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Abstract
The purpose of the study was to define «ischemic» distraction regeneration which happens during 

the compromised course of distraction osteogenesis and to show the effectiveness of the mechanical 
action on such regenerates in patients with bone defects and pseudarthrosis. Materials and Methods. 
Seventeen patients with long bone defects (forearm and lower leg) were successfully treated. They had 
compromised distraction osteogenesis during the transosseous osteosynthesis stages and developed 
ischemic regenerates. The mean size of the defects relative to the contralateral segment in the forearm 
bones was 22.3% and 20% in patients with defects in the lower leg bones. Mechanical stimulation of 
compromised bone formation was used by means of compression and compaction of problematic 
distraction regenerates with two techniques. In group I, an additional osteotomy of the fragment under 
lengthening was performed. In group II, regenerates were compacted to the height of the regenerate 
connective tissue layer until its bony parts contacted. We used descriptive statistics methods. Results. 
The process of bone tissue formation restored in all patients due to the mechanical impact on the zones 
of compromised distraction osteogenesis, and its complete organotypic remodeling followed. Conclusion. 
Based on clinical and radiological signs of a compromised course of distraction osteogenesis, the notion 
of „ischemic regenerate“ was defined and its manifestations were described. A retrospective analysis 
of the results of mechanical action on compromised distraction regenerates through compression and 
compaction without a change in the osteosynthesis technology shows its effectiveness.
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Background
The Ilizarov non-free bone plasty is a 

graduated and guided transport of a vas-
cularized graft into the problematic region 
within soft tissues. The Ilizarov non-free os-
teoplasty provides segment reconstruction 
and formation of new bone tissue of almost 
any length and shape [1–5]. However, despite 
the optimal conditions for autologous graft 
transport, this option is not perfect. Some 
authors associate the main problems of bone 

tissue regeneration with fractures that oc-
cur at the level of distraction regenerates in 
patients with defects, non-unions and limb 
lengthening [6–12].

According to our clinical experience and 
literature data, fractures and deformities at 
the level of distraction regenerates are main-
ly caused by premature removal of external 
fixation devices, inadequate loading of the 
segment, and hypoplastic type of distraction 
regenerates [8, 10, 12, 13].
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Some authors argue that the problems of 
distraction regenerate formation may occur 
in lengthening of more than 4–5 cm [14]. 
However, the greatest risks for formation of 
hypoplastic distraction regenerates arise by 
one-stage management of extensive bone 
defects measuring more than 8–10 cm [8, 13, 
15]. Thereby, osteogenesis slows down and 
an hourglass-shaped distraction regenerate is 
formed in 1.6 to 13.8% of cases by repairing 
large long bone defect, as reported [16, 17]. 

As yet, there are no commonly agreed 
definitions of compromised formation of a 
distraction regenerate when a bone defect 
is treated using segmental lengthening with 
the Ilizarov technique. The most frequently 
used terms describing this condition are „is-
chemic distraction regenerate“ and „hypo-
plastic distraction regenerate„.

The purpose of the study was to define 
„ischemic“ distraction regeneration which 
happens during the compromised course of 
distraction osteogenesis and to show the ef-
fectiveness of the mechanical action on such 
regenerates in patients with bone defects 
and pseudarthrosis.

Materials and Methods

This work is based on the findings of the 
dissertation research of A.L. Shastov*.

* Dissertation „Optimization of recovery processes in patients with non-unions and bone defects in condi-
tions of impaired osteogenesis (clinical experimental study)“ by Shastov A.L., defended on September 15, 2016 
(dissertation advisor — Borzunov D.Y., MD, PhD).

We successfully treated 17 patients with 
long bone defects who developed „ischemic“ 
distraction regenerates during transosseous 
osteosynthesis. In 11 patients, an impair-
ment of distraction osteogenesis was detect-
ed in the hospital while monitoring the pro-
cess of bone formation during lengthening of 
fragments. Six patients were admitted to the 
clinic with „ischemic“ regenerates, already 
formed.

