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with and without the use of a metal bar
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Objective: to study the changes of the biomechanical system
«bone — fixator — endoprosthesis» under the loading for inter-
nal hemipelvectomy I-III type Enneking with reconstruction
of the pelvic ring defect by a metalcement spacer with and with-
out reinforcement with a metal bar. Methods: spatial geometry
of the pelvis is reconstructed with the software package «Mi-
micsy. Data are obtained by calculating Mises values. Results:
the stresses on the screws in the model were not significantly
(0.27 %) larger (o max 132.6 MPa vs. 132.3 MPa in the model
without reinforcement) and did not exceed the strength limit.
The maximum value of stress on polymethylmethacrylate in both
models is localized in the place of contact with the pubic sym-
physis and is not significantly (0.4 %) higher in the model with
the bar (o0 max — 24.7 and 24.6 MPa, respectively). The maxi-
mum values of stress on the sacral bone in both models are de-
fined in the zone of proximal screw installation in the lateral
mass of the sacral bone, but 5 % larger in the construction with-
out a bar — 10.6 and 10.1 MPa. The maximum permissible loads
were: on the sacral bone in a model with a bar of 1.06 body
weight, without a bar — 1.01; for polymethylmethacrylate —
3.05 and 3.03 body weight respectively; for metal screws —
3.44 and 3.43 body weight, respectively. Conclusions: the us-
age of a metal bar in the system «bone — fixator — endopros-
thesisy for internal hemipellectomy type I-III does not change
the mechanical strength and stability of the model. The most
susceptible to destruction was the lateral area of the sacrum
in the place of the proximal screw, which should be strengthened
by inserting an additional screw into the upper part of the sac-
roiliac joint. In the dynamics (walking, running, climbing stairs),
the load of the surgery site can be 4 times higher the weight
of the body, which due to the linear growth of stress values can
lead to the destruction of the structure and requires the usage
of additional means of support (crutches, a stick, etc.). Key
words: hemipelvectomy, computer mathematical modeling,
stress-strain state.

Mema: suguumu noedinKy biomexaniyHoi cucmemu «Kicmka — Qix-
camop — eHoonpomesy ni0 HABAHMANCEHHAM OISl GHYMPIUHLOT
eeminenveekmomii I-I111 muny 3a Ennexineom iz pekoncmpykyicro
deghexkmy maz06020 Kiibysi Memanoniacmmacosum cnecepom
3 i Oe3 apmyeanns memanegoio bankorw. Memoou: npocmoposy
2eomempiio masza pekoOHCmMpYo8ano 3 6UKOPUCTAHHAM NPOSPAM-
noco naxkema «Mimicsy. Jani ompumani wiisaxom pospaxyHky
3HayeHnv HanpycenHa 3a Mizecom. Pesynomamu: HaANpysceHHs
na eeunmax y mooeni oes 6anku gusagunuca e snauno (0,27 %)
OLALUUUMU (Car 132,6 MTla npomu 132,3 MIla y mooeni 6e3 apmy-
8aHHA) [ He nepesuwysanu medxcy miynocmi. Maxcumanvhe 3Ha-
YeHHS HANPYICeHHs HA NOTIMEMUIMemaKpuiami ¢ 000X Mooensx
JIOKANI308AHO 8 MICYL KOHMAKMY 3 I0OKOUM CUMGDI30M | He 3HAUHO
24,7 i 24,6 Mlla eio-
no6iono). Maxcumanoni 3Ha4eHHs HANPYHCEHHS HA KPUICOBIL

