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Upper and lower limb injuries resulting from battlefield trauma
is a complex multidisciplinary problem. Efficacy of the treat-
ment of segmental bone defects in patients with combat trauma
is a subject of analysis for improving its results. Purpose. An
analysis of the modern treatment strategies of the segmental
bone defects in patients with battlefield trauma under condi-
tions of distraction osteogenesis (based on data available in
the literature and own clinical experience). Methods. Analyti-
cal review of scientific works and analysis of treatment results
of 39 patients with segmental bone defects associated with
battlefield trauma and treated using distraction osteogenesis
were conducted. Results. Patients with segmental limbs defects
require special attention of a multidisciplinary team of special-
ists to identify reconstructive opportunities to save the limb.
Distraction osteogenesis — is an effective method of treating
of segmental fractures and shortening of the limbs, infectious
complications that led to bone defect formation. Bone transport
with ring external fixator (ExFix) is considered as a classical
method. Authors analyzed and illustrated with three clinical cas-
es their own results of application of different distraction osteo-
genesis technique. Conclusions. Different types of ExFix can be
applied independently or in combination with internal fixators.
The use of an intramedullar nail along which distraction osteo-
genesis is carried out allows to provide better control of the axis
of the limb and transported fragment, reduce the residence
time in the ExFix, and, moreover, external fixation devices with
a simpler configuration can be used. Transport along the plate
allows to maintain proper axial relationships in the presence
of short periarticular fragments and improve the quality of fixa-
tion but it also increases the risks of FRI and re-operations.
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Introduction

Injuries of the upper and lower extremities, re-
ceived as a result of hostilities, pose many challenges
to the doctor: much more than in the case of high-energy
injuries in the civilian population. The large amount
of kinetic energy transferred from warheads creates
a wide area of soft tissue and bone damage. In ad-
dition, the “outside-in” explosion mechanism often
leads to significant contamination of the wound with
fragments of clothing, shoes, soil, etc. [1]. The mor-
phology of bone fractures is also atypical and uncha-
racteristic for civilian trauma and cannot be classified
in a standard way. This uniqueness of injuries sig-
nificantly complicates the implementation of a plan
to save the limb, requiring careful preoperative plan-
ning [2]. Early, aggressive wound dressing and irriga-
tion is the cornerstone in the treatment of severe open
fractures [3]. Combat trauma requires careful removal
of all non-viable soft tissue. Avascular, extra-articular
bony tissue without soft tissue attachment should also
be removed, regardless of size. A detailed intraopera-
tive expert evaluation by a traumatologist with subse-
quent consultation of plastic and vascular surgeons is
necessary to save and preserve a functional, non-in-
fected, painless limb [4]. Numerous scoring systems
have been developed to predict the ability to salvage
mutilated limbs.

Due to the high risk of early or late amputation,
special attention should be paid to limbs with a large
defect of both soft tissues and bone associated with
vascular and nerve bundle injury [5].

Purpose: modern strategies for the treatment
of segmental bone defects in patients with combat
trauma using the technique of distraction osteogene-
sis were analyzed.

Material and methods

Literature sources were searched in the PubMed
database with a depth of 12 years. 165 publications
were selected, which give examples of the treat-
ment of segmental bone defects in patients with
combat trauma using the technique of distraction
osteogenesis.

The effectiveness of the method was evaluated
based on the assessment of treatment outcomes in
39 patients, whose primary injury was the result
of a mine-explosive injury, they were treated in the in
-patient orthopedic department of Ternopil Regional
Hospital, TRH. The study was discussed and ap-
proved at a meeting of the Bioethics Committee at
I. Ya. Gorbachevskii Ternopil National Medical Uni-
versity of the Ministry of Health of Ukraine (Protocol
No. 75 dated 1.11.2023).

Results and their discussion

The most common approach when treating pa-
tients with combat trauma is a stepwise one. Thus, ac-
cording to the concept of the military medical service
of France, in the case of a combat injury of the lower
limb, it is necessary to observe the principle of pre-
serving life, limb, function [2]. The doctrine of re-
construction is based on the 6/7/8/9 rule, according
to which the strategies for restoring soft tissues and
lost bone are developed: rehabilitation of the focus
within 6 hours, restoration of soft tissues and/or bone
coverage within 7 days, osteosynthesis and/or recon-
struction of voids in the bone after 8§ weeks, in order
to achieve functional recovery after 9 months [6].