The mean age of patients was 28.9±3.1 
years. Ten individuals had defects in the 
bones of the forearm (radial bone — 4, ulnar 
bone — 6) and seven patients in the tibia. The 
average size of interfragmentary diastasis 
was 6.4±0.7 cm. The average size of defects 
was 21.3±2.3% in relation to the length of the 
contralateral segment (Table 1).

Six patients (tibia — 1 case, forearm –  
5 cases) had post-traumatic neuropathies. In 
all cases, we observed extensive soft tissue 
scars which were local and longitudinal, in-
ternally adherent to the adjacent fragments. 
The number of previous operations per pa-
tient averaged 2.6±0.5 for defects of the fore-
arm and 3.4±0.8 for lower leg. The presence 
of the „ischemic“ regenerate was confirmed 
by radiographic and ultrasound imaging, as 
well as CT findings.

In all clinical observations, mechanical 
stimulation of bone formation was performed 

Table 1
Data of patients with „ischemic“ distraction regenerates

Statistical description
Defect location

Forearm Tibia

Number of patients 10 7

Mean age of patients, years 27.2±4 31.2±5

Mean interfragmentary diastasis, cm 5.5±0.8 7.6±1.0

Average size of defects in relation to the contralateral segment, % 22.3±3.6 20±2.3
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by means of compression and compaction of 
problematic distraction regenerates using 
two techniques.

The first technique involved additional 
osteotomy (corticotomy) of the fragment un-
der elongation. Two or three crossed wires 
were inserted through the bone fragment 
formed. They were then fixed to an addi-
tional ring support of the Ilizarov apparatus. 
Distraction at a rate of 0.5–1 mm per day was 
initiated after 5 to 7 days postoperatively. 
The fragment was transported towards the 
„ischemic“ distraction regenerate until its 
bony parts docked, which was determined by 
X-ray analysis.

The second technique involved the im-
plementation of the idea of V.I. Shevtsov 
and A.V. Popkov to simultaneously compress 
the normotrophic distraction regenerate 
to the height of its connective-tissue layer 
(„growth zone“ of the regenerate) during the 
over- lengthening of a segment [18]. The au-
thors of this invention proposed that, dur-
ing equalization of limb lengths, they would 
over-lengthen the segment to the height of 
the „growth zone“ of the bone regenerate 
(0.5–1.0 cm). Upon completion of distrac-
tion, they recommended to simultaneously 
compress with the external supports of the 
apparatus so that the proximal and distal 
regenerate bony ends docked thus compact-
ing the connective-tissue layer.

To solve the problem of organotypic re-
modeling of the „ischemic“ distraction re-
generate in patients with bone defects and 
non-unions, we adapted and modified this 
technique. Compression was performed with 
either two or three steps with a break of 2–3 
weeks between each step, or gradually, 2 mm 
per day, to dock the bony regenerate parts 
and to compact the regenerate peripherally, 
which was determined by X-ray analysis.

In the case of two-bone segment recon-
struction (lower leg), oblique osteotomy to 
duplicate fragments or resection of the fibu-
lar bone by the length of the expected regen-

erate compression was performed. For recon-
struction of the forearm bones, the second 
technique was not used because of the ana-
tomical and functional equivalence of paired 
bones of the segment.

Depending on the technological ap-
proaches applied, we divided the patients 
into two groups.

In 15 patients of group I, additional oste-
otomy of the fragment under elongation was 
performed to compact the „ischemic“ regen-
erate and to bridge the bone defect, and the 
formed fragments were transported.

In two patients of group II, the regenerate 
was compacted to the height of the connec-
tive-tissue layer to dock the bony parts of the 
regenerate according to the Shevtsov-Popkov 
method [18]. In most cases, preference was 
given to compaction of the „ischemic“ re-
generate following additional osteotomy and 
to restoration of full anatomical integrity of 
bone segments.

Statistical analysis
We used descriptive statistical meth-

ods. Data processing was performed using 
Microsoft Excel.