(0,4 %) suwe 6 mooeni 3 6ANKOI (Cpax —

Kicmyi 6 000X MOOeNSX GU3HAUEHO 6 OLISAHYI 6CMAHOGICHHS
NPOKCUMATLHO20 28UHMA 8 DOKOBY 30HY KPUIHCOB0I KICMKU, alle
na 5 % Oinvwi 6 koncmpyxyii 6es oarku — 10,6 i 10,1 Mlla.
MakcumanvrHo donycmumi HABAHMANHCEHHA CINAHOBUIU: HA KPU-
JHc08Y Kicmky 6 moodeni 3 6ankoro 1,06 macu mina, 6e3 6arxku —
1,01; ons norimemunmemaxpuiamy — 3,05 i 3,03 eacu mina
8ION0GIOHO; 014 mMemanesux 26uHmie — 3,44 i 3,43. Bucrnoexu:
BUKOPUCTNAHHS Memanesoi 0aiKu 6 cucmemi «Kicmka — ¢hik-
camop — eHOonpome3s» 01 6HYMPIWHbOI 2eMineib8eKmomii
muny I-111 ne 3minI0€ MexaHiuHy MiyHICMb T CMAdiIbHICHb MOOe-
ai. Haubinbw cxunvhowo 00 pyiHysants eussuiacs 60Kkoea 30Ha
KpUd#C080I KICMKU 6 MICYl 6CINAHOBIEHHSA NPOKCUMATbHO20 26UH-
ma, AKY o 3MIYHUMU UWLTISIXOM 86€0CHHS 00AMKOB020 28UHMA
Y 8EPXHIO YACMUHY KPUICOBO-KLY006020 cyenoba. YV ounamiyi
(x00vba, Gie, niotiom cx00amu) HABAHMANCEHHA NPOONEPOBAHOL
OinAHKU Modce 6 4 pa3u nepesuwysamu 8azy minda, wo uyepes
JHIlIHe 3DOCMAHHS 3HAYEHb HANPYIHCEHb MOJCe CIPUYUHIO8AMU
PYUHAYiI0 KOHCMPYKYIL ma 8umazae 3acmocy8anis 000amKo8Ux
3aco6ie onopu (muauyi, nanuys mowo). Knouosi crosa: eeminen-
B8EKMOMISA, KOMNIOMEPHe MameMamuyte MOOeN08AHHS, HANpY-
Jiceno-0eghopmosanuti cman.

Key words: hemipelvectomy, computer mathematical modeling, stress-strain state

© Kostiuk V. Yu., Lazarev I. A., Diedkov A. G., Skiban M. V., 2019



ISSN 0030-5987. Opronenus, TpaBMaTosorus u nmporesuponanue. 2019. Ne | 79

Introduction

Reconstruction of pelvic bones after internal
hemipelvectomy is an important issue for oncological
orthopedics [1-3]. To date, there is a fairly wide range
of implants to restore the pelvic bone defect, walking
function and lower limb support [4—6].

Many authors describe reliability, usability and
positive feedback regarding the use of polymethyl
methacrylate (bone cement) for pelvic reconstruction
after tumorectomy [7-9].

Scientists K. Wiebke Guder et al. [10] restored the
integrity of the pelvic ring with a metal-plastic poly-
methyl methacrylate spacer, metal bar and screws af-
ter the tumorectomy of the pelvic bone wing.

I. Miha et al. [9] described a clinical case in which
they used polymethylmethacrylate, Schanz rods,
total hip joint endoprosthesis, plate and screw for
pelvic reconstruction after periacetabular resection.
O. E. Vyrva et al. [11] used finite element method to
compare the stress-strain state of the «prosthesis-hu-
merus» system in the case of resection in the upper,
middle and lower thirds of the humeral d aphysis and
proofed reconstruction system. Also Z. Hua et al. [12]
used the finite element method for biomechanical
investigation of the half pelvis prosthetic and found
that the site of endoprosthesis and pelvic bone con-
tact may become a dangerous part of the structure
due to the physical incompatibility of the contacting
materials — bone and metal, which leads to increased
stresses and deformations. In their view, a more flex-
ible connection can be used in the future to improve
the system functioning.

Currently there are no clear standards for recon-
structing the pelvic bone defect using a metal-plastic
spacer after the internal hemipelvectomy by Ennek-
ing [13]. Moreover, there are no fundamental biome-
chanical studies of the «bone — fixator — endoprosthe-
sis» system behavior under reinforcing the structure
with and without a metal bar in oncopathology, which
motivated this study.

Materials and Methods

For the comparative analysis of the pelvic struc-
ture reliability 2 methods were selected for recon-
struction of the pelvic ring using a metal-plastic
spacer.

