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The study of physicochemical properties of stabilizing plates
removed from the body after treatment of pectus excavatum
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This paper presents the results of a physicochemical surface study and clinical observation of a new generation of plates for the
treatment of pectus excavatum. Analysis of the data allowed us to investigate the effect of implant design and condition of their surface
on the results of treatment of pectus excavatum. In the study, we performed an analysis of clinical data, obtained after a suitable period of
treatment with the use of implants, as well as a study of physicochemical properties of stabilizing plates after their removal from the
body. Surface roughness, the surface wettability and corrosion resistance were measured, and the results were compared with clinical
observations. When removing the plates we found only slight inflammatory-periosteal reactions around the wire fixing transverse stabi-
lizing plates to the ribs and locking the base plate correcting the distortion. The corrective plates did not shift or rotate during the entire
treatment period, giving an optimal, oval and natural shape of the chest. The obtained values of the parameters investigated indicate that
the reduction in resistance to pitting corrosion occurred in the areas where laser marking was made to identify the plate. The remaining
plates, in spite of mechanical damage of the surface, were characterized by good corrosion resistance, a fact which is confirmed by the
results of clinical evaluation.
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1. Introduction

Malformation of the anterior chest wall causes
a number of cardiovascular disorders. Compression
of the right and left ventricle can lead to hemody-
namic disorders and cardiac silhouette shift to the
left as well as twisting of its axis and hinders the
flow of blood from the lungs to the left atrium. The
left shift of the heart is also linked with exposing the
right cavity and a change of cardiac silhouette, which
becomes similar to a mitral heart. The most common
childhood asymptotic defect is a pectus excavatum.
A small degree of distortion may for many years give
no clinical symptoms. Only a significant degree of

deformation causes cardiovascular and/or respiratory
system symptoms. During puberty, the clinical
symptoms usually manifest themselves as: deteriora-
tion in exercise tolerance, exertional dyspnoea, pal-
pitations, dizziness, fainting and coughing. In the
later period abnormal ventilation and perfusion with
local hypoxemia appear [4], [6], [20].

The most commonly used treatments for pectus
excavatum may include the Nuss method. The experi-
ence gathered and literature data allowed establishing
a number of adverse events associated with the surgi-
cal Nuss technique [2], [3], [7], [12]. Among 690 pa-
tients operated on between the ages of 3 to 31 years
old the following were distinguished: severe pain due
to compression of the ribs by plates supported at only
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two points and movement of the plates during
breathing, plate rotation despite the various block-
ing protective measures or large periosteal rib reac-
tion due to partial mobility of the plate and the de-
struction of the ribs in the contact zone of the plates
with ribs. Therefore, Dzielicki proposed a modified
method with elements of the Nuss technique.
Achieving these objectives required the develop-
ment of a new structural model of plate stabilizers
allowing their controlled fastening to the ribs. De-
velopment of a new or modified form of the implant
and the tools used for its attachment require re-
search with application of computational mechanics
methods [1], [11], [15], [22] in order to determine
the biomechanical characteristics of the system
under consideration. Therefore, the solution to this
problem required numerical analysis [9] and pre-
clinical experimental studies carried out in the
swine chest—stabilizer plate system [8]. Obtaining
positive results formed the basis for the develop-
ment of our own diagnostic procedures and the
modelling of procedures using minimally invasive
methods for surgical treatment of pectus excavatum,
mainly by changing the location and method of
attachment of the plates with the cross-beams which
resulted in a favourable distribution of forces acting
being applied to the deformed chest. Therefore,
taking into account the possibility of using mini-
mally invasive surgical techniques and minimiza-
tion of costs, the Centre of Biomedical Engineering,
Silesian University of Technology developed a range
of stabilizer plates and surgical instruments whose
production was implemented in BHH Mikromed in
Dabrowa Gornicza.

These tests are a continuation of the issue con-
cerning development of the modified form of plate
implant for stabilization of malformations of the ante-
rior chest wall presented in earlier papers of the
authors [8]-[10].