Results
In group I, the total duration of distrac-

tion averaged 83.5±11.9 days. The bone 
defect compensation was an average of 
5.6±0.7 cm (95.5±3.1% of the true loss of 
bone length). The average compaction time 
was 27.9±4.7 days, the compaction amount 
of the ischemic regenerate was 1.7±0.3 cm, 
and the average fixation time in the appa-
ratus was 130.9±20.8 days. The bone integ-
rity of the damaged segments was restored 
in all cases. Complete compensation of the 
defect with restoration of the anatomical 
integrity of the bone and segment length 
equalization was achieved in 12 patients, 
which accounted for 80% of all patients. 
Table 2 shows results of treatment in pa-
tients of group I.
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Table 2
Results of treatment in patients of group I

Statistical description
Defect location

Forearm Tibia

Average duration of distraction, days 80.2±14.7 91.8±23.1

Average length of bone defect, cm 4.8±0.7 7.4±1.7

Average amount of defect compensation (% of true bone length loss) 93.8±4.3 100

Average duration of compaction, days 28.1±6.1 33.5±10.1

Average amount of compaction of „ischemic“ regenerate, cm 2.0±0.5 1.7±0.8

Average consolidation time, days 107±13.2 190.5±61.8

In two patients with an initial ulnar bone 
defect of 8.0 cm, the shortened segment was 
lengthened in two stages of treatment.

Case report 1
Patient L., 35 years old, diagnosis: post-

traumatic defect of the left tibia; chronic 
post-traumatic osteomyelitis of the left tibia 
in remission; after attempting to repair the 
defect by lengthening the proximal fragment 
of the tibia, the outcome was the formation 
of the ischemic distraction regenerate; a 
consequence of traumatic injury to the left 
tibia was occlusion of the anterior and pos-
terior tibial arteries and damage to the com-
mon fibular nerve.

From the case history, it was known that 
the patient sustained an open multifrag-
mentary fracture of the left tibia caused by 
a gunshot. Before admission to the hospital, 
the patient underwent multiple operations, 
including transosseous osteosynthesis and 
external fixation, and also underwent re-
peated sequestrectomies. One of the unsuc-
cessful surgical interventions was an attempt 
to repair the tibial defect by lengthening the 
proximal fragment according to the Ilizarov 
method, as a result of which an „ischemic“ 
distraction regenerate was formed. At admis-
sion, his left tibia was fixed with the Ilizarov 
apparatus. The patient walked not weight-
bearing the affected leg with the help of two 

crutches. In the proximity to the bone de-
fect, the soft tissues of the tibia had scarring 
adhered internally to adjacent tibial bone 
fragments. The pulsation of the posterior 
and anterior tibial arteries was not detected. 
Radiographs revealed an ischemic distraction 
regenerate of 5.0 cm in the upper third of the 
tibia. The size of interfragmentary diastasis 
in the middle third of the tibia was 5.0 cm; 
the ends of fragments were incongruent and 
thinned (Fig. 1a). No anatomical shortening 
of the segment was found.

The Ilizarov apparatus was removed from 
the patient and the tibia was fixed with a 
posterior plaster cast (Fig. 1b). Using arte-
riography, occlusion of the first portions of 
the posterior and anterior tibial arteries was 
detected. The region of the fibular artery was 
filled with contrast due to blood flow through 
the collateral network. Circulation to the foot 
was compensated.

Next, the patient underwent osteotomy 
of the proximal and distal fragments of the 
left tibia and transosseous osteosynthe-
sis of the left tibia with the Ilizarov appa-
ratus. The integrity of the fibula was not 
compromised.

Distraction in the proximal regenerate 
zone was initiated on the third day post-
operatively. Simultaneously, the ischemic 
regenerate was compacted. Distraction in  
the distal osteotomy zone was initiated on 
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the fifth day at a rate of 0.5 mm per day.  
In the proximal osteotomy zone, the dura-
tion of distraction was 69 days, in the distal  
zone — 67 days. Compaction was complet-
ed when the bony parts of the „ischemic“ 
regenerate docked. The distraction regen-
erate formed in the zone of the additional 
osteotomy was 5.0 cm long (Fig. 1c). 

