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Abstract
Introduction The list of pathological conditions that need surgical correction of bone length is very long. In the literature on the 
topic under discussion, it is reported that the best results are obtained by lengthening according to the Ilizarov method. But many 
surgeons are not satisfied with the long duration of external fixation, which requires a large number of adjustments and patient 
compliance. The aim of this work is a analysis of the modern technologies for limb lengthening that actually shorten the time of 
osteosynthesis using the apparatus for external fixation. Materials and methods Literary sources have been analyzed since the first 
publication on limb lengthening according to Ilizarov in 1963. The search was carried out in the databases of the RSCI, NCBI Pubmed, 
Medline. The developments of the employees of the Ilizarov Center are presented. Results An analysis of the literature showed that 
the fixation units of the apparatus, units for providing movement for distraction, compression and correction of angles have been 
improved. The invasiveness of the surgical intervention is minimized. Best results can be obtained using automatic lengthening. The 
Ilizarov Center has developed and experimentally proven methods for reducing the period of distraction and the period of fixation 
with the apparatus. We combined three factors: an increased round-the-clock distraction rate (2 or 3 mm) with a motorized distractor 
adjusted to the Ilizarov frame and fixation reinforcement along with regeneration stimulation with HA-coated intramedullary wires 
in our experimental and clinical trials. This technology has easily conquered a number of clinical practices in Russia, France and 
Serbia. Conclusion Experimental and clinical substantiation of a two- or three-fold increase in the rate of automated distraction in the 
conditions of intramedullary reinforcement with a bioactive implant can drastically reduce not only the time of the distraction period, 
but also the duration of the fixation period with the Ilizarov apparatus.
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INTRODUCTION

Distraction osteogenesis developed by G.A. Ilizarov 
is a unique method of bone tissue bioengineering due 
to its ability to generate vascularized bone tissue in 
vivo that features the micro – and macrostructure of 
the native bone. Moreover, the surrounding soft tissues 
simultaneously undergo regeneration and stretching due 
to tension stress [1–5]. The successful evolution of the 
distraction osteogenesis techniques resulted in creation 
of a number of methods for management of various 
orthopaedic pathologies such as bone shortening in the 
upper and lower extremities, bone defects and bone 
deformities.

The Ilizarov method for correction of limb 
length discrepancy (LLD) remains relevant up to 
date although new technologies based on distraction 
osteogenesis have appeared [6–11]. Its main principles 
are stable osteosynthesis, maximum preservation of 
the bone marrow osteogenic potential, periosteum and 
paraosseous tissues, partial corticotomy, optimal rate 
and rhythm of distraction, and functional load on the 
limb during treatment. The list of pathological conditions 
that need surgical correction of bone length is very long 
but the main ones are systemic diseases of the skeleton, 
congenital and post-traumatic bone shortening, and 
osteomyelitis [11–15].

The literature on the topic under discussion reports 
that lengthening with the Ilizarov method provides the 
best results in the treatment of such conditions [6, 16]. 
However, the expansion of the external fixation practice 
across the world revealed a number of complications 
that may lead to poor results [17–22]. The causes of 
complications are seen primarily in the loss of fixation 
stability during a long period of osteosynthesis, bone 
resorption and soft-tissue infection around metal wires 
and half-pins. Many surgeons, paying tribute to the 
advantages of the Ilizarov apparatus, are not satisfied 
with the long duration of external fixation that needs a 
lot of adjustments and patients’ compliance. Significant 
discomfort and worsened quality of life are important 
issues [21]. Complications also occur with other limb 
lengthening technologies [23].

