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In severe forms, funnel-shaped chest deformity (FSCD) requires
surgical correction. The method of choice is the Nuss operation
and its modifications. Objective. To study the changes that occur
in the stressed-deformed state of the chest model and the fixator
under different methods of its implementation during the mini-
mally invasive correction of FSCD according to Nuss. Material
and methods. 4 schemes of FSCD correction were modeled: 1 —
alignment with one retrosternal plate with transverse stabilizers,
the point of entry and exit of the fixator is located paraster-
nal at the level of the bone-cartilage transition, the fixator on
the sides of the chest ends at the level of the front axillary line;
2 — sternal plate with transverse stabilizers, the point of entry
and exit is located at the level of the front armpit line, the fixa-
tor ends at the level of the middle armpit line; 3 — the use of a
double plate with transverse bars that connect the plates with
the help of screws with medial conduction; 4 — a double plate
with transverse slats, which connect the plates with the help of
screws with lateral guidance. The models were loaded with a
distributed force of 100 N applied to the sternum. The results.
When using FSCD correction schemes, the maximum level of
stress occurs in the metal plates, because they bear the main
loads from the sternum, which tries to return to its original
position after correction. The same reason causes the highest
level of stress among the elements of the skeleton in the ster-
num. Conclusions. Under the conditions of using any FSCD cor-
rection scheme, the maximum stress level occurs in the metal
plates, sternum, fifth and sixth ribs, which are in direct contact
with the plates. The use of long plates with lateral points leads
to a slight decrease in stress values in all elements of the model.
The «Bridge» fastener allows you to significantly reduce the
level of stress, both in the plates themselves and in the elements
of the skeleton due to an increase in their contact area.
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Jlitikonooibna deghopmayis epyonoi knimku (JIJI'K) 3a eupasicenux
Gopm nompebdye xipypeiunoi kopexyii. Memooom eubopy € onepayis
3a Nuss ma ii mooughikayii. Mema. Busuumu sminu, SKi 8i06ysaromo-
€51 8 HANPYHCEHO-0ehOPMOBAHOMY CIAHT MOOEN 2PYOHOT KIIMKU md
ikcamopa 3a pisHUX MeMOOUK 11020 NPOBEOEHHs Ni0 YaAC MAOIHEA-
susnoi kopexyii JIT'K 3a Nuss. Mamepian i memoou. Mooenosanu
4 cxemu xopexyii JIATK: 1 — eupisHiogants 0OHIEN0 3a2PYOUHHOIO
NAACMUHOIO 3 NONepe HUMU CMAaDINi3amopamuy, mouka 6xooy ma
8UX00Y iKcamopa po3mauio8ana napacmepHaIbHO Ha PIGHI Kich-
KOBO-XPAW06020 nepexody, gikcamop no 6okam epyoOHoi Kiimku
BAKIHYYEMbCSL HA PIGHI NepPeOHbol naxeo8ol NiHii; 2 — 3a2pyouHHa
NAGCMUHA 3 NONePe HUMU CIMADLNI3amopamu, mouka 6xo0y ma 6u-
X00y po3mauio8ana Ha pieHi nepedHvboi naxeosoi niuii, gikcamop
3aKIHUYEMbCA HA PIBHI cepeOHbol naxeosoi ninii; 3 — UKopucman-
Hsl NOOBIIHOT NIACTIUHY 3 NONEPEYHUMU NIAHKAMU, AKI 3 EOHYIOMb
NAACMUHU 30 OONOMO20I0 26UHMIG 13 MeOIaNbHUM NPOBEOCHHAM,
4 — noosilina nAAcmMuna 3 NONEPEeYHUMU NAAHKAMU, AKI 3 EOHYIOMb
NAACMUHU 3a OONOMO20I0 26UHIMIE 13 IAMEPATLHUM NPOBEOCHHSIM.
Mooeni nasanmagicyeanu posnodinenoro cunoro 100 H, npuxnade-
HO10 00 epyounu. Pezynemamu. I1i0 yac euxopucmanis cxem Kopex-
yii JIT'K maxkcumanvbruil pigeHb HanpyliceHb BUHUKAE 8 MEMAIeEUX
naacmunax, 60 came 60HU MPUMAIOMb HA OO OCHOBHI HABAHMA-
JHCensL 810 SpYOUHU, KA HAMALAEMbCS NOBEPHYMUCD ) NOYAMKOBE
nonooicenns nicas kopekyii. Ta olc cama npuyuna GUKIUKAE HATIGU-
WUl pieeHb HanNpyJiceHb cepeo elemMeHmie ckeiema came 8 epyou-
Hi. Bucnosxu. 3a ymos euxopucmanis 6y0b-sikoi cxemu Kopekyii
JIITK makcumanshuti pieens HanpydiceHb GUHUKAE 8 MEemanesux
NIACMUHAX, 2PYOUHI, WAMUX 1 WoCmux pedpax, AKi 6e3nocepeorHbo
KOHMAKmMyoms i3 niacmunami. 3acmocysanis 0062Ux Nidacmun
i3 1amepanbHUMU MoYKamu npogedeHHs 6ede 00 HeGelUKo20 3Hu-
JHCEHHSL GeNIUYUH HANPYIICEeHb V 6CIX enemenmax mooeni. Dikcamop
3a 3paskom «Micmy 0036014€ 3HAUHO 3HUSUMU PIBEHb HANPYIICEHD,
SAK Y camux nIACMUHAx, max i 6 enemenmax cKeiema 3a paxyHox
30LIbUEHHS nI0W IXHbo2o Konmaxmy. Knrouosi cnosa. I pyouna, de-
hopmayis, Koperyisi, MOOeTOBaAHHSL.
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Introduction