Open adaptation of the fragments was 
performed after their docking. Subsequently, 
supporting compression was performed at 
the docking site. The patient with the device 
on was discharged for outpatient treatment. 
At the follow-up appointment in the outpa-
tient clinic, X-ray data revealed consolidation 
of fragments at the junction in the middle 
third of the tibia, remodeling of distraction 
regenerates, and the formation of continuous 
cortical plates in the periphery of the regen-

erates. A clinical trial for consolidation did 
not show mobility of the fragments and the 
manipulation was painless. After removal of 
the apparatus, no additional fixation of the 
segment was required and the patient was al-
lowed to fully load the limb.

In the first patient of group II, the dis-
traction regenerate was compacted twice by  
0.5 cm with an 18 day interval. In the second 
patient, compaction was performed gradually 
for 29 days. Compaction was terminated when 
contact of the bony parts of the „ischemic“ 
regenerate had been achieved. Radiographic 
monitoring was performed before and after 
the manipulation. The segments remained 
fixed in the Ilizarov apparatus after compac-
tion for 95 and 190 days, respectively. In both 
cases, bone union of distraction regenerates 
was achieved.
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Fig. 1. Radiographs of the left tibia of patient L. in two projections:
a — on admission; 
b — after removal of the initial frame; 
c — during managing the defect (1 — distraction regenerate formed after additional 
osteotomy of the proximal fragment; 2 — compacted ischemic distraction regenerate; 
3 — docking zone of fragments; 4 — distraction regenerate formed after osteotomy  
of the distal fragment); 
d — after removal of the apparatus
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Case report 2

Patient S., 32 years old, was admitted to 
the Center’s clinic one year after sustaining 
an open fracture of the bones of the right tib-
ia in an accident. A total tibial bone defect of 
10 cm developed after repeated sequestrec-
tomies, performed to treat the osteomyelitic 
process, and multiple attempts to manage 
the bone defect according to Ilizarov. On ad-
mission, the patient had fistula with puru-
lent discharge, combined contractures of ad-
jacent joints, soft tissue scarring, shortening 
and lack of supportability of the right lower 
limb. Fibular fragments in the upper third 
were duplicated, there was no union.

The previously installed apparatus was re-
moved (Fig. 2 a), debridement was performed 
and limb fixation with the Ilizarov apparatus 
followed. Osteotomy of the proximal tibial 
fragment was performed after the infection 
process had been arrested.

Bone transport continued 40 days until 
the contact of the fragments was achieved, 
with 1 mm per day. In radiographs, an „is-
chemic“ distraction regenerate 4.0 cm long 
was detected (Fig. 2 b). Compression in the 
„ischemic“ regenerate zone was performed 
for 29 days until its bony parts reached full 

contact, 1.5–2 mm per day (Fig. 2 c). At the 
junction of fragments, an open adaptation 
was performed. Fragment consolidation took 
190 days. The tibia consolidated with a resid-
ual shortening of 10 cm (Fig. 2 g, d).

The second stage of treatment was per-
formed to lengthen the segment by 7.5 cm 
and to correct valgus deformity when weight-
bearing and a complete remodeling of the 
bone tissue had been achieved. Regular for-
mation of distraction regenerate was ob-
served during this stage.

Discussion

Non-free osteoplasty according to Ilizarov 
is widely used clinically for managing bone 
defects, limb lengthening, deformity correc-
tion and eliminating pseudarthrosis [2, 4–6, 
8, 10–13, 15]. However, the repair of exten-
sive defects and lengthening of the limbs 
may results in fractures or non-unions at the 
level of distraction regenerate [8, 10–13, 19]. 