Indeed, according to the reported data, a limb 
lengthening index of 30 days/cm is considered to be 
excellent, while 45 days/cm and 60 days/cm are good 
and satisfactory indices [18, 24]. Eralp L et al reported 
the mean healing index equal to 1.65 months/cm [25]. 
The index of lengthening varied from 0.7 to 5.9 months/
cm depending on age, etiology, bone segment involved 
and the magnitude of lengthening in the study of 
Koczewski P and Shadi M [26]. In our opinion, such 
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a longe time of osteosynthesis really increases the 
likelihood of soft tissue inflammation around the 
connection elements (ES) of the Ilizarov fixator, wires 
and half-pins. Thus, during the terms reported, the risk 
of soft tis-sues inflammation around the communication 
elements (CE) of the Ilizarov frame, wires and half-pins, 
really increases.

Most surgeons, using external fixation devices and 
G.A. Ilizarov’s technology of lengthening, passively 
monitor the consolidation process and do not set 
tasks to reduce the time of osteosynthesis. Only at the 
Ilizarov Center at the end of the 20th century the works 
appeared aimed at increasing the rate of distraction and 
osteogenesis stimulation.

The aim of this work is a review of the modern 
technologies for limb lengthening that actually shorten 
the time of osteosynthesis using the apparatus for 
external fixation.

Current technologies of Limb Length Lengthening
Сolossal changes have occurred both in the design 

of the Ilizarov apparatus itself and in the lengthening 
technology since the first publication on the Ilizarov 
limb lengthening in 1963 [1, 6, 16, 27]. The fixation 
units of the apparatus (supports and wires), nodes of 
providing motion for distraction, compression and 
angular correction (rods, hinges, beams) have been 
improved. The surgical intervention invasiveness has 
been minimized to preserve blood supply to the bone 
and the functional ability of paraosseous tissues [28, 29].

Greater efficiency in surgical limb lengthening was 
achieved by the technology of round-the-clock high-
frequency rate of distraction implemented with the 
latest version of the automated distractor designed at our 
institution (patent for utility model No. 30073 RU by 
Shevtsov V.I., Burlakov E.V., Nemkov V.A. obtained in 
2003). The principal solution to the problem of controlled 
distraction was the emergence of distractors with an 
autonomous control program for each node of transport 
[28]. Attempts to automate the lengthening process 
were undertaken by other researchers on the basis of 
plating and external fixation devices, but they have not 
found wide application in the clinical condi-tions due to 
failures and high costs [11]. In recent years, motorized 
intramedullary nails have been used to lengthen limb 
segments through distraction osteogenesis [6, 30–32]. 
This technology features invasiveness of surgical 
intervention, especially when revising and removing 
the nail. It is impossible to use it for associated multi-
planar deformities. Moreover, it shows low reliability in 
case of systemic diseases of the skeleton. High costs of 
the products even for Western Europe are its significant 
disadvantage.

The Ilizarov Center has accumulated sufficient 
experience in the design and clinical use of automated 
distractors [28, 33–35]. The automatic round-the-clock 
high-frequency mode of limb lengthening is tolerated 
by patients much easier (almost painlessly) com-pared 
to the classical method of lengthening with the Ilizarov 

apparatus with the daily rate of distraction of 1.0 mm 
achieved within 10–12 hours of daytime in 4 doses of 
0.25 mm. No inflammation of the soft tissues in the area 
of the wires (more than 90 % of pa-tients), no edema of 
the elongated limb, no disturbances in sensitivity were 
observed in the cases of automated distraction. Mild 
inflammations were stopped by conservative treatment. 
The patients were more active and increased functional 
weight-bearing, which undoubtedly had a positive effect 
on reparative tissue regeneration. All patients achieved 
the planned amount of segment lengthening while the 
number of complications decreased.

Moreover, radiological studies established a greater 
intensity of bone formation in the conditions of automated 
distraction if 1 mm was achieved daily for 60 increments 
[33, 34, 36]. On the 10th day of distraction, the first 
signs of bone regeneration were detected represented 
by a light shadow filling the distraction gap between 
the bone fragments. In classical Ilizarov distraction, the 
same signs were seen two weeks later. Further length-
ening revealed a continuous bone regenerate of uniform 
density formed without the signs of the so-called 
"regenerate growth zone". It indicates a high reparative 
bone activity stimulated by automated distraction. 
The optical bone regenerate density (40–50 % of the 
one of the diaphysis of the lengthened segment) was 
maintained the entire period of distraction and reached 
90–100 % after 1.5–2 months of the fixation period. The 
optical density of bone regenerate in the regular mode of 
distraction reached 70–80 % only after 3 to 4 months of 
fixation. A study of the quantitative content of minerals 
showed a higher content of minerals in the distraction 
regenerate in the conditions of automated distraction 
compared to the classical one [34, 36].