Funnel-shaped chest deformity (FSCD) requires
surgical correction in severe forms [1]. The method
of choice is the Nuss operation and its modifications.
It requires installation of retrosternal plates that align
the deformed sunken part of the chest [2]. This tech-
nique is the opposite of resection methods proposed
by Ravich in 1949, widely used until the 2000-s. After
Donald Nuss published in 1998 the results of 10-year
treatment of patients with FSCD using non-resection
modeling of the anterior chest wall [3], this method
quickly gained popularity due to better cosmetic re-
sults. However, it remains unclear what stresses oc-
cur in the sternocostal complex during minimally
invasive correction, as well as whether the choice
of fixator length, plate tunneling point, and number
of fixators affects the change in the stress-strain state
of the thorax and fixator, as well as the effect of using
more fasteners [4].

Purpose: to study the changes occurring in
the stressed-deformed state of the chest model and
the fixator under different methods of its implementa-
tion during the minimally invasive correction of fun-
nel-shaped chest deformity according to Nuss.

Material and methods

The model of the spine, developed in the labora-
tory of biomechanics of the State Institution Professor
M. L. Sytenko Institute of Spine and Joint Pathology
of the National Academy of Sciences of Ukraine, was
taken as the basis for the construction of the calcula-
tion model [5—7]. On the basis of information about
the properties of the ribs provided by R. Schwend,
Z.Li[8, 9], and the anatomical features of their func-
tional movement [10, 11], a calculated finite element
model was created in the norm (Fig. 1) and with fun-
nel-shaped deformity (Fig. 2). Calculations were per-
formed using the finite element method.

We modeled 4 schemes for the correction of the fun-
nel-shaped deformity of the chest:

1. Straightening with the help of one retrosternal
plate with transverse stabilizers, the point of entry
and exit of the fixator from the retrosternal space is
located parasternally at the level of the bone-carti-
lage transition (hereinafter referred to as the medial
delivery point), fixator on the sides of the chest ends
at the level of the front axillary line (hereinafter re-
ferred to as the short plate), shown in Fig. 3.
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Fig. 1. Basic geometric model of the spine with a normal chest, view: a — general; b — in sagittal plane; ¢ — in front; d —

behind

Fig. 2. Geometric model of the spine and chest with a funnel-shaped deformity, view: a — general; b — in sagittal plane; ¢ — in

front; d — behind
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2. Correction using one sternal plate with
transverse stabilizers, the point of entry and
exit from the sternal space is located at the level
of the front axillary line (hereinafter referred to
as the lateral delivery point), fixator on the sides
of the chest ends at the level of the middle axil-
lary line (hereinafter referred to as the long plate)
, fixator installation scheme is shown in Fig. 4.