It is known that the distraction regener-
ate is represented by two vascularized bony 
parts, separated by a connective-tissue layer, 
which has a leaner network of newly formed 
vessels [20–23]. If the connective-tissue lay-
er prevails over the bony parts, then the car-

Fig. 2. Radiographs of the right tibia in two projections with adjacent joints of the patient S.: 
a — on admission;
b — after transport of the fragment and formation of the „ischemic“ distraction regenerate; 
c — after compaction of the „ischemic“ distraction regenerate; 
d — before removal of the apparatus; 
e — the result at this stage of treatment

а b с d е
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tilaginous fibrous tissue, devoid of blood ves-
sels, is formed, resulting in the development 
of pseudoarthrosis at the level of distraction 
regenerate. In the literature, there are data 
on the heights of the connective-tissue layer 
(more than 8–10 mm) in the distraction re-
generate that are critical and risky for non-
union development [23].

The formation of bone tissue depends on 
the angiogenesis capacity in the distraction 
regenerate [19, 24–27]. It is proven that blood 
flow increases in the limbs during elongation 
using the Ilizarov method. However, in post-
traumatic or post-resection chronic bone 
defects, the initially impaired blood circula-
tion is not always compensated for [13, 19]. 
Pronounced scarring, angiotrophic disorders, 
endosteal damage and impaired intraosseous 
blood circulation, resulting from multiple 
surgical interventions, traumatic and radical 
resections, and aggressive high-energy trau-
ma, also have a negative effect on the limb 
trophism and, thus, adversely affect the os-
teogenesis process [24–27].

Osteotomy quality, stability of the appa-
ratus and the rate of distraction also influ-
ence osteogenesis capacity [23, 24, 28]. Some 
authors recommend reducing the rate of dis-
traction when the connective-tissue layer 
height reaches more than 8–10 mm, and in-
crease the rate when the height is less than  
2 mm which is associated with the risk of 
premature union [23].

There are no commonly accepted classi-
fications of differences in outcomes of dis-
traction osteogenesis. According to the lite-
rature, the reference classification of the 
distraction callus is the Ru Li’s classifica-
tion, in which the author identifies ten types 
and five shapes of distraction callus [22, 29] 
which are:

Shape 1. Fusiform (the regenerate is wider 
than the interfragmentary diastasis).

Shape 2. Cylindrical (the regenerate is 
the same width as the interfragmentary 
diastasis).

Shape 3. Сoncave (the regenerate tends to 
produce an hourglass appearance)

Shape 4. Lateral (the regenerate has an 
edge defect).

Shape 5. Central (the regenerate is a thin 
pillar in the central portion of interfragmen-
tary diastasis).

In our opinion, shapes 3 and 5 may be re-
ferred to as an „ischemic“ distraction regen-
erate formed according to the hypoplastic 
type. Shape 4 (with the formation of the mar-
ginal defect and the hypoplastic type of bone 
formation) is inappropriate to define as „is-
chemic“ regenerate. It is usually associated 
with traumatic osteotomy, and elongation of 
fragments which may result in the formation 
of angular deformity. A typical example is a 
new bone defect along the anterior surface 
in the upper third of the tibia during tibial 
lengthening with antecurvatum of trans-
ported fragments.

The terms „hypoplastic“ and „ischemic re-
generate“ are not synonymous. They define 
different clinical situations [4, 30, 31].

Clinical and radiological signs of „ischem-
ic“ regenerate:

a) connective-tissue layer area is greater 
than that of the bony parts of   the regenerate;

b) interfragmentary diastasis is greater 
than the regenerate;

c) length and surface of   the bone sections 
do not tend to increase (according to the 
findings of dynamic X-ray examination);

d) development of endplates of bone sec-
tions of the regenerate showing signs of non-
union formation (atrophic non-union);

e) inconsistency of the organotypic re-
modeling of the regenerate by the end of 
consolidation, along with persistent patho-
logical mobility during a clinical consolida-
tion test;

f) formation of a soft tissue defect in the 
projection of the „ischemic“ regenerate.