One of the most important tasks that the patient always 
sets before the doctor is the reduction of the duration 
of external fixation and functional rehabilitation. The 
optimal daily rate and frequency (rhythm) of distraction, 
which are one of the basic principles of distraction 
osteogenesis, may also solve this problem. In the 
conditions of automated limb lengthening, the external 
fixation index (from the moment of the operation to the 
moment of dismantling the Ilizarov apparatus) remains 
within the excellent level (30 days/cm).

In recent years, we have been paying special 
attention not only to increasing the rate of distraction, 
but also to shortening the duration of the fixation period. 
Fundamental studies of reparative regeneration at the 
tissue, cellular and molecular levels enabled to propose 
several ways to accelerate the process of regenerate 
mineralization in the fixation period. Thus for this 
purpose, a culture of fetal fibroblasts, blood plasma, 
and acute phase blood proteins were introduced into 
the growth zone of the distraction regenerate. Pre-
clinical trials of such technologies enabled to achieve 
the consolidation of bone fragments in 2 or 3 weeks. In 
clinical practice, a modified blood plasma preparation 
containing bone growth-regulating factors from the 
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same patient was successfully used. It was harvested in 
the first week post-surgery and was administered in the 
fixation period, if consolidation was delayed. Similar 
results have been obtained by other authors [37]. The 
method is effective, but needs expensive production 
means. Promising results were obtained in the studies 
that investigated the effect of some physical methods on 
reparative osteogenesis: hyperbaric oxygenation, pulsed 
ultrasound, mechanical effects [38–45].

Also, active searches are currently underway for 
effective methods of stimulating distraction osteogenesis 
with various pharmacological substances of general and 
local action [46- 49].

Ways of Accelerating Bone Lengthening Terms in 
External Fixation

The orthopaedic surgeon practicing distraction 
osteogenesis divides the entire pro-cess of lengthening 
procedure into two large periods, the period of distraction 
or direct lengthening, and the period of fixation, the time 
of mineralization of the regenerated organic matrix or 
regenerate consolidation. Our studies convincingly prove 
that a fundamental reduction in the total timing is possible 
due to decrease in the terms of both periods [34–36].

G.A. Ilizarov and the researchers of our institute 
found experimentally the optimal rate of bone distraction 
of 1 mm/day for bone tissue regeneration with the 
apparatus that has been acknowledged as the classical 
one. Simple calculations showed that with round-the-
clock (24 hours) automated bone lengthening, the real 
distraction rhythm is only 0.04 mm/h against 0.08 mm/h 
with classical Ilizarov lengthening by which 1 mm is 
achieved only during the daytime. The earlier mechanical 
biological studies of other re-searchers showed that high 
distraction rates may impair vascularization and local 
blood supply to the regenerated bone and thus prolong 
its healing. It may result in the formation of cartilaginous 
and fibrous tissue in the distraction gap preventing 
consolidation [50]. From the other side, high frequency 
of distraction at the standard rate may not control bone 
cell differentiation and subsequent bone formation and 
cause premature consolidation [51]. However, high 
daily rate along with low frequency of distraction may 
result in chondroid or fibrous tissue instead of bone 
tissue in the distraction gap. In this case, osteogenesis 

stimulation is required for improving regeneration [52].
Therefore, we combined three factors: an increased 

round-the-clock distraction rate (2 or 3 mm) with a 
motorized distractor adjusted to the Ilizarov frame 
and fixation reinforcement along with regeneration 
stimulation with HA-coated intramedullary wires in our 
experimental and clinical trials.