3. A double plate with transverse slats is used,
the plates are connected with the help of screws
(a bridge-type fixator) with a medial delivery
(hereinafter referred to as the short bridge-type
fixator), plate installation schemes are shown in
Fig. 5.

4. A double plate with transverse slats, the plates
are connected with the help of screws (a bridge-type
fixator) with a lateral delivery (hereinafter referred

Fig. 3. Scheme of correction of the funnel-shaped chest using one short plate with transverse stabilizers and medial transfer points,
view: a — general; b — in sagittal plane; c — in front; d — from above

[b]

Fig. 4. Scheme of correction of the funnel-shaped deformity of the sternum with the application of one long plate with transverse
stabilizers, view: a — general; b — in sagittal plane; ¢ — in front; d — from above

[d]

Fig. 5. Scheme of correction of the funnel-shaped deformation of the chest using a short bridge-type fixator, view: a — general; b —

in sagittal plane; ¢ — in front; d — from above
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to as the long bridge-type fixator), plate installation
schemes are shown in Fig. 6.

During modeling, the material was assumed to be
homogeneous and isotropic. A 10-node tetrahedron
with a quadratic approximation was chosen as a fi-
nite element. The mechanical properties of the ma-
terials were selected from literature sources [12—15].
The used characteristics (E — Young's modulus
of elasticity, v — Poisson's ratio) are given in Table 1.

The models were loaded with a distributed force
of 100 N applied to the sternum. The model had
a rigid attachment on the upper surface of the body
of the S, vertebra and on the lower surface of the body
of the Ly vertebra. Such a fastening scheme was cho-

Table 1
Mechanical characteristics
of the materials used

Tissue Young's modulus Poisson's ratio, v
of elasticity E, MPa

Cortical substance 18 350.0 0.30

Spongy substance 330.0 0.30

Sternum 11 500.0 0.30

Cartilage 24.5 0.40

Intervertebral disc 4.2 0.45

sen so that the model does not tip over in the case
of a one-sided load on the sternum. The loading
scheme of the models is shown in Fig. 7.

Comparison of the values of stresses in the ele-
ments of the models implied selection of control
points, the layout of which is shown in Fig. 8.

The model was built in the SolidWorks soft-
ware [16]. Calculations of the stress-strain state
of the models were performed using the ANSYS
environment. To evaluate the stress-strain state,
the stress according to Mises [17] was chosen as
the most informative.

Results and their discussion

The first stage of the study involved modeling
of the scheme of correction of the funnel-shaped
chest deformity using one short plate. The stress-
strain state of the model is shown in Fig. 9.

With the help of the conducted modeling, it was
determined that in the case of using a short plate to
correct the funnel-shaped deformity of the ster-
num, the greatest stress of 22.0 Mpa occurs precisely
in the sternum. Among the ribs, the most loaded are
the fifth, where the indicators reach 11.4 MPa, because
the ends of the plate rest on these ribs. Also, a high stress
level of 8.2 MPa is observed on the first ribs, but this

(b

Fig. 6. Scheme of correction of the funnel-shaped deformity of the chest using a long bridge-type fixator, view: a — general; b— in

sagittal plane; ¢ — in front; d — from above

Fig. 7. Model loading scheme

Fig. 8. Layout
of control points:
1-10 — ribs; 11 —
sternum; 12 — lower
plate; 13 — upper
plate
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Fig. 9. Stress distribution in the chest model with correction of the funnel-shaped deformity of the sternum with a short plate, view:

a— in sagittal plane; b — from the front; ¢ — behind
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Fig. 10. Stress distribution in the model of the chest with correction of FSCD with a long plate, view: a — in sagittal plane; b — from

the front; ¢ — behind
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Fig. 11. Distribution of stresses in the model of the chest with correction of the funnel-shaped chest deformity with a short bridge-
type fixator, view: a — in sagittal plane; b — from the front; ¢ — behind

indicator should not be paid attention to, because it is
caused by the rigid attachment of the S vertebra, 1. e.,
the modeling conditions, and not by the sternum correc-
tion scheme. Further, the stress level decreases, reaching
a minimum of 2.5 MPa on the third rib, and slightly
increases to 3.4 MPa on the fourth. On the edges below
the plate, the stresses are almost the same and are deter-
mined in the range of 2.2-2.8 MPa. The indicators on
the plate reach the mark of 50.1 MPa.