One feature is specific for hypoplastic re-
generation: the diastasis area is greater than 
the regenerate area. The regenerate that is 
formed according to the hypoplastic type is 
capable of organotypic remodeling without 
additional interventions. Its connective-tis-
sue layer is then replaced by bone tissue, the 
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bony parts bridge, and a compact bone layer 
is formed along the periphery. Upon comple-
tion of organotypic remodeling, the regener-
ate does not fully fills in the defect gap along 
the periphery of its central part, as a rule, and 
acquires the shape of an hourglass.

This study retrospectively analyzed the 
results of mechanical effects on compro-
mised distraction regenerates using com-
pression and compaction. The analysis in-
dicates its effectiveness, so there is no need 
to change the technology of osteosynthesis. 
The techniques consist in mechanical effects 
produced on the „ischemic“ regenerate with 
1) an additional osteotomy for lengthen-
ing a fragment and further graduated retro-
grade transport of the fragment by creating 
a new distraction regenerate; 2) by either a 
gradual or simultaneous approaching of the 
ends of fragments to compress the height of 
the connective-tissue layer, thus shortening 
the segment. The stimulation effect on bone 
formation and on the recovery of organo-
typic remodeling of the „ischemic“ distrac-
tion regenerate was achieved by its gradual 
compaction.

Competing interests: the authors declare 
that they have no competing interests.

Funding: the article here was done by 
the Russian Ilizarov Scientific Center for 
Restorative Traumatology and Orthopedics 
of the Ministry of Health of Russia within the 
theme „Optimization of the therapeutic process 
in patients with orthopedic and trauma pathol-
ogy, complicated and uncomplicated purulent 
infection, the development of new pathogenet-
ically substantiated methods of surgical treat-
ment aimed at the comprehensive restoration 
of the anatomical and functional state of the 
limb, general homeostasis and persistent sup-
pression of purulent inflammations“ of the 
state assignment for the implementation of 
scientific research and developments. 

Ethical approval: all procedures per-
formed in studies involving patients were 

conducted in accordance with the require-
ments of the 2013 Helsinki Declaration of 
Revision. Informed consent for this type of 
research is not required.

Consent for publication: the patient 
provided voluntary consent for publication 
of case data.

References
1. Green S.A., Jackson J.M., Wall D.M., Marinow H., 

Ishkanian J. Management of segmental defects by the 
Ilizarov intercalary bone transport method. Clin Orthop 
Relat Res. 1992;(280):136-142.

2. Tsuchiya H., Tomita K. Distraction osteogenesis for 
treatment of bone loss in the lower extremity. J Orthop 
Sci. 2003;8(1):116-124. DOI: 10.1007/s007760300020.

3. Dumic-cule I., Pecina M., Jelic M., Jankolija M., Popek I.,  
Grgurevic L., Vukicevic S. Biological aspects of segmental 
bone defects management. Int Orthop. 2015;39(5):1005-
1011. DOI: 10.1007/s00264-015-2728-4.

4. Azzam W., Atef A. Our experience in the management of 
segmental bone defects caused by gunshots. Int Orthop. 
2016;40(2):233-238. DOI: 10.1007/s00264-015-2870-z.

5. Tetsworth K., Paley D., Sen C., Jaffe M., Maar D.C.,  
Glatt V. et al. Bone transport versus acute shorten-
ing for the management of infected tibial non-unions 
with bone defects. Injury. 2017;48(10):2276-2284.  
DOI: 10.1016/j.injury.2017.07.018. 

6. Venkatesh K.P., Modi H.N., Devmurari K., Yoon J.Y., 
Anupama B.R., Song H.R. Femoral lengthening in 
achondroplasia: Magnitude of lengthening in relation 
to patterns of callus, stiffness of adjacent joints and 
fracture. J Bone Joint Surg Br. 2009;91(12):1612-1617.  
DOI: 10.1302/0301-620X.91B12.22418. 

