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Congenital pseudarthrosis of the leg bones is accompanied by its
shortening and deformation. It’s still unclear what is an optimal
method of surgical treatment. Objective. Using a mathemati-
cal model, to study the relative deformations of the regenerate
(RDR) in the zone of pseudarthrosis bones of the lower leg under
different options of osteosynthesis. Methods. The zone of non-
union was modeled of the bones of the lower leg third of tibia
and 4 variants of osteosynthesis on were analysed: intramedul-
lary rod and needle (1); rod, spoke and bone graft in the form
of a block on the tibia (2) or on both (3) bones; rod, spoke and
bone with a graft on both bones of the leg with wrapping tita-
nium mesh (4). A rotationally stable and unstable rod was used.
Under the influence of the load on compression and torsion de-
termined the values of RDR in the zone of pseudarthrosis. Re-
sults. In the case of osteosynthesis of option 1, intramedullary
rods of both types (due to axial mobility of their elements) do not
provide minimal deformation regenerates of both bones, so there
is a possibility of their growth during the growth of the patient.
Bone blocks grafts (options 2 and 3) take over part of the com-
pressive load and the level of the RDR of the bones decreases up
to 20 times. Rotationally stable rod is better under conditions
of torsional loads, since RDR of the tibia is reduced by 20 times.
However, bone graft blocks negate this advantage, providing ro-
tational stability of bone fragments lower legs. The use of titani-
um mesh provides an additional strength of fixation of fragments
of both tibia bones and level RDR of bones is reduced by 10 %
compared to models of osteosynthesis with a block of grafts for
both loading options. Conclusions. The use of only intramedul-
lary rods that «growy leads to the greatest deformations of re-
generates. A rod with rotational stability is better under torsio-
nal loading conditions. Blocks from bone grafts reduce the level
of RDR of bones tibia to a level of less than 0.1 % for both load-
ing options, and the titanium mesh to an additional 10 %.

Vpooorcenuii ncesooapmpos xicmok 2oMinKu cynposooxcyemo-
ca il ekopouennam i oegpopmayiero. Ilumannsa wooo eudbopy
ONMUMATLHOT MEMOOUKYU XIPYpeiuno20 NIKY8anHs 3aIUUacmbCs
giokpumum. Mema. Ha mamemamuuniti modeni suguumu 8io-
HocHI Oepopmayii pecenepamy (BIP) y 30mi ncesdoapmpo3sy
KICMOK 20MIIKU 3a PI3HUX eapianmie ocmeocunmesy. Memoou.
Mooenrwesanu 30Hy He3POWEHHS KICMOK 2OMIIKU 8 HUICHIU
mpemuni ma 4 eapianmu ocmeocunmesy: iHMPAMeOVIAPHUM
cmpuodicnem i cnuyero (1); cmpuosicnem, cnuyelo ma Kicmkogum
MPAHCNIAHMAMOM Y 6UeHAOI OIOKA HA BENUKO2OMINKO8Y (2)
abo na o6uosi (3) Kicmku; cmpustcHeMm, cnuyero ma Kicmkogum
MPAHCRAAHMAMOM HA 00UOGI KiCMKU 20MINKU 3 0020PHEHHAM
mumarnosoio cimkor (4). Bukopucmano pomayiiino cmabino-
Hutl i HecmabineHull cmpudici. 11i0 diero nasanmascenns Ha
cmuckanis ma Kpyuenns gusnauanu eenudunu B/IP y 30mi ncegdo-
apmposy. Pesynoemamu. Y pasi ocmeocunme3y eapianma 1 inmpa-
MeOYNAPHI cmpudicHi 000X munis (depes 0cbo8y pyXomicmb
ixHix enemenmis) He 3abe3neuyomv MIHIMAILHY O0eopmayito
pezcenepamie 060X KICMOK, MOMY SUHUKAE MONCIUBICMb IXHbO-
20 3pocmanns 6 npoyeci pocmy nayienma. broku xicmxoeux
mpancniaumamis (sapianm 2 i 3) npuiimaroms na cebe uac-
MUHY CIMUCKANbHO20 HABAHMADdICEHHA ma pieenb B/P xicmox
suudicyemocs 0o 20 pasie. Pomayiiino cmabinonuii cmpudicens €
Kpawjum 3a yMoe Haganmasicensb Ha kpyuenns, ockitbku B/P e-
JuKo2oMinkoeoi kicmxu 3nudxcyemuocs 6 20 paszie. Ilpome 610xku
3 KiICMKOBUX MPANCNIAHMAmis Higeniooms yio nepesazy, 3aoes-
neyyruu pomayiury cmabiibHicms gpasmenmis Kicmok 2omij-
Ku. Buxopucmanus mumanoeoi cimku naoae 000amxo8y MiyHicmo
¢hixcayii ppaemenmie 060x Kicmox eominku ma pieens B/[P kicmok
suuocyemucs na 10 % ionocrno mooeneti ocmeocunmesy 3 O10Kom
mpaucniaumamie 3a 060X 6apiaHmie HABAHMANICeHHs. Buchosku.
3acmocyeanna nuwe iHMpameoyIApHUX CIMPUIICHIB, AKI «3DOC-
Maomsy npu3eo0ums 00 HaudiIbwux oegopmayii pecenepamis.
Cmpuodicens i3 pomayitinoro cmabiibHicmio € Kpawum 3a ymos
HABaHMasiceHHs: Ha Kpyuenns. bnoku 3 kicmxoeux mpancnianma-
mie sHudcylomu pieenv B/P Kicmok eominku 00 pieHsA MeHut HixC
0,1 % 3a 060x eapianmie HABAHMACEHHA, A MUMAHOBA CIMKA —
0ooamxkoso na 10 %. Kniouogi croea. Ypoooicenuii ncesdoapmpos,
BENIUKOCOMINIKOBA KICMKA, MAJIO2OMLIKOBA KICMKA, OCMEOCUHMES,