Indeed, an experimental increase in the rate of 
automated distraction up to 2 and even 3 mm/day did 
not reveal any fundamental radiological differences 
in the intensity of bone regeneration (Fig. 1). The 
morphological study of the features of the regenerative 
process in automated high-frequency lengthening of the 
tibia of mongrel dogs showed significant differences in 
the structure of the distraction regenerate in comparison 
with the classical rhythm, both in the period of distraction 
and in the period of fixation [53].

This was expressed in a higher content of the bone 
component in the regenerates with automatic highly 
fractional limb lengthening, the proportion of which 
decreased with increasing tempo. However, in all cases 
after the cessation of distraction, by the 30th day of 
fixation of the limb in the apparatus, supportable bone 
regenerate was formed in the interfragmentary diastasis. 
Thus, high-frequency automated distraction (3 mm with 
120 increments day per) may reduce the external fixation 
period in tibial lengthening by 31 % in comparison with 
the classical Ilizarov technique [34, 53].

One of the simple but very promising ways to stimulate 
reparative regeneration of bone tissue is the technology 
of combined Ilizarov osteosynthesis and intramedullary 
elastic reinforcement with titanium hydroxyapatite-
coated wires [54, 55]. According to ex-perimental studies 
conducted at our institution, it does not contradict the 
principles of the Ilizarov method and ensures the safety 
of intramedullary blood supply. This technology has 
easily conquered a number of clinical practices in Russia, 
France and Serbia. Simplicity and efficiency in terms of 
reducing the osteosynthesis time allow this method to 
compete with lengthening technologies using the Ilizarov 
apparatus on massive in-traosseous implants that destroy 
the bone marrow foreign intramedullary implants used 
for LLD correction [14, 30]. It primarily relies on the 
osteogenic potential of the bone marrow.

Fig. 1. Radiographs and histotopograms of the regenerate tibia of the lower leg of the experimental animal at the end of the distraction period 
for 3-cm lengthening taken by different rates of automated lengthening: a – 1 mm per day for 30 days; b – 2 mm per day for 15 days; c, d – 
3 mm per day for 10 days
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Experimental and clinical substantiation of a two- or 
three-fold increase in the rate of automated distraction 
in the conditions of intramedullary reinforcement with a 
bioactive implant can drastically reduce not only the time 
of the distraction period, but also the duration of the fixation 
period with the Ilizarov apparatus. An experimental trial 
of the new technology of high-frequency distraction 
osteogenesis (3 mm/day with 120 incre-ments) and 
combined osteosynthesis is presented in Figure 2. The 
Ilizarov apparatus in this case was dismantled almost 
immediately after the end of the distraction period and 
the mechanical strength of the regenerate strengthened 
with an HA-coated intramedu-allary wire was sufficient 
to avoid complications such as its deformation or fracture 
in the follow-up period of six months.

In a clinical trial of this technology, the Ilizarov 
apparatus was removed early after a two-week fixation 
period due to purely subjective reasons, both on the part of 
the patient and on the part of surgeons (Fig. 3). The femur 
in this patient was shortened by 2.5 cm after a comminuted 
intertrochanteric fracture treated with intramedullary 
nailing. The patient wished to remove the intramedullary 
nail and restore the length of the thigh within 1–1.5 months. 
The intervention was performed on 21.08.2015 and 
included removal of a foreign body, introduction of two 
HA-coated intramedullary wires, placement of the Ilizarov 
frame supplied with a device for automated high-frequency 

distraction rate of 2 mm/day. The fixation period continued 
two weeks, so the index of osteosynthesis was 13 days/
cm. It should be noted that the patient could walk with full 
load on the operated leg immediately after dismantling 
the Ilizarov apparatus. The follow-up three months later 
showed complete functional recovery.