Let us consider what changes in the stress-strain
state of the model occur when one long plate is used.
The pattern of stress distribution in the model is
shown in Fig. 10.

The use of a long plate leads to a reduction in
the magnitude of stresses in the sternum by half to
the mark of 11.2 MPa, and also shifts the maximum
level of stresses to the sixth rib, where they are deter-
mined at the level of 10.7 MPa, which is also lower



ISSN 0030-5987. Orthopaedics, traumatology and prosthetics. 2023. Ne 3

than during correction with a short plate. This is due
to the fact that the fulcrum of the ends of the plate is
moved exactly to six ribs. On all other ribs, there is
also a decrease in the stress level. On the plate itself,
the stresses also decrease and are fixed at the mark
of 42.7 MPa.

The next stage of the study involved assessment
of the stress-deformed state of the models with
a scheme for correcting the funnel-shaped deformity
of the chest with the help of a short bridge-type fixa-
tor. The stress distribution in the model with two
short plates is shown in Fig. 11.

Under the conditions of applying the FSCD cor-
rection scheme with a short bridge-type fixator,
there is a decrease in the stress level on all elements
of the model compared to the model with one short
plate. The most significant decrease is recorded on
the sternum, where the maximum stress level stops
at the mark of 3.8 MPa. The stress on the fifth and
sixth ribs, on which the ends of the plates rest, is 7.3
and 7.0 MPa, respectively. Also, a significant de-
crease in stresses is observed on the upper and lower

plates, where they do not exceed the marks of 25.0
and 27.0 MPa, respectively.

Fig. 12 shows the stress-strain state of the model
with FSCD correction using a long bridge-type
fixator.

The conducted studies provided evidence that
increasing the length of the plates and changing
the points of the fixator laterally allows to reduce
the stress level on all the elements of the model, but
these changes are not as noticeable as with the length-
ening of a single plate.

Indicators of the amount of stress in the elements
of the models, depending on the scheme of correction
of the funnel-shaped deformity of the sternum, are
given in Table 2.

A visual representation of the ratio of the valu-
es of the maximum stresses in the bone elements
of the models depending on the scheme of correction
of the funnel-shaped deformity of the sternum can be
obtained using the diagram shown in Fig. 13.

The use of long plates has advantages over short
ones in terms of reducing stress in the ribs and ster-
num. The most significant changes in the stress level

[a]

134,36
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Fig. 12. Stress distribution in the model of the chest with correction of the funnel-shaped chest deformity with a long bridge-type

fixator, view: a — in sagittal plane; b — from the front; ¢ — behind
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Fig. 13. Diagram of stress values in the bone elements
of the models according to different schemes for the correction
of the funnel-shaped chest deformity

Fig. 14. Diagram of stress values in the metal elements
of the models according to different schemes for the correction
of the funnel-shaped deformity of the sternum
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Table 2
Stress values in the elements of the models for different corrections of the funnel-shaped deformity of the sternum
Control point Stress, MPa
Ne model element short plate long plate short fixator long fixator

1 rib 1 8.2 7.8 6.9 6.6
2 rib 2 4.0 35 2.7 2.5
3 rib 3 2.5 1.9 1.4 1.4
4 rib 4 34 1.2 5.5 1.0
5 rib 5 11.4 1.8 7.3 6.0
6 rib 6 2.2 10.7 7.0 1.3
7 rib 7 2.8 22 1.7 1.5
8 rib 8 2.4 1.7 1.5 1.3
9 rib 9 2.6 2.2 1.5 1.5
10 rib 10 23 1.8 1.8 1.4
11 sternum 22.0 11.2 3.8 35
12 lower plate 50.1 427 27.0 244
13 upper plate — — 25.0 24.2

occur precisely in the elements that are in contact
with the metal plates, in the sternum and ribs 5 and 6.