HABAHMANCEHHS, Dedhopmayisn, MamemMamuyHi Mooeri.
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Introduction

Congenital pseudarthrosis of the tibial bones
(CPTB) is a pathological condition that belongs to
orphan diseases and is accompanied by shortening
and deformation of the lower limb, namely tibia [1].
Currently, the etiology of the disease is still being
studied, but a clear connection with neurofibromato-
sis type I [2], osteofibrous dysplasia (Campanacci’s
disease) and fibrous dysplasia is already known [3].
CPTB can be diagnosed both at birth and in the first
years of a child's life [4]. Usually, the main manifesta-
tions are deformation of the tibia (anterior bending),
shortening, or pathological mobility in its middle or
lower third [5].

The treatment of this disorder mostly involves
various options for surgical interventions: intramedul-
lary fixation of the tibia using bone grafts alone [6]
or with stimulation of osteogenesis through the intro-
duction of bisphosphonates and bone morphogenetic
proteins [7], installation of external fixation devices
(including the Ilizarov technique) [8], replacement
of the tibial bone with a vascularized autograft [9],
the «induced membrane» method according to Mas-
qulet [10], or combined methods of intraosseous, peri-
osseous, and external fixation, etc. [11]. All of them
are aimed at achieving the same goal — consolidation
in the area of pseudoarthrosis of the bones of the ti-
bia, restoration of the correct axis of the lower limb
and its length [12].

Considering the number of methods of surgi-
cal treatment, the question of choosing the optimal
one remains open today. That is why the search and
development of new promising directions for solv-
ing the complex problem of pediatric orthopedics —
the treatment of CPTB — continues. Modernization
of fixators and types of bone plastic and, accordingly,
biomechanical research in this field is currently being
carried out [13].

Purpose: using a mathematical model to study
the deformations of the bone regenerate in the area
of pseudoarthrosis of the lower leg bones in different
options for osteosynthesis.

Material and methods

In the biomechanics laboratory of the State In-
stitution «Professor M. 1. Sytenko Institute of Spine
and Joint Pathology of the National Academy of Sci-
ences of Ukraine» mathematical modeling of several
variants of osteosynthesis of the bones of the lower
leg under the conditions of congenital pseudarthrosis
of the tibial bone was performed. To solve this task,
an experimental model of the distal end of the low-
er limb was built, which contained tibia and fibu-

la bones, as well as bone eclements of the foot [14].
The zone of non-union of the lower third of the tibia
and four variants of osteosynthesis were modeled: in-
tramedullary rod and needle (variant 1); rod, needle
and bone graft in the form of a block on the tibia (2)
or on both (3) bones; with a rod, a needle and a bone
graft on both bones of the leg wrapped with a titani-
um mesh (4) (Fig. 1). Rotationally stable and unstable
«growingy» rods were used.

Tibial osteosynthesis involved modeling of an in-
tramedullary two-segment rod with longitudinal mo-
bility and rotational stability, designed and patented
at the State Institution «Professor M. 1. Sytenko In-
stitute of Spine and Joint Pathology of the National
Academy of Sciences of Ukraine» [15].

The material was considered homogeneous and
isotropic. A 10-node tetrahedron with quadratic ap-
proximation was chosen as the finite element. When
choosing the mechanical properties of biological
tissues, it was taken into account that in congeni-
tal pseudarthrosis, bone tissue has low mechanical
strength [16—18]. For the bone autograft in the form
of a block, the properties of healthy bone were cho-
sen [19]. Considering the fact that the bone tissue
grows into the titanium mesh, the latter was modeled
as a 1 mm thick layer around the graft block with
mixed mechanical properties of titanium and corti-
cal bone [20]. The characteristics of artificial mate-
rials were chosen from the technical literature [21].
The mechanical characteristics of the materials used
in the calculations are given in Table 1.