In delayed consolidation, a way of stimulating the 
distraction regenerate has been proposed by acute one-step 
compression stress executed to the distraction regenerate 
(Fig. 4) [56]. This technique works well with the classic 
Ilizarov limb lengthening, with automated round-the-
clock lengthening, as well as with combined distraction 
osteosynthesis.

The supports of the Ilizarov apparatus were brought 
together so that the trabecular structures of the regenerate 
could contact. The average compression stress experienced 
by the distraction regenerate was 1.92 ± 0.26 kgf/cm2. 
It was proven that due to compression the trabecular 
structures got in contact with each other and, due to their 
high mineralization, did not collapse under the impact of 
applied compression forces. The latter were sufficient to 
crush the connective tissue layer in the regenerate. After 
two to 3 weeks of fixation, the diameter of the regenerate 
exceeded the diameter of the adjacent bone fragments by 
one to 3 mm, and consolidation was revealed (Fig. 5). On 
the periphery of the regenerate, the shadows of the cortical 
plate undergoing formation were determined from all sides.

Fig. 2. Combined distraction osteosynthesis of the canine lower leg performed with the optimal mode of automated distraction (distraction 
rate – 3 mm/day, the period of distraction – 10 days): а – X-rays on the day of the end of distraction; b – X-rays and histotoporama on the day 
of the end of fixation with the Ilizarov apparatus (X-rays before dismantling and immediately after dismantling the Ilizarov apparatus, index of 
osteosynthesis – 7 days/cm); c – X-rays and histotopograms of the tibia 6 months later

Fig. 3. Patient, 42 years old, diagnosed with 2.5-cm post-traumatic shortening of the right thigh, foreign body in the right femur: a – photo 
of the patient and radiographs of the bones of the lower extremities before surgery; b – radiograph of the right femur on the day of surgery 
(corticotomy, combined osteosynthesis); с – patient in the course of treatment; d – radiograph of the right femur on the day of distraction 
completion; e – radiographs of the right femur after two weeks of fixation on the day dismantling the Ilizarov apparatus; f – radiographs of the 
right thigh three months after dismantling the apparatus
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Fig. 4. Diagram of performing 
distraction regenerate compression 
(on the left) and histotopogram in 
the contact zone of bone trabeculae 
(on the right)

Fig. 5. X-ray of the canine lower leg by performing one-step compression: a – 35 days of distraction, in the center of the distraction regenerate, 
a translucency zone with a height of 5 mm is visible, which is called the "zone of the distraction regenerate growth"; b – compression of the 
regenerate, mineralized areas of the distraction regenerate are in contact, and there is no “zone of the distraction regenerate growth”; c – 19 days 
of fixation, the frame was removed; d – 30 days without the frame

Clinical practice has confirmed that this technology 
for stimulating distraction regenerate allows the bone 
fragments to be brought closer to the height of the 
"growth zone" which averaged 5.0 ± 1.0 mm. Therefore, 
it is recommended to overlengthen the limb segment to 
the height of the "growth zone" and then proceed to 
compression.

In combined technology with automated high-
frequency distraction, the intensity of reparative 
regeneration is high and the “growth zone” of the 
distraction regenerate is usually not traced, therefore, 
immediate compression after the completion of 
lengthening will not results in the loss of limb length. 
The intensity of mineralization of the distraction 
regenerate is significantly higher in intramedullary 
osteosynthesis with HA-coated wires, and the content 
of mineral substances in the "growth zone" of the 
regenerate is 2 times higher compared to the classical 
Ilizarov elongation method.

The level of distraction efforts and their dynamics 
are influenced by such factors as the etiology of the 
disease, the amount of shortening, atrophy of soft 
tissues, muscle strength and range of motion in adjacent 
joints, extension of scar tissue due to previous surgical 
interventions, invasiveness of surgery. However, the 
greatest distraction efforts (65–74 %) developed by 
the apparatus are due to resistance from the distraction 

bone regenerate. Optimal tension at the beginning of 
distraction is provided by a low-traumatic technique of 
partial compactotomy and is explained by the maximum 
preservation of soft tissue connections between bone 
fragments (muscles, fascia, periosteum, vessels, etc.). 
The higher the level of distraction forces at the beginning 
of lengthening, the more optimal the dynamic curve 
will be, the shorter the treatment time. The magnitude 
of the daily increase in distraction efforts is inversely 
correlated with the time of fixation of the limb, while 
the technique of surgical intervention and the rate of 
distraction are of great importance. The implementation 
of the Ilizarov method achieves a daily increase in efforts 
from 3 to 9 kg, depending on the etiology of shortening, 
the magnitude of elongation and other objective factors.

