly alterative and exudative [8, 17].

The mechanisms of tissue damage resulting from the 
gas-dust impact are described in scientific and educational 
publications using various terms. The concept of brisant 
(crushing) action is generally accepted. Together with 
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Table 5. Number of CD68+ macrophages in tissues, per 1 mm2

Distance from detachment 
line, cm

Time after injury, days
p-value

1 2 4

2 36.3 [19.8; 66.8] 19.8 [13.2; 30.5] 153.4 [115.5; 176.5] 0.000

6 64.3 [33.0; 90.7] 57.8 [28.9; 84.2] 82.5 [40.9; 258.6] 0.143

p-value 0.027 0.001 0.202 -

Table 6. Number of CD3+ T cells in tissues, per 1 mm2

Distance from detachment 
line, cm

Time after injury, days
p-value

1 2 4

2 9.9 [6.6; 19.8] 3.3 [0.8; 3.3] 23.1 [6.6; 37.9] 0.000

6 6.6 [3.3; 13.2] 8.2 [3.3; 13.2] 23.1 [13.2; 66.0] 0.000

p-value 0.032 0.005 0.281 -
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the shock wave, it is complemented by the description of 
additional mechanisms—splitting, inertial, and cavitation 
injuries [10]. Examinations of the tissues after injury indicate 
that the damaging factors act not only at the structural but 
also at the ultrastructural level, disrupting membranous 
and nonmembranous organelles, the cytoskeleton, and 
the cellular energy apparatus. Mitochondria, even under 
conditions of high-energy trauma, appear to remain among 
the organelles most sensitive to damage. It is likely that 
local perfusion disturbances—that is, hypoxic (secondary) 
injury—contribute to ultrastructural (molecular) damage.

The hydrodynamic impact generated by the propagation 
of the blast wave through the liquid phase (blood) within the 
vessels undoubtedly causes marked structural alterations 
in the vascular wall. Previous reports schematically depict 
shock-wave splitting injuries as longitudinal ruptures of 
the arterial tunica intima extending into the internal elastic 
membrane [11]. This phenomenon was not observed in our 
study. However, in our study, pronounced spasm of arteries 
and arterioles was repeatedly observed at various distances 
from the detachment line during the initial stage of trauma 
response (the primary neuroendocrine response to injury), 
leading to pronounced folding of the intimal and muscular 
layers. Perfusion index assessment demonstrated that, 
despite the diffuse-focal pattern of changes, generalized 
vasospasm serves as the morphological correlate of the 
immediate response to severe, often combined, trauma 
within the first 24  hours. By the fourth day post-injury, 
both Kernohan and Wagenvoort indices showed changes 
reflecting vessel lumen expansion and, in some cases, 
arterial wall thickening due to edema. This tendency is likely 
a manifestation of the second period of trauma response, 
corresponding to the torpid phase of traumatic shock, which 
is associated with the entry of autolytic products from 
large volumes of necrotizing tissues (fermentemia) into the 
systemic bloodstream, as well as with tissue hypoxia and 
acidosis [6, 8, 18]. At the same time, the muscles showed 
no complete vascular relaxation, with persistently spasmed 
arteries and arterioles remaining in a mosaic distribution 
across different compartments of the muscle.

An evaluation of the leukocytic response in tissues 
following high-energy trauma revealed several distinctive 
features. Numerous leukocytes in the venous bed had been 
noted previously [2]. Vayl regarded this phenomenon as 
reflexive [2]. The tissues at the detachment line, however, 
contained no phagocytic elements for a relatively long period 
(1–2  days) despite pronounced necrotic changes. This may 
be due to persistent disturbances of hemodynamics and 
vascular patency in this region. A delay in the progression 
of all phases of the wound process, from the formation and 
delimitation of necrosis to inflammatory changes, has also 
been reported previously [6, 17].

Specific signs of neutrophil death (NETs), both within 
the intravascular compartment (sludge, thrombi) and in 
hemorrhagic areas, may indicate a high level of microbial 

contamination following mine-blast injuries, as well as 
the activation of nonspecific defense mechanisms (innate 
immunity) already at the early stages of the wound process. 
It is known that possible triggers for neutrophil trap 
formation include bacterial, fungal, and viral infections, 
which can induce this type of neutrophil death through 
pathogen-associated molecular patterns (PAMPs) [19, 20]. 
In addition to the canonical pathway, a second mechanism 
of NET induction has been described, mediated by damage-
associated molecular patterns (DAMPs). These include 
certain cytoplasmic and nuclear proteins, nucleic acids, and 
components of mitochondria, lysosomes, and others [20, 21]. 
The release of these molecules from deeply injured tissue 
structures after high-energy trauma is evident [22, 23]. NET 
release followed by thrombus formation can be regarded as 
a nonspecific protective response of tissues and the body 
as a whole, activated even before the onset of inflammation 
associated with microbial invasion.

No significant signs of purulent inflammation were 
detected during the study period following injury; the 
observed pattern indicated an alterative–exudative process. 
In areas with mosaic preservation of blood flow, monocyte–
macrophage migration developed by days 2–4  after injury. 
A similar trend was observed for T cells, which, according 
to Sidorin [17], provide immunological support for reparative 
regeneration during the formation and subsequent 
remodeling of granulation tissue. The observed increase in B 
cells corresponded to later stages of the wound process [17].

Study Limitations
This study was conducted using tissue samples obtained 

from patients immediately after limb stump amputation 
performed during primary surgical debridement. When 
interpreting the findings, the authors proceeded from 
the assumption that, following severe combined high-
energy trauma accompanied by acute massive blood loss 
and traumatic shock, patients were in a state of systemic 
response to injury. The individual degree of such a response, 
due to objective circumstances, could not be accounted for in 
each analyzed case. The influence of therapeutic interventions 
(analgesia, hemostasis, infusion therapy, and others) also 
remained beyond the scope of discussion, representing an 
important limitation of the present analysis.

Conclusion
The study demonstrated that during the early post-

traumatic period (days 1–4) following high-energy limb injury 
(partial segment detachment), the affected tissues undergo 
changes that include traumatic edema with protein-rich 
fluid accumulation, progressive perfusion disturbances, and 
pronounced ultrastructural damage (molecular concussion). 
Under these conditions, a delay in innate immune and local 
lymphocytic responses predisposes to secondary necrosis 
and complications. 
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Understanding tissue reactions and hemodynamic 
patterns following mine-blast injuries contributes to 
identifying new pathogenetic targets in the treatment of 
wounded patients. In the vast majority of cases, such 
injuries are segmental [6, 8, 10, 11] and do not allow for 
tissue-sparing management; treatment in these situations 
follows the doctrine that amputation should be performed 
within tissues whose damage remains reversible [11]. 
Nevertheless, maintaining tissue viability and developing 
effective approaches for systemic drug delivery to injured 
regions are of a universal nature and may be applicable in 
relevant clinical settings.
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