In most hospitals that provide assistance to
the military, early debridement and its subsequent
repetition after 48 hours are considered a standard
treatment protocol for combat trauma [7].

Cement spacers impregnated with antibiotics [§]
are implanted in large bone defects to fill the “dead
space” and obtain a local effect of the antimicrobial
drug in a high concentration. The authors [8] man-
aged to achieve a significant reduction in the wound
cleaning time, a reduction in the number of repeated
surgical treatments before wound closure and the du-
ration of antibiotic therapy.

In most cases, it is necessary to apply negative
pressure wound therapy (VAC therapy) [9].

As soon as the wound becomes stable and there
are no signs of early infection, it is closed. Various
techniques are used for this: plastic surgery with
a split skin graft or a full-layer skin-fascial or mus-
cle flap [10]. Often, the technique of closing the de-
fect with a vascularized flap is used early to combat
infectious complications. A delay in plastic surgery
of the wound is allowed for several days or weeks, if
there are signs of a severe wound infection.

The transition from a temporary monoplanar ex-
ternal fixation device (EFD) installed in the early
stages of care to a more stable annular EFD or to in-
ternal fixation is performed on the condition that no
further treatment of the wound is necessary. Once
the wound has been successfully closed and infection
has been avoided, treatment of the bone defect can
begin.

Based on the classification of AO fractures,
L. Solomin and T. Slongo [11] in 2016 proposed
the following systematization of bone defects: cavi-
tary (type A): Al — diaphyseal, A2 — metaphyseal,
A3 — epiphyseal; wedge-shaped, with preserved con-
tact of the main fragments (type B): Bl — full contact
of the main fragments, the length of the limb is pre-
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served, B2 — partial contact, the length of the limb is
preserved, B3 — partial contact, the limb is shorte-
ned; type C — segmental; type D — with a defect
of the articular surface (Fig. 1).

A treatment option for type A and B defects is bone
grafting with auto-, allografts or bone substitutes.

There are several strategies of bone transplanta-
tion: vascularized and nonvascularized autogenous or
allogeneic [12]. The most common treatment option
for acute and reconstructive defects in traumatology
is bone autotransplantation [13]. An autologous bone
implant can be used in the form of spongy and cor-
tical bones and bone marrow aspirate. It is collected
from the anterior and posterior parts of the pelvis
(with the help of an acetabular reamer), from the in-
tramedullary canal of long bones in case of a need
for a larger volume of bone mass, or from the proxi-
mal part of the tibia or the distal part of the thigh,
for example, in the case of interventions on the foot
or pylon fractures. Good osteogenetic, osteoinduc-
tive and osteoconductive potential make this variant
the “gold standard” for the treatment of partial bone
defects (types A and B according to the classifica-
tion of L. Solomin and T. Slongo). However, problems
in the area of graft collection (pain, formation of lo-
cal hematomas, long-term drainage of the wound,
repeated operations) and its limited amount lead to
complications during the treatment of a certain group
of patients. For example, in persons with severe mul-
tiple limb injuries and bone defects in several areas
and in a group of patients who have a constitutionally
smaller bank of bone mass. The frequency of compli-
cations after taking a bone graft is 8.6 % [14].

Allograft is an alternative means of treatment
of complex bone defects. The absence of pain in
the donor area, the potentially “unlimited” quantity
and the ready-to-use state make it a desirable alter-
native to bone graft for surgeons and patients. How-
ever, the processing and storage process (freezing and

A B C D

Fig. 1. Types of bone defects

freeze-drying) reduce its osteogenic and osteocon-
ductive potentials [15].

In the literature [16], the prospect of using
the strategies of injection engineering of bone tissue
and osteogenic cell sheet is quite clearly analyzed, in-
dicating certain limitations, due to the complexity and
ineffectiveness of these methods in clinical practice,
especially for the restoration of defects of large seg-
mental bone, which bears the load. The experiment
demonstrated a good potential of osteoinductive cal-
cium phosphate bioceramics during the regenerative
repair of large bone defects that are loaded [17]. Al-
kindi M. et al. [18] evaluated the effectiveness of con-
trolled bone regeneration of the rat femur using os-
teoconductive horse bone grafts and beta-tricalcium
phosphate without platelet-derived growth factor. In
the future, it may be a potential clinical alternative
for the reconstruction and regeneration of segmental
bone defects. Yingkang Yu. [19] in an experiment on
rabbits proved the perspective of combining a matrix
obtained from progenitor cells with a hydrogel.