7. Mishima K., Kitoh H., Iwata K., Matsushita M., Nishida 
Y., Hattori T., Ishiguro N. Clinical results and com-
plications of lower limb lengthening for fibular hem-
imelia. Medicine (Baltimore). 2016;95(21):e3787.  
DOI: 10.1097/MD.0000000000003787.

8. Nakano-Matsuoka N., Fukiage K., Harada Y., Kashiwagi N.,  
Futami T. The prevalence of the complications 
and their associated factors in humeral length-
ening for achondroplasia: retrospective study of 
54 cases. J Pediatr Orthop B. 2017;26(6):519-525.  
DOI: 10.1097/BPB.0000000000000428.

9. Konofaos P., Kashyap A., Ver Halen J. Biomedical ap-
proaches to improve bone healing in distraction osteo-
genesis: A current update and review. Biomed Tech (Berl). 
2014;59(3):177-183. DOI: 10.1515/bmt-2013-0096.

10. Liodakis E., Kenawey M., Krettek C., Ettinger M., 
Jagodzinski M., Hankemeier S. Segmental trans-
ports for posttraumatic lower extremity bone de-
fects: are femoral bone transports safer than tibi-
al? Arch Orthop Trauma Surg. 2011;131(2):229-234.  
DOI: 10.1007/s00402-010-1129-9. 

11. DeCoster T.A., Gehlert R.J., Mikola E.A., Pirela-Cruz 
M.A. Management of posttraumatic segmental bone 
defects. J Am Acad Orthop Surg. 2004;12(1):28-38.  
DOI: 10.5435/00124635-200401000-00005.



СLINICAL STUDIES

TrAUmAToLogy AND orThopEDICS of rUSSIA2019;25(1)76

12. Xu K., Fu X., Li Y.M., Wang C.G., Li Z.J. A treat-
ment for large defects of the tibia caused by in-
fected nonunion: Ilizarov method with bone seg-
ment extension. Ir J Med Sci. 2014;183(3):423-428.  
DOI: 10.1007/s11845-013-1032-9.

13. Borzunov D.Y. Long bone reconstruction using multilevel 
lengthening of bone defect fragments. Int Orthop. 2012; 
36(8):1695-1700. DOI: 10.1007/s00264-012-1562-1.

14. Ozaki T., Nakatsuka Y., Kunisada T., Kawai A., Dan’ura 
T., Naito N., Inoue H. High complication rate of recon-
struction using Ilizarov bone transport method in pa-
tients with bone sarcomas. Arch Orthop Trauma Surg. 
1998;118(3):136-139. DOI: 10.1007/s004020050333.

15. Rozbruch R.S., Weitzman A.M., Watson T.J., Freudigman 
P., Katz H.V., Ilizarov S. Simultaneous treatment of tibial 
bone and soft-tissue defects with the Ilizarov method.  
J Orthop Trauma. 2006;20(3):197-205.

16. Aronson J. Ubytki kosci – aspekt biologiczny [Bone 
loss – biological aspect]. Aktualnosci ortopedyczne. 
1995;1(3):148-156 (In Polish).

17. Borzunov D.Y., Chevardin A.V. Ilizarov non-free 
bone plasty for extensive tibial defects. Int Orthop. 
2013;37(4):709-714. DOI: 10.1007/s00264-013-1799-3.

18. Popkov D. [The method of V.I. Shevtsov – A.V. Popkov – a 
new step in the development of distraction-compression 
osteosenthesis]. Genij Ortopedii [Orthopedics Genius]. 
1997;(4:)49-50 (In Russ.). 

19. Aronson J. Temporal and spatial increases in blood flow 
during distraction osteogenesis. Clin Orthop Relat Res. 
1994;(301):124-131.

20. Li R., Saleh M., Yang L., Coulton L. Radiographic 
classification of osteogenesis during bone dis-
traction. J Orthop Res. 2006;24(3):339-347.  
DOI: 10.1002/jor.20026.