Method 1. Internal hemipelvectomy by Enne-
king (type I-III): reconstruction of the pelvic bone
defect using a metal-plastic spacer: 4 metal screws
are installed in the sacral bone (2 units), contralat-
eral pubic bone (2 units) and connected with a metal
bar for transpedicular fixation, acetabular component
of the total hip joint endoprosthesis is located along
the bar contour, anatomical contour of the pelvic bone
in the reconstruction zone is filled with bone cement.

Method 2. Internal hemipelvectomy by Enneking
(type I-11I): reconstruction of the pelvic bone de-
fect with a metal-plastic spacer: 4 metal screws are
installed in the sacral bone (2 units), contralateral
pubic bone (2 units), acetabular component of the
total hip joint endoprosthesis is implanted into the
bone cement filling anatomical contour of the pelvic
bone.

Spatial geometry of the pelvis with the proximal
femur section (fig. 1) was reproduced in automatic and
semi-automatic modes using the «Mimics» software
package on the basis of the axial scans of the pelvic
spiral computed tomography with the proximal part
of the femoral bone and the hip joint endoprosthe-
sis on the lesion side obtained on a Toshiba Activion
16 computer tomograph.

Using the «SolidWorks» software package, a simu-
lation «3D-model of the pelvis with a proximal femur
part and endoprosthesis on the lesion side» (fig. 2-3)
has been designed.

The next step was creation of the simulation mod-
els with two variants of defect reconstruction using
a metal-plastic spacer consisting of metal screws,
bars for transpedicular fixation and polymethyl meth-
acrylate (fig. 4).

Table 1

Physical and mechanical properties of the model materials

Material Jung’s Module, Pa Poisson’s coefficient Strength limits, MPa
Cortical layer of the bone 17.6e9 0.30 10-25
Spongy layer of the bone 5.0e8 0.28 3.5-45
Cartilage S5e6 0.45 —
Titanium BT 16 and BT 6 1.12el1 0.32 590
Medical steel 17X18H9 2ell 0.30 568
Polymethyl methacrylate 8el0 0.30 35-42 (up to 70)
Polyethylene 1.76€9 0.45 —
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Fig. 2. A simulation model of the pelvis with proximal femur
sections and endoprosthesis

Fig. 3. A 3D-model of the components
of the hip joint endoprosthesis

Further calculations were carried out using the fi-
nite element method (FE) which allows to investigate
the evolution of the deformation process of the ele-
ments of the pelvic simulation model, namely, bone
tissue, polymethyl methacrylate and fixing metal
structures. Simulation models were imported into
the «ANSYS» program for calculation of the stress-
strain state (SSS) using the FE method. The calcu-
lation included physical properties of bone tissue
obtained from published sources [14], physical char-
acteristics of materials used in fixators were obtained
from their technical documentation (table 1).

As amodel loading, an impact of a calculated body
weight for an average human body weight of 75 kg in
a standing position is taken including mass-inertial
characteristics — the upper half of the body (head,
upper limbs, body) is 59.3 % of the total human body

Fig. 4. Simulation models of 2 variants of defect reconstruction us-
ing a metal-plastic spacer made of metal screws, a beam for trans-
pedicular fixation and polymethyl methacrylate for I-III type hemi-
pelvectomy with: a) variant 1 without a bar; b) variant 2 with a bar

000 100,00 (mm)

Fig. 5. Limiting conditions (calculation scheme of fixing and
loading)

Fig. 6. Models of finite elements

weight [15]. Thus, a force of 750 N x 0.593 = 445 N
was applied to the model, which was distributed over
the entire plane of the pelvic ring (fig. 5).
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Stress distribution across
the model as a whole