For the treatment of segmental bone defects,
the techniques of induced membranes or distraction
osteogenesis are used. Shen Z. et al. [20] in experi-
mental models tried to answer the question about
the influence of the size of the segmental bone defect
on the choice of treatment method. The use of the in-
duced membrane technique had better results for
the largest bone defects, and distraction osteogene-
sis — in the case of small and medium-sized defects.
The authors point to the need for further research and
emphasize caution and caution in extrapolating these
findings to relevant models in humans.

The clinical results of the treatment of segmen-
tal bone defects of the lower limbs after post-trau-
matic osteomyelitis [21] have already demonstrated
a better functional effect from the use of the induc-
tion membrane technique in the case of femoral bone
damage, and distraction osteogenesis in cases of limb
deformity and peri-articular bone defects. However,
Akgun U. et al. [22] point out the limitations of this
study that may distort the results, namely the ratio be-
tween patients of 1:4 and the comparison of processes
in bones with different vascularization.

The technique of induced membranes is a method
of treatment of bone defects that uses cancellous bone
autograft shavings. This technique is most effective
when treating segmental bone defects, or in the case
of necrotic or infected bone tissue. It was initiated by
Masquelet [23], it includes two stages. At the first,
a radical treatment is carried out with the removal
of non-viable or infected bone, then a stable fixation
is achieved and a block of cement spacer is placed
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in the area of the defect. After 4—8 weeks, when
a self-induced periosteal membrane is formed, the ce-
ment spacer is removed and the defect is replaced with
a cancellous bone graft [24]. That is, the probability
of graft resorption decreases and the possibility of its
revascularization and coagulation increases. Clini-
cal studies prove the effectiveness of this technique
without recurrence of infection in septic and aseptic
non-unions of the lower leg and diaphyseal bone de-
fects. Also, the effectiveness of the autologous bone
graft is increased by increasing the mechanical sta-
bility through the cement spacer. Osteogenicity also
increases due to significant vascularization of the pe-
riosteal membrane caused by the location of the ce-
ment spacer [23]. Using this technique, 80—-100 %
fusion is achieved in the case of long-term follow-up
of patients [25]. The most common complication is
recurrent infection, which, according to Morelli
[26], accounts for about half (49.6 %) of all compli-
cations during the treatment of open tibial fractures
with segmental defects. The following in frequency
are the need for additional bone grafting, repeated
fractures of the bone regenerate, and a combination
of complications: non-union, resorption of the regene-
rate, infection that leads to limb amputation.
Considering the risks of infectious complications,
the most common method of treatment of segmental
bone defects in combat trauma, especially of the lower
extremities, is the technique of distraction osteogene-
sis [13]. This is a biological process of new bone for-
mation between bone segments, which are gradually
separated under the influence of increasing gravity.
At the same time, there are signs of active histogene-
sis occurring in the surrounding soft tissues — skin,
fascia, muscles, blood vessels, and peripheral nerve
fibers, which make it possible to significantly move
the bone. From a biological point of view, distraction
osteogenesis, starting with a violation of the integrity
of the bone and throughout the entire evolutionary
process of transforming the regenerate into a full-
fledged bone tissue, can be divided into the following
stages [27]: osteotomy, induction of inflammation,
formation of soft or hard bone callus, remodeling.
Three periods of distraction osteogenesis are dis-
tinguished: latent, distraction, and consolidation [28].
Distraction osteogenesis begins with the forma-
tion of fibrous tissue — a soft bone callus — along
the distraction axis at the osteotomy site [29]. With
gradual stretching of the soft bone callus, its fibers
are located parallel to the direction of distraction.
Between the 3rd and 7th days, capillaries grow into
the fibrous tissue, expanding the vascular network not
only in the direction of the center of the distraction

gap, but also in the medullary canals of both bone
fragments. Often, the newly formed vessels in the dis-
traction regenerate have a spiral course and numerous
circular folds, as a result of which the speed of their
growth significantly exceeds the course of the dis-
traction, and the process of vessel sprouting during
normal fracture healing is 10 times higher [30].