21. Kojimoto H., Yasui N., Goto T., Matsuda S., Shimomura 
Y. Bone lengthening in rabbits by callus distraction. The 
role of periosteum and endosteum. J Bone Joint Surg Br.  
1988;70(4):543-549.

22. Isaac D., Fernandez H., Song H.R., Kim T.Y., Shyam A.K., 
Lee S.H., Lee J.C. Callus patterns in femur lengthening 
using a monolateral external fixator. Skeletal Radiol. 
2008;37(4):329-334. DOI: 10.1007/s00256-007-0406-3.

23. Emara K.M., Ghafar K.A., Al Kersh M.A. Methods to 
shorten the duration of an external fixator in the man-
agement of tibial infections. World J Orthop. 2011;2(9): 
85-92. DOI: 10.5312/wjo.v2.i9.85.

24. Aronson J. Basic science and biological principles of 
distraction osteogenesis. In: Rozbruch R.S., Ilizarova S.  
(eds.) Limb lengthening and reconstruction surgery. 
Informa : New York, 2007. pp. 19-42.

25. Choi I.H., Chung C.Y., Cho T.J., Yoo W.J. Angiogenesis 
and mineralization during distraction osteo-
genesis. J Korean Med Sci. 2002;17(4):435-447.  
DOI: 10.3346/jkms.2002.17.4.435.

26. Morgan E.F., Hussein A.I., Al-Awadhi B.A., Hogan 
D.E., Matsubara H., Al-Alq Z. et al. Vascular develop-
ment during distraction osteogenesis proceeds by se-
quential intramuscular arteriogenesis followed by 
intraosteal angiogenesis. Bone. 2012;51(3):535-545.  
DOI: 10.1016/j.bone.2012.05.008.

27. Kanczler J.M., Oreffo R.O. Osteogenesis and angiogen-
esis: the potential for engineering bone. Eur Cell Mater. 
2008; 15:100-114. DOI: 10.22203/eCM.v015a08.

28. Alzahrani M.M., Anam E.A., Makhdom A.M., Villemure 
I., Hamdy R.C. The Effect of altering the mechani-
cal loading environment on the expression of bone 
regenerating molecules in cases of distraction os-
teogenesis. Front Endocrinol (Lausanne). 2014;5:214.  
DOI: 10.3389/fendo.2014.00214. 

29. Li R., Saleh M., Yang L., Coulton L. Radiographic classifi-
cation of osteogenesis during bone distraction. J Orthop 
Res. 2006;24(3):339-347. DOI: 10.1002/jor.20026.

30. Shyam A.K., Singh S.U., Modi H.N., Song H.-R.,  
Lee S.-H., An H. Leg lengthening by distraction os-
teogenesis using the Ilizarov apparatus: A novel con-
cept of tibia callus subsidence and its influencing fac-
tors. International orthopaedics. 2009;33(6):1753-1759.  
DOI: 10.1007/s00264-008-0660-6.

31. Zhu G.-H., Mei H.-B., He R.-G., Liu K., Tang J.,  
Wu J.-Y. Effect of distraction osteogenesis in patient 
with tibial shortening after initial union of Congenital 
Pseudarthrosis of the Tibia (CPT): A preliminary 
study. BMC Musculoskeletal Disorders. 2015;16:216.  
DOI: 10.1186/s12891-015-0680-5.

INformATIoN AboUT AUThorS:
Dmitry Yu. Borzunov — Dr. Sci. (Med.), Deputy Director For Scientific Work, Federal State Budgetary 

Institution, Russian Ilizarov Scientific Center „Restorative Traumatology and Orthopaedics“, Kurgan; profes-
sor of the Department of Traumatology, Orthopaedics and Military Surgery, Tyumen State Medical University, 
Tyumen, Russian Federation

Alexander L. Shastov — Cand. Sci. (Med.), Researcher, Scientific Laboratory of Purulent Osteology, Russian 
Ilizarov Scientific Center „Restorative Traumatology and Orthopaedics“, Kurgan, Russian Federation