2. Material and methods

2.1. Clinical evaluation

From October 20, 2010 to April 12, 2013 under the
project titled “A new method of surgical treatment of
the anterior chest wall malformations”, stabilization of
pectus carinatum and pectus excavatum was carried out
within the terms of clinical evaluation with plates using
a modified method of fixation. The additionally applied
cross-bars, fixed to the ribs with wire, constituted an
important factor contributing improved stabilization
plate during implantation. The main corrective plate
and the cross-bar had grooves to allow locking the plate
with screws after achieving the forced oval and optimal
shape of the chest. Such fixing prevented and elimi-
nated the rotation of the plate, its movement and fric-
tion against the ribs. Precisely this mobility, typical of
the Nuss technique, caused considerable pain and
a periosteal reaction. Patients aged 16-22 years old
underwent treatment. Depending on the degree of mal-
formation, one or two plates were implanted. The im-
plants were removed after achieving a stable, anatomi-
cal curvature of the thorax and the ribs growing during
that time obtaining “shape memory”. Depending on the
degree of defect, the plates were removed a year (pec-
tus carinatum malformations) up to 2 years and above
(pectus excavatum) after implantation. 48 corrections
of pectus excavatum and 15 corrections of pectus cari-
natum were performed until 30.06.2014. The exem-
plary images of malformations before and after surgery
are shown in Fig. 1. Considering the fact that stabiliza-
tion requires adequate time, we selected 4 plates re-
moved from the patients’ bodies for evaluation of
physicochemical properties. These studies are comple-
mentary to the studies conducted by the authors on the
plates after a specific time of implantation.

Fig. 1. The exemplary images of pectus excavatum: (a) before, (b), (c) after surgery
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2.2. The study of
physicochemical properties

Tests were carried out on plates of modified con-
struction made of stainless Cr-Ni-Mo steel of a chemical
composition and mechanical properties consistent with
the recommendations of the ISO 5832-1 standard
removed from the body: two plates after 20 months
time and two 25 months after implantation, Fig. 2.
The plates were subsequently cut into samples using
a Bakelite disc with ceramic abradant (Al,O3), con-
stituting the equipment of a Discotom-6 mechanical
cutter manufactured by Struers. Water cooling was
applied during cutting. This prevented overheating of
the samples, which could lead to local changes in their
structure. The material for testing was divided into
three groups: the first sample contained surface de-
fects in the form of numerous scratches, the second
contained samples with undamaged surface, while the
third group contained samples with engraving on the
surface made for identification. The following were
performed during the study: macroscopic surface as-
sessment, roughness and surface wettability measure-
ment and the test of resistance to pitting corrosion.

Evaluation of the surface was carried out using
a SteREO Discovery V8 stereoscopic microscope
manufactured by Zeiss with AxioVision software.
Roughness measurement was made using a Surtronic 3+
contact profilographometer from Taylor Hobson. The
Ra parameter was determined — the arithmetic average
of profile ordinates according to the PN-EN ISO 4287
standard recommendations. To determine the wettabil-
ity of the surface on the selected samples we analyzed

contact angles and surface energy (SEP) with the
Owens—Wendt method. Contact angle measurements
were performed using two liquids: distilled water (6w)
(manufactured by Poch S.A.) and diiodomethane (8w)
(manufactured by Merck Sp. z 0.0.). Measurement of
liquid drops and diiodomethane deposited onto surfaces
of the specimens was made at room temperature on a
test bench consisting of a SURFTENS UNIVERSAL
manual goniometer manufactured by OEG and com-
puter with Surftens 4.5 software for the analysis of the
recorded drops’ image. 5 drops of distilled water and
diiodomethane were applied onto the surface of each
sample, each with a capacity of 1.5 pl. The measure-
ment began 20 seconds after the application of the
drops. The duration of a single measurement was 60
seconds with a sampling rate of 1 Hz. Next, the deter-
mined values of contact angles & and surface energy
were presented as mean values with standard deviation.
The value of surface energies (SEP) and their compo-
nents assumed for calculation: polar and dispersive, are
given in Table 1.