Stress distribution

Stress distribution on

on the contralateral femur the contralateral femoral cartilage
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Stress distribution on
the acetabular contralateral cartilage
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Fig. 7. Distribution of stresses in the models: @) Guax = 132.3 MPa; b) Guax = 17 MPa; ¢) Gmax = 1.4 MPa; d) 6 = 1.9 MPa;
€) Omax = 132.6 MPa; f) Gnax = 17 MPa; g) opmax = 1.4 MPa; h) Guax = 1.9 MPa; i) 6max = 4.9 MPa; j) Omax = 0.5 MPa;
k) Gmax = 10.1 MPa; 1) Gmax = 2.1 MPa; m) Grnax = 4.9 MPa; 1) Gax = 0.5 MPa; 0) Ginax = 10.6 MPa; p) Gmax = 2.1 MPa; q) Gmax = 24.7 MPa;
I) Omax = 132.3 MPa; S) Ginax = 4.5 MPa; t) Guay = 24.6 MPa; 1) Giax= 132.6 MPa; V) G,ax = 4.5 MPa (page 1)
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The FE model that contained an average
of 1 700 000 sites and 1 200 000 elements (fig. 6)
was generated in semi-automatic mode. To increase
the accuracy of calculations, the grid was compacted
in the contact areas and for the fixation elements and
endoprosthesis. The FE grid is represented predomi-
nantly by tetrahedral elements (Tetrahedrons), which
size does not exceed 2 mm on the basic model, while
in the places of condensation — 0.5—1 mm.

Data obtained by calculation of stress intensity
values (by Misis) were selected as key indicators for
comparative analysis.

In order to determine the maximum permissible
load on the models’ elements, a safety factor has been
used, depending on the structure of the construction,
its operation conditions, accuracy of calculations,
loading regime and other factors. For plastic materi-
als, the yield strength should be considered a danger-
ous stress under static loading. Then

@D

o] = 2.

The safety factor value for different types of steels
under static load is taken as ny = 1.3...1.5.

For brittle materials, the strength limit is a dan-
gerous tension under static loading, and then at (1)
the safety factor is taken as ny = 2.5...3.0.

Brittle materials are more resistant to compres-
sion, while plastic — to stretching. Determination
of the stresses magnitude is important since the strength
and safety of the structure being designed, as well as
the economic aspect — the amount of the material con-
sumed — depend on its correct determination.

There are no clear methods for choosing the safe-
ty factors values, since the coefficient is a measure
of ignorance of all factors affecting the structure op-
eration. Selection is based on operating experience
of similar structures. Each industry has its own stan-
dards which determine the permissible safety factors.

In our studies, the safety factor coefficient may
be applied to the permissible force under load, since
polymethylmethacrylate is considered a brittle mate-
rial for it, it is better to use a safety factor of 3, as this
structural element is essential to ensure the human
biological tissues integrity. Safety factor of 10.5 may
be applied for other structural elements, since they
may be considered as soft ones.

For our calculations, stress values should be di-
vided by the safety factor coefficient. Moreover, both
ultimate strength limit value (yield strength) and load
value can be divided by this coefficient. After divid-
ing the load value in the table by this coefficient, it
can be argued that the resulting force (weight) is safe
for this element or material.



ISSN 0030-5987. Opronenus, TpaBMaTosorus u nmporesuponanue. 2019. Ne | 83

Results

According to the research results it was found that
the maximum stresses in both models are concentrat-
ed on the screws and the bar (fig. 7, 1, u).

The stress on screws in model 2 (without
the beams) is 0.27 % higher (6,,.x = 132.6 MPa and
Omax = 132.3 MPa) and does not exceed the ultimate
strength limits. The tension on the metal bar is main-
ly concentrated at the sites of contact with the fasten-
ing on the screws, and the minimum — in the middle
part of the spacer, therefore, it takes on insignificant
loads.

The maximum stress values on polymethyl meth-
acrylate (fig. 7, q, t) in both models are localized at
the site of contact with the symphysis pubis and are
0.4 % higher in model 1 (with a bar) (6., = 24.7 MPa
and o, = 24.6 MPa).

The research revealed that the maximum stress val-
ues exceeding the ultimate strength limit in both mo-
dels are concentrated in the area of fixation of the con-
tralateral femur (fig. 7, f, b) — o, = 17 MPa. Given
that the areas of maximum stress indices are loca-
lized in the places of fixation of the studied models in
the middle third of the femur, it can be assumed that
using a full model of the femur, these stresses can be
evenly distributed throughout its mass and will not
exceed the strength limit. That is, these values can be
ignored.