During the 2nd week of distraction, primary os-
teons begin to form, osteogenesis processes are initi-
ated on the existing bone walls and progress towards
the center of the distraction gap. At the end of this pe-
riod, the osteoid begins to mineralize, the distraction
regenerate has a specific zonal structure. In the center
of the distraction gap, where the influence of stretch-
ing forces is maximal, there is a weakly minerali-
zed radiolucent fibrous intermediate area, which is
the center of fibroblastic proliferation and the forma-
tion of fibrous tissue. On its periphery, there are two
areas with longitudinally oriented cylindrical primary
osteons, which are covered with a layer of osteoblasts
and grow in the direction of each other. This regional
distribution of the formed bone tissue is preserved
until the end of the distraction period. Two additional
areas of primary remodeling of osteons are formed,
which are localized at the border of the regenerate
and bone fragments. After the end of the distraction
period, the fibrous intermediate zone gradually os-
sifies, and another clearly visible area of coarse-fi-
brous bone tissue connects the bone fragments with
abridge. In the process of maturation of the regene-
rate, the zone of primary osteons significantly de-
creases and is completely resorbed. In the following
months, the newly formed bone strengthens parallel
to the fibers and lamellar bone. The last stage of corti-
cal reconstruction is Haversian reconstruction.

At the end of the distraction period, the first radio-
logical signs of bone tissue regeneration are mostly
revealed: the bone regenerate is oriented along the di-

Fig. 2. Radiograph after
installation of EFD
(direct and lateral
projections)
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Fig. 3. X-ray (direct and lateral
projections). Fixation of the tibia
with a rod. Cement “beads” in
the area of the defect

Fig. 4. Radiographs in direct
and lateral  projections.
Distraction is carried out along
the IM rod. Bone regenerate is
formed

Fig. 5. Consolidated regenerate
and the joint area of bone
fragments

rection of distraction and is divided into three parts:
two of greater density, which are adjacent to the re-
maining bone segments, and a central radiolucent
area.

The duration of the period of active distraction de-
pends on the distance to which the segment is trans-
ported and the type of bone movement, which can
be uni-, bi- and trifocal. The period of consolidation
(holding phase), during which active mineralization

Fig. 6. Treatment of a segmental defect of the upper 1/3
of the thigh with distraction EFD along the PFNA rod: a) first
stage; b, ¢) second stage; d) CT control after 6 months.

Fig. 7. Treatment of a segmental defect of the lower leg with
a length of 160 mm by trifocal (antegrade and retrograde) bone
transport and ring EFD (radiographs: a) during hospitalization;
b) after fixation with a ring EFD and performing osteotomies —
direct projection; c) side projection); d, e) clinical photos
of the lower extremity in the ring EFD

of the distraction regenerate takes place, lasts from
the end of traction to the moment of removal of this
device. For the most part, its duration should exceed
three times the duration of the distraction period and
varies depending on the patient's age. Bone matura-
tion with the final formation of a normal structure
lasts about a year or more [31].

Today, the possibilities of distraction osteogene-
sis in the treatment of combat trauma of the limbs
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include transport: EFD (monolateral, bilateral, circu-
lar); EFD along the intramedullary rod; EFD along
the plate; self-growing intramedullary rods.

We analyzed our own clinical cases with segmental
bone defects and limb shortening for the period 2019—
2023. 39 patients (37 (94.87 %) men and 2 (5.13 %)
women). Average age (37.36 + 2.11) years (the oldest
patient — 68 years, the youngest — 19 years). The ave-
rage size of the defect is (115.28 £+ 6.78) mm (the larg-
est is 195 mm, the smallest is 50 mm). Abnormality
of the lower limb was diagnosed in 38 cases (segmen-
tal defects of the hip — 9, lower legs — 29), of the up-
per limb — 1 person (segmental defect of the ulna).
According to the execution technique, mono- and
bilateral distraction osteogenesis was performed in
13 (33.34 %) patients, annular — 11 (28.20 %), EFD
along the rod — 10 (25.64 %), EFD along the plate —
4 (10.26 %), EFD along the TEN — 1 (2.56 %).

According to the type of bone transport, the pa-
tients were divided as follows: retrograde — 14, ante-
grade — 18, their combination — 3, distraction — 2,
antegrade trifocal — 1 case.

Soft tissue plastic surgery was performed on
25 (64.1 %) atients, 14 (35.9 %) did not require it. We
are currently analyzing treatment outcomes in pa-
tients, which we are going to publish later.

Below are the clinical cases that illustrate
the given method of treatment.