The study involved modeling of two types of loads —
for vertical axial compression and torsion. The model
loading schemes are shown in Fig. 2.

The magnitudes of the relative deformations
of the bone regenerate in the zone of pseudoarthro-
sis — the element that undergoes the greatest de-
formations as a result of the lowest value of the mo-
dulus of elasticity — were determined. The study
of the stress-strain state of the models was performed
using the finite element method. The von Mis-
es stress [22] was used as a criterion for assessing
the stress state of models.

The modeling was carried out in the SolidWorks
automated design system; the stress-strain state
of the models was calculated using the CosmosM
software complex [23].

Results and their discussion

The analysis of models of the tibia with pseud-
arthrosis of both bones in the lower third according
to various options for their osteosynthesis using an
intramedullary rod of the Fassier-Duval type without
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Fig. 2. Models load
schemes: a) vertical axial
compression; b) torsion

Table 1
Mechanical characteristics of the materials used

Material Young's modulus | Poisson’s ratio, v
(E), MPa
Cortical bone 12240 0.30
Spongy bone 330 0.30
Cartilaginous tissue 5.58 0.45
Bone regenerate 1.0 0.45
Bone autograft 18350 0.29
Alloy steel 210000 0.30

rotational stability under the action of compressive
load made it possible to obtain the values of the rela-
tive deformation of regenerated bones, shown in Fig. 3
and in Table 2. It was determined that in this case
the vertical axial load causes the greatest relative de-
formations of the regenerate and the tibia (1.96 %) and
fibula (1.6 %) bones. This is the result of the longitu-
dinal mobility of the rod, which ensures its increase
during the growth of the patient. Adding a bone graft
to the model in the form of a block on the tibia sharp-
ly reduced the relative deformations of the regenera-
tes: to 0.120 % of the tibia, to 0.064 % of the fibula.
When a block of bone grafts was used on both bones,
the relative deformations of their regenerates de-
creased to 0.1 and 0.016 %, respectively.

Fig. 1. Models of the lower leg with a bone fracture in
the lower third. Osteosynthesis: a) rod and spoke; b) rod
and spoke + bone graft in the form of a block on the tibia;
¢) rod and spoke + bone graft on both bones; d) rod and
spoke + bone graft on both bones, covered with titanium
mesh

Administration of a rod with rotational stability
for osteosynthesis showed that the pattern of distribu-
tion of relative deformations in the bone regenerate
under the influence of axial compressive loads almost
did not change (Fig. 4, Table 2).

The presence of axial mobility, a factor common to
both types of rods, determined their similar reaction
to axial compressive loads and, accordingly, the same
deformations of the regenerates of both tibia bones. It
should be noted that the use of titanium mesh made it
possible to reduce the deformations of the regenerate
by another 10 % compared to the «rod and spoke +
bone graft on both bones» osteosynthesis option.

The next stage of the study was assessment of the re-
lative deformations of the bone regenerate in all mo-
dels of the lower leg with different options of osteo-
synthesis under the influence of torsional loading.

The authors determined that the largest relative
deformations of the bone regenerate occurred in
the model of osteosynthesis of the lower leg bones
using only a rotationally unstable rod of the Fassier-
Duval type: in the pseudoarthrosis zone of the tibia —
1.92 %, fibula — 0.13 %. The amount of relative de-
formations of the regenerated tibia was reduced in
the case of using bone grafts in the form of a block on
this bone itself to 0.035 %, on both bones of the tibia
to 0.024 %. On the fibula, the relative deformations
of the regenerate when using a block of transplants
only on the tibia did not exceed 0.06 %, on both tibia
bones it was 0.056 % (Fig. 5, Table 3).

Under the influence of the torsional load, the ad-
vantages of the rod with rotational stability were re-
vealed (Fig. 6, Table 3). The study showed that the re-
placement of the Fassier-Duval rod with a rotationally
stable one in the case of torsional loads made it pos-
sible to reduce the relative deformation of the regene-
rated tibia to 0.251 %, fibula to 0.086 %. At the same
time, the use of additional blocks of bone grafts
(both in the two bones of the lower leg and in the ti-
bia alone) provided the same level of regeneration
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Unit mm/mm
Time: 1
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0.0005585 Max

0.00049787
0.00043708 Fig. 3. Relative deformations of the bone regenerate
ggggi:ﬁg in the model of the lower leg with pseudarthrosis
0.00025489 of both bones in the lower third under the influence
0.00079415 of compressive load. Fassier-Duval rod.
0.00073342 Osteosynthesis: a) rod and spoke; b) rod and spoke +
7.2691¢-5

bone graft in the form of a block on the tibia; c) rod
and spoke + bone graft on both bones