Also, stress values exceeding the ultimate strength
limit were found in both models on the sacral
bone (fig. 7, k, o), namely, in the area of the inser-
tion of the proximal screw in the lateral mass

of the sacral bone. These values are 5 % higher in
the construction without a bar (6,,,, = 10.6 MPa and
Omax = 10.1 MPa), which does not significantly affect
the behavior of the «endoprosthesis — bone» system.
However, reduction of stress values and, consequent-
ly, the risk of the sacrum destruction can be achieved
via introducing an additional screw in the upper part
of the sacroiliac joint.

The other elements of the models do not undergo
the stresses that exceed strength limit.

Considering strength limits (table 1), there is a risk
of integrity violation due to the increased loads in
both models (walking, running, climbing stairs),
when the stress can increase several times and exceed
the ultimate strength limit.

Having used stress value data, maximum loads
and material safety factor (table 2), it was found that
firstly loading can cause the destruction of the struc-
ture in the sacrum area. Maximum permissible load
is 5 % higher in model 1 (with a bar) — F,,,, = 1.06
and F,, = 1.01 body weight.

Maximum permissible load for polymethyl meth-
acrylate is not significantly higher (1 %) in model 1
(with a bar) — Fmax = 3.05 and F,,, = 3.03 body
weight.

Maximum permissible load for metal screws is not
significantly higher (1 %) in model 1 (with a bar) —
Fpax = 344 and F,,,, = 3.43 body weight.

The difference between all the parameters studied
does not exceed 5 %, which suggests that the behav-
ior of the models in general is similar.

Table 2
Stress distribution and maximum permissible loads on each of the model elements
Localization model 1, model 2, | Safety factor, Localization model 1, model 2,
MPa MPa MPa MPa
Contralateral femur 17.00 17.00 10.77 Contralateral femur 281.92 281.92
Contralateral femoral cartilage 1.40 1.40 3.00 Contralateral femoral cartilage 953.57 953.57
Contralateral acetabular cartilage 1.90 1.90 3.00 Contralateral acetabular cartilage | 978.09 978.09
Contralateral iliac 4.90 4.90 10.77 Contralateral iliac 978.09 978.09
Contralatergl.car.t11age 050 050 3.00 Contralatera_ll_carltl!age 2670.00 | 2670.00
of the sacroiliac joint of the sacroiliac joint
Sacrum 10.10 10.60 10.77 Sacrum 474.52 452.14
Cartilage of the sacroiliac joint on Cartilage of the sacroiliac joint on
o — — 3.00 ST — —
the lesion side the lesion side
Femur on the lesion side 2.10 2.10 10.77 Femur on the lesion side 2282.21 2282.21
Remains of the iliac bone tissue Remains of the iliac bone tissue
o — — 10.77 S — —
on the lesion side on the lesion side
Polymethyl methacrylate 24.70 24.60 75.00 Polymethyl methacrylate 1351.21 1356.71
Beam with screws/screws 132.30 132.60 455.00 Beam with screws/screws 1530.42 1526.96
Endoprosthesis 4.50 4.50 455.00 | Endoprosthesis 44994.44 | 44994.44
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Conclusions

The use of a metal bar in the «bone — fixator —
endoprosthesis» system with an internal hemipelvec-
tomy of I-III type does not significantly change the
mechanical strength and stability of the model.

All the elements of the model — bones, cartilages,
polymethyl methacrylate and metal elements with-
stand 1 body weight (75 kg) and provide strength and
stability of the structure.

The most prone to desrruction element of the mod-
els is the lateral mass of the sacrum in the place
of insertion of the proximal screw, which should be
strengthened in this area and can be achieved via in-
troduction of an additional screw into the upper part
of the sacroiliac joint.

In dynamics (walking, running, climbing up
the stairs), the load of the operated area can reach
the values of 4 body weight, which, due to linear
growth of stress values can lead to the structure de-
struction and requires the use of additional means
of support (crutches, stick, etc.).
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