In a clinical setting, individual dynamic control over the 
distraction efforts of each patient is important as the forces 
experienced by the external fixation apparatus continuously 
increase during the lengthening process. Under these 
conditions, the time of fixation, and, consequently, the 
total period of treatment is the shortest. Sudden drops in 
distraction forces are associated with the fact that the rate 
of distraction begins to exceed the rate of bone formation, 
and the continuity of the regenerate may disrupt. Thus, a 
decrease in the rate of distraction or even a temporary 
cessation of limb lengthening is required. Therefore, 
control over the dynamics of distraction efforts becomes the 
most important condition for programming the operation 



Genij ortopedii. 2022. Vol. 28, no. 4589

Literature review

of a robotic automatic distractor and control of the limb 
lengthening process based on feedback principles.

The patient has the right to expect a good functional 
result in terms of both the range of motion in the joints 
and muscle strength, full blood supply and trophism 
of the limb. The experimental studies allowed us to 
determine previously unknown mechanisms of the 
distraction bone regenerate formation in the conditions 
of high-frequency lengthening with an increased rate (3 
mm/day), associated with the peculiarities of its blood 
supply and muscle condition. It was shown that this 
rate, in the presence of intramedullary reinforcement 
with a bioactive implant, is not critical for the adaptation 
of the tibial bloodstream and ensures high activity of 
angiogenesis processes. The study of the stages of 
regenerate formation under these conditions found 
good vascularization of the regenerate by the end of 
the lengthening period. Intramedullary insertion of HA-
coated wires provided an earlier weight-bearing ability 
of the newly formed bone area, which further reduced the 
apparatus treatment period. The index of osteosynthesis 
was 14 days/cm, which is more than 2 times lower than 
the highest index reported. These studies have brought 
us very close to fulfilling the dream of an orthopedic 
surgeon, when the end of the distraction period will 
become an indication for the termination of external 
fixation and ensure positive treatment outcome.

The experimental conditions did not affect the soft 
tissues of the lengthened segment either. It was due to 

both the use of a more sparing variant of osteosynthesis 
with the Ilizarov apparatus and a rather short fixation 
period. The latter circumstance decreased the impact of 
negative consequences associated with the imbalance 
of antagonistic muscles. Histological analysis of the 
tibialis anterior muscle, which undergoes the greatest 
morphofunctional changes in lower leg lengthening, 
was characterized by the absence of gross irreversible 
destructive changes [35].

In the experiment with rapid distraction, we did not 
observe the development of contractures of the adjacent 
joints with lengthening by 20–25 % of the original tibia 
length. In the clinic, when the limb was lengthened by 6 
cm, we observed limitations in the range of motion in the 
adjacent joints, which were restored 2–3 months after the 
Ilizarov apparatus dismounting. Further experimental 
and clinical studies should give an answer about the 
degree of influence of the rate and rhythm of distraction, 
the amount of lengthening and an intraosseous implant 
with a hydroxyapatite coating on the functional state of 
muscles and joints.

The orthopaedic world has witnessed extraordinary 
advances in limb lengthening [57]. The results of 
this automated distraction technology supported by a 
stimulating effect of HA-coated intramedullary implants 
allows us to set new targets in terms of lower limb 
lengthening with external fixation. We believe that it should 
not exceed 2 months for 3-cm lengthening; 3 months for 
6 cm; 3–4 months for 9 cm; and 3–4 months for 12 cm.
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