1.1959¢-5 Min

L: Copy of kpyueHHs
iso
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Fig. 4. Relative deformations

of the bone regenerate in the model
of the lower leg with pseudoarthrosis
of both bones in the lower third,

Time: 1
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0.0005585 Max
0.00049787

000043708 compressive load. Rotationally
’ stable rod. Osteosynthesis: a) rod
0.00037635

0.00031562 and sppke; b) rod and spoke + bone
0.00025489 graft in the form of a block on
0.00079415 the tibia; c) rod and spoke + bone
0.00073342 graft on both bones; d) rod and spoke
7.2691e-5

+ bone graft on both bones, covered
with a titanium mesh
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g:gggﬁgﬁ Fig. 5. Relative deformations of the bone regenerate
0.00031562 in the model of the lower leg with pseudarthrosis
0.00025489 of both bones in the lower third under the influence
0.00079415 of torsional load. Fassier-Duval rod. Osteosynthesis:
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0.00079415 ¢) rod and spoke + bone graft on
000073342 both bones; d) rod and spoke + bone
F209e graft on both bones, covered with
1.1959¢-5 Min L ?

a titanium mesh




ISSN 0030-5987. Orthopaedics, traumatology and prosthetics. 2022. No 1-2

Table 2
Values of relative deformations (%) of bone regenerate under the influence of compressive load
in the models with various types of osteosynthesis of the lower leg bones in congenital pseudarthrosis
Bone Rod Types of osteosynthesis
1 2 3 4
. unstable 1.96 0.120 0.100 —
Tibia
stable 1.94 0.120 0.100 0.090
. unstable 1.60 0.064 0.016 —
Fibula
stable 1.60 0.062 0.015 0.014
Table 3
Values of relative deformations (%) of bone regenerate under the influence of torsional load
in models with different types of osteosynthesis of lower leg bones in congenital pseudarthrosis
Bone Rod Types of osteosynthesis
1 2 3 4
. unstable 1.920 0.035 0.024 —
Tibia
stable 0.251 0.034 0.023 0.021
. unstable 0.130 0.060 0.056 —
Fibula
stable 0.086 0.059 0.056 0.056

deformations as determined under the conditions
of osteosynthesis modeling with a rotationally un-
stable rod. This indicates that in this case the func-
tion of rotational stabilization is taken over by bone
graft blocks. The titanium mesh also provided addi-
tional stabilization, resulting in a decrease in the rela-
tive strain of the tibial regenerate to 0.021 %, but no
change in the fibular regenerate.

Thus, mathematical modeling showed that in
the case of congenital pseudarthrosis of the bones
of the lower leg, osteosynthesis with only intramedul-
lary rods of both types (rotationally stable or unstab-
le) did not ensure minimum deformation of regene-
rate of both bones. This is explained by axial mobility
of the elements of the rods, which makes it possible to
increase their length during the growth of the patient.
Blocks of bone grafts, placed around the tibia or both
bones of the lower leg, eliminate this shortcoming by
taking on part of the compressive load, which allows
to significantly (up to 20 times) reduce the level of de-
formation of the regenerates.

The advantages of a rotationally stable rod
were revealed under the influence of torsional
loads, when 20 times smaller relative deforma-
tions of the regenerate at the level of pseudoar-
throsis of the tibial bone were determined. Blocks
of bone grafts in this case neutralize this advan-
tage, as they provide rotational stability of bone
fragments of the lower leg.

The use of a titanium mesh provides additional
strength of fixation of fragments of both bones
of the lower leg, which allows to reduce deformations

of regenerated bones by 10 % compared to osteo-
synthesis models with a block of transplants on both
bones of the lower leg in both loading options.

Conclusions

The use of osteosynthesis in bones of the lower leg
during the treatment of congenital pseudarthrosis us-
ing only intramedullary «growing» rods does not pro-
vide a sufficient level of stability of fixation of bone
fragments, which leads to the greatest deformations
of bone regenerates.

The use of a rod with rotational stability is prefe-
rable in torsional loading, since the relative deforma-
tions of the regenerate at the level of tibial pseudo-
arthrosis are 20 times smaller than when modeling
osteosynthesis with a rotationally unstable rod.

Installation of blocks from bone grafts makes it
possible to diminish the level of relative deformation
of the regenerates of both bones of the lower leg to
the level of less than 0.1 % for both load variants.
The use of a titanium mesh adds an additional 10 %

to the reduction of deformations of bone regenerates.
Conflict of interest. The authors declare no conflict of
interest.
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