The last stage of the analysis consisted in testing
the resistance to pitting corrosion of the samples se-
lected on the basis of macroscopic evaluation, from
the areas with visible surface damage (the first group)
occurring in places of laser marking (third group) and
for comparison in the areas without any mechanical
damage (second group). The study was performed by
recording potentiodynamic polarization curves according
to PN-EN ISO 10993-15 standard recommendations.
The measuring set consisted of a VoltaLab PGP201
potentiostat, reference electrode (NEK KP-113 saturated
calomel electrode), the auxiliary electrode (platinum
electrode type PtP-201), anode (the test sample) and
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Fig. 2. Marking of test samples
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a PC with VoltaMaster 4 software. Prior to testing, the
surfaces of all samples were cleaned with 96% ethanol
using a SONICA 1200M ultrasonic bath for ¢ = 6 min.
Corrosion tests began with determination of the po-
tential of opening E,, in currentless conditions. Po-
larization curves were recorded from the starting
potential value £ = E,, — 100 mV. The change of
potential occurred in the anode direction at a rate
of 1 mV/s. After achieving the anodic current density
of 1 mA/ecm® the direction of polarization was
changed. On the basis of the curves obtained, corro-
sion potential ., the transpassivation potential £\, as
well as breakdown E,, and repassivation E. were
determined and, using the Stern method, polarization
resistance value R,

Table 1. The values of SEP and their individual components
for measurement liquids

Polar Dispersion
Type of liquid | component yP component yf
mJ/m? mJ/m?
Distilled water 51.0 21.8
Diiodomethane 6.7 44.1
3. Results

Based on the results of clinical evaluation and the
studies conducted assessment of stability and evalua-
tion of physicochemical properties of the selected
plates were performed.

3.1. The results of clinical evaluation

The application of panels longer by about 3 cm on
each side compared to those used in the Nuss tech-

nique and structural solution allowing for the possi-
bility of firm locking of the support plate with the
cross-bars made it possible to form an oval shape re-
gardless of whether the deformation was symmetrical,
unsymmetrical, or flat. The method of locking enabled
stable retaining of the shape formed during the opera-
tion for the entire period of treatment. Stable locking
of carrier plates and their proper adhesion to the ribs
changed the size and distribution of clamping forces.
The clamping forces were not concentrated at two
points on the ribs, as in the Nuss method, but at four
attachment zones of the stabilizing plates which re-
duced the pressure forces and eliminated movement of
the plates. The cosmetic effect immediately after sur-
gery in all patients was very good. In 4 patients, from
whom the plate was removed, a very good cosmetic
result remained permanent. There was no periosteal
reaction — except one — in which earlier loosening of
the wire loop occurred, causing increased friction of
the plates against the rib periosteum. The plates were
removed after about two years of implantation. The
amount of analgesics the patients needed was mini-
mal, and there was no need to insert analgesic cathe-
ters into the pleural cavity epidurally.

3.2. The results of
physicochemical properties

On the basis of observations with a stereoscopic
microscope, it was found that in most of the analyzed
areas on the external surfaces of the plates, there are
numerous instances of mechanical damage in the form
of scratches of varying depth and width (the first
group). These may have occurred during the preop-
erative modelling of the plates to the anatomical cur-
vature of the chest, as well as at the time of their re-
moval, Fig. 3. In contrast, the inner surfaces, which

Fig. 3. Example of mechanical damage to the outer surface of the plates:
(a) 2UP, (b) 4kD, stereoscopic microscope, magnification 10x
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b)

Fig. 4. Examples of mechanical damage to the inner surface of the plates:
(a) 1UP, (b) 4kD, stereoscopic microscope, magnification 10x

Fig. 5. Example of engraving in the central part of the plate:
(a) 3DTS5, magnification 25x, (b) 2UP5, magnification 40x, stereoscopic microscope

were represented by the samples of the second group,
were characterized by a mirror polish with no apparent
mechanical defects, Fig. 4. Engraving was made in the
middle part, which enabled identification of each of
the implanted plates (third group), Fig. 5.

Deep scratches and engraving on the surface of the
plates influenced the increase of Ra parameter, Table 2.
It can be seen that on the inner surfaces and the panel
areas without mechanical damage the Ra parameter
value varied from 0.04 pm to 0.09 pm compared to
a maximum of Ra = 0.85 um for the numerous surface
defects. These samples were collected from the end por-
tions of the plates and are characterized by numerous
surface scratches made while bending the implant with
the use of tools to the anatomical curvature to the chest
before implantation, and then removing it. An increase
of the surface roughness Ra to a value of 0.74 pm was
also observed in the central portion in the areas where
the plates were marked for identification.