Clinical case No. 1

Treatment of a gunshot injury of the lower leg with
a bone defect by the method of distraction osteogene-
sis along the rod

A 3l-year-old patient, diagnosis: gunshot wound
through the lower leg with a multifragmentary frac-
ture of the tibia with a defect, a fracture in the sub-
capital part of the fibula. Primary surgical treatment
of the wound and external stabilization of the frac-
ture were performed in the hospital at the patient's
place of residence (Fig. 2). On the 7™ day, the patient
was transferred to Ternopil Regional Hospital. On
the 8" day, a secondary surgical treatment of the leg
wound was performed, the EFD was removed,
the tibia was fixed with an intramedullary rod, and
the soft tissue defect was filled with cement “beads”
with gentamicin (Fig. 3).

After 5 days, the cement “beads” were removed
and sewn up. The wounds healed, there was no dis-
charge from them. After 3 weeks, an osteotomy
of the upper 1/3 of the tibia was performed and a dis-
traction EFD was installed on the anterior-medial sur-
face. The latent period was 10 days. On the 11" day,
distraction was started at a speed (0.25 mm X 4 times
a day).

Fig. 8. X-ray in
2 projections after
the end of bone transport
and plastic  repair
of the joint area with
bone autograft + bioglass
(BoneAlive)

It was carried out for 65 days before reaching
the junction of the main fragments (Fig. 4). After that,
plastic “joint area” was performed with cancellous
bone autograft from the back of the pelvis, separated
by an acetabular rimer. After 2 months, due to pro-
gressive signs of fracture union and reconstruction
of the regenerate, the EFD was removed.

The patient started to undergo complex rehabili-
tation treatment. After 8 months progressive ossifi-
cation of the bone regenerate and consolidation in
the “site of the junction of fragments” were noted.
The intramedullary rod was left in place (Fig. 5).

Clinical case No. 2

Treatment of a segmental defect of the upper 1/3
of the thigh with distraction EFD along the PFNA rod

A 20-year-old patient, diagnosis: segmental defect
of the upper 1/3 of the femur about 145 mm. He visi-
ted our institution 9 months after the injury. Internal
fixation of the femur with a PFNA rod (Synthes), os-
teotomy of the lower 1/3 of the femur was performed,
EFD was installed on the lateral surface of the thigh
with a distraction device (Fig. 6, a). The latent pe-
riod was 10 days, the distraction rate was 0.25 mm x
4 times a day. After completion, the EFD was re-
moved, decortication and bone plasty of the “joint
area” with a bone autograft, and augmentation with
an LCP plate on the lateral surface were performed
(Fig. 6, b, c). After 6 months computer tomography
(Fig. 6, d, ) showed ossification of the bone regenera-
te and consolidation in the “joint area”.

Clinical case No. 3

Treatment of a 160 mm long segmental defect
of the tibia by trifocal (antegrade and retrograde)
bone transport with ring EFD

A 54-year-old patient, mine-explosive injury
of the lower limb. He was hospitalized 6 weeks af-
ter the injury, with a diagnosis of a segmental tibi-
al defect of 120 mm, a shortening of the lower limb
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of 40 mm, and a soft tissue defect of the anterior sur-
face of the tibia in the middle third. The extremity
was stabilized by monolateral EFD (Fig. 7, a). Af-
ter closing the soft tissue defect with a rotational
muscle flap and a split skin graft, soft tissue healing
was achieved. Fixation of the shin in the ring EFD
was carried out, two osteotomies were performed
(in the upper 1/3 and in the lower 1/3 of the shin)
(Fig. 7, b, ¢).

First, the length of the limb was corrected by
distraction on the lower ring, and then the manage-
ment of the segmental defect by counter bone trans-
port. Appearance of the limb (Fig. 7, d, e). X-rays
(Fig. 8) after the end of bone transport and plastic
repair of the joint area with bone autograft + bioglass
(BoneAlive).

Conclusions

Distraction osteogenesis is an effective method
of treating segmental defects and limb shortening
in patients with combat trauma and infectious com-
plications that led to the formation of the defect.
The use of an intramedullary rod, along which dis-
traction osteogenesis is carried out, allows better con-
trol of the axis of the limb and the transport frag-
ment, reduces the time of EFD administration, and
the fixation devices can be of a simpler configuration.
Carrying out transport along the plate can be used
to maintain the correct axial relationships in the pre-
sence of short peri-articular fragments and improve
the quality of fixation, but increases the risks of FRI

and reoperations.
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