The diagram shown in Fig. 14, gives an idea
of the ratio of stress levels in metal plates depending
on the scheme of correction of the funnel-shaped de-
formity of the chest.

As the diagram shows, an increase in the length
and number of plates also results in a decrease in
their stress level.

Analyzing the performed study, we can come to
the conclusion that employment of any of the schemes
for the correction of the funnel-shaped deformity
of the sternum, the maximum level of stress occurs in
the metal plates due to the fact that they bear the main
loads from the sternum, which strives to return to its
original position after correction . For the same rea-
son, it causes the highest level of stress among the ele-
ments of the skeleton in the sternum. The fifth and
sixth ribs are loaded due to the fact that the plates
rest on them with their ends, which, in turn, leads to
an increase in the stress level. The use of long plates
contributes to a slight decrease in stress values in all
elements of the model, most likely due to a more uni-
form distribution of the load along the length of these
elements. The use of two parallel plates (bridge-type
fixator) doubles the area of their contact with the bone
structures, as a result of which there is a significant
reduction in stress, both in the plates themselves and
in the elements of the skeleton.

Conclusions

During the use of any scheme for the correc-
tion of the funnel-shaped deformity of the sternum,

the maximum stress level occurs in the metal plates,
the sternum, the fifth and sixth ribs, which are in di-
rect contact with the plates.

The use of long plates with lateral points of delive-
ry contributes to a slight reduction of stress values
in all elements of the model due to a more uniform
distribution of the load along the length of these ele-
ments. At the same time, with the help of two paral-
lel plates (bridge-type), it is possible to significantly
reduce the stress level, both in the plates themselves
and in the elements of the skeleton due to the increase
of their contact area.

Conflict of interest. The authors declare no conflict
of interest.

References

1. Nuss, D, & Kelly, R. E. (2010). Indications and technique of Nuss
procedure for Pectus Excavatum. Thoracic Surgery Clinics,
20 (4), 583-597. https://doi.org/10.1016/j.thorsurg.2010.07.002

2. Jaroszewski, D. E., & Velazco, C. S. (2018). Minimally invasive
Pectus Excavatum repair (MIRPE). Operative Techniques
in Thoracic and Cardiovascular Surgery, 23 (4), 198-215.
https://doi.org/10.1053/j.optechstcvs.2019.05.003

3. Nuss, D, Kelly, R. E., Croitoru, D. P., & Katz, M. E. (1998).
A 10-year review of a minimally invasive technique for
the correction of pectus excavatum. Journal of Pediatric
Surgery, 33 (4), 545-552. https://doi.org/10.1016/s0022-
3468(98)90314-1

4. Ben, X. S., Deng, C., Tian, D, Tang, J. M., Xie, L., Ye, X.,
Zhou, Z. H., Zhou, H. Y., Zhang, D. K., Shi, R. Q., Qiao, G. B., &
Chen, G. (2020). Multiple-bar Nuss operation: An individualized
treatment scheme for patients with significantly asymmet-
ric pectus excavatum. Journal of Thoracic Disease, 12 (3),
949— 955. https://doi.org/10.21037/jtd.2019.12.43

5. Radchenko, V., Popsuishapka, K., & Yaresko, O. (2017).
Investigation of stress-strain state in spinal model for var-
ious methods of surgical treatment of thoracolumbar burst
fractures (Part one). ORTHOPAEDICS TRAUMATOLOGY



ISSN 0030-5987. Orthopaedics, traumatology and prosthetics. 2023. Ne 3

10.

and PROSTHETICS, (1), 27-33. https://doi.org/10.15674/0030-
59872017127-33

Golovaha, M., Tyazhelov, A., Letuchaya, N., Subbota, 1., &
Karpinski, M. (2021). Biomechanical aspects of experi-
mental study of functional treatment for S-shaped scolio-
sis. TRAUMA, 19 (1), 41-51. https://doi.org/10.22141/1608-
1706.1.19.2018.126661

Golovaha, M., Tiazhelov, O., Letuchaya, N., Subbota, ., &
Karpinsky, M. (2021). Biomechanical aspects of experi-
mental study of functional treatment of C-shaped scolio-
sis. TRAUMA, 20 (3), 32—41. https://doi.org/10.22141/1608-
1706.3.20.2019.172091

Schwend, R. M., Schmidt, J. A., Reigrut, J. L., Blakemore, L. C., &
Akbarnia, B. A. (2015). Patterns of rib growth in the human
child. Spine Deformity, 3 (4), 297-302. https://doi.org/10.1016/j.
jspd.2015.01.007

Li, Z., Kindig, M. W., Subit, D., & Kent, R. W. (2010). Influence
of mesh density, cortical thickness and material properties
on human rib fracture prediction. Medical Engineering &
Physics, 32 (9), 998—1008. https://doi.org/10.1016/j.medeng-
phy.2010.06.015

Dworzak, J., Lamecker, H., Von Berg, J., Klinder, T., Lorenz, C.,
Kainmiiller, D., Seim, H., Hege, H., & Zachow, S. (2009).
3D reconstruction of the human rib cage from 2D projection

12.

13.

14.

15.

16.

17.

images using a statistical shape model. International Journal
of Computer Assisted Radiology and Surgery, 5 (2), 111-124.
https://doi.org/10.1007/s11548-009-0390-2

. Mohr, M., Abrams, E., Engel, C., Long, W. B., & Bottlang, M.

(2007). Geometry of human ribs pertinent to orthopedic
chest-wall reconstruction. Journal of Biomechanics, 40 (6),
1310— 1317. https://doi.org/10.1016/j.jbiomech.2006.05.017
Awrejcewicz J., & Luczak B. (2006). Dynamics of human
thorax with Lorenz pectus bar. Proceeding X XII symposium
«Vibrations in physical systems». PoznanBedlewo.
Yoganandan, N., Kumaresan, S., Voo, L., Pintar, F., & Lar-
son, S. (1996). Finite element modeling of the C4—C6 cervical
spine unit. Medical Engineering & Physics, 18 (7), 569-574.
https://doi.org/10.1016/1350-4533(96)00013-6

Knets L.V., & Pfafrod G.O. (1980) Saulgozis Yu.Zh. Deforma-
tion and destruction of solid biological tissues. Riga: Zinatne.
Berezovsky V.A., & Kolotilov N.N. (1990) Biophysical
characteristics of human tissues. Directory. Kyiv: Nauk-
ova Duma.

Alyamovsky A. A. (2004). SolidWorks/COSMOSWorks. En-
gineering analysis using the finite element method. Moscow:
DMK Press.

Zienkiewicz, O. C., Taylor, R. L., & Zhu, J. (2005). The fi-
nite element method: Its basis and fundamentals. Butter-
worth-Heinemann.

The article has been sent to the editors 24.08.2023

STUDY OF THE DISTRIBUTION OF STRESSES IN THE ELEMENTS

OF THE STERNO-COSTAL COMPLEX AND METAL PLATES IN THE CASE
OF MINIMALLY INVASIVE CORRECTION OF THE FUNNEL-SHAPED
DEFORMATION OF THE CHEST ACCORDING TO NUSS

V. M. Pylypko '3, A. F. Levitskyi 3, M. Yu. Karpinsky 2, O. D. Karpinska 2, O. V. Yaresko ?

' Bogomolets National Medical University, Kyiv. Ukraine
2 Sytenko Institute of Spine and Joint Pathology National Academy of Medical Sciences of Ukraine, Kharkiv
3 National Children's Specialized Hospital «Okhmatdyt», Kyiv. Ukraine

P4 Vlasii Pylypko: vpylypko@gmail.com

< Anatolii Levytskyi, MD, Prof. in Traumatology and Orthopaedics: levytsk.a.f@gmail.com

Pl Mykhailo Karpinsky: korab.karpinsky9@gmail.com

04 Olena Karpinska: helen karpinska@gmail.com

> Olexander Yaresko: avyresko@gmail.com