Next, surface wettability was tested on the selected
samples. On the basis of these results it was found that
all the analyzed plate surfaces are characterized by

hydrophilic properties of low wettability. The test
results, the surface wettability and the surface energy
are shown in Table 3.

The highest contact angle values of the samples
being tested were obtained from plate 3DT7 (€ =
81.95°). Other samples, 1UP6, 2UP8 and 4KDS, repre-
senting a particular plate, acquired respectively the
mean value of the contact angle 8= 76.44°, = 76.75°
and €= 79.12°. An exemplary photograph of the sam-
ple of distilled water and a drop of diiodomethane ap-
plied to the outer surface of the plate is shown in Fig. 6.
On the other hand, the mean values of 0 for the contact
angle of diiodomethane (Table 3) were similar in
sequence to plates 1, 2, 3 and 4 and were as follows:
0=158.91°, 6=56.51°, 6= 56.28°, 6= 57.23°. Contact
angle values obtained during the test using distilled
water and then diiodomethane constituted the basis for
further studies of the surface energy. As a result, the
surface energy values yS were obtained. For samples
from plates 1, 2, 3 and 4, they were close to each other
and were 31.44 mJ/m?, 32.22 mJ/m?, 31.08 mJ/m” and
31.24 mJ/m?, respectively.
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Table 2. Test results of surface roughness

Plate name Plate 1 UP
Number 1UPI 1UP2 1UP3 1UP4 1UP5 1UP6 1UP7 1UPS | 1UP9
of sample
Surface roughness | 5 0.04 0.05 0.60 0.11 0.14 0.05 0.33 0.50
Ra, pm
Standard devia- +0.01 0.00 0.00 +0.01 +0.03 +0.01 +0.01 +0.06 | 0.00
tion, pum
Notes Surface: 1UP1, 1UP8 and 1UP9 — with numerous scratches, 1UP2 — no scratches,

1UP3 and 1UP7 — internal, 1UP4, 1UP5 and 1UP6 — engraved
Plate name Plate 2 UP
Number 2UP1 | 2UP2 | 2uP3 | 2uP4 | 2UPs | 2uP6 | 2UP7 | 2UP8 | 2UP9 |2UPIO
of sample

Surface roughness

0.85 0.07 0.18 0.51
Ra, pm

0.51 0.63 0.14 0.16 0.11 0.39

Standard

o +0.03 | +0.01 0.00 +0.09
deviation, um

+0.02 +0.03 0.00 0.00 +0.01 | £0.03

Surface: 2UP1 — with numerous scratches, 2UP2, 2UP8, 2UP9 and 2UP10 — with a few scratches,

Notes 2UP3 and 2UP7 — internal, 2UP4, 2UP5 and 2UP6 — engraved

Plate name Plate 3 DT

Number 3DT! | 3DT2 | 3DT3 | 3DT4 | 3DT5 | 3DT6 | 3DT7 | 3DT8 | 3DT9 | 3DTI0
of sample

Surface roughness

0.15 0.08 0.15 0.74
Ra, pm

0.67 0.35 0.05 0.29 0.35 0.19

Standard

. +0.01 +0.03 +0.06 +0.02
deviation, um

+0.08 +0.01 +0.01 +0.03 | £0.02 | +0.08

Surface: 3DT1, 3DT10 — with numerous scratches, 3DT2 — deformed by bending,

Notes 3DT3, 3DTS — internal, 3DT4, 3DTS5, 3DT6 — engraved, 3DT7 — the study of corrosion resistance,
3DT9 — with a few scratches

Plate name Plate 4 KD

Number

of sample 4KD1 4KD2 4KD3 4KD4 4KD5 4KD6 4KD7 4KD8 | 4KD9 | 4KD10

Surface roughness

0.19 0.66 0.09 0.09
Ra, pm

0.37 0.74 0.25 0.09 0.10 0.87

Standard

. +0.01 +0.02 +0.01 +0.01
deviation, um

+0.01 0.00 +0.01 0.01 0.00 +0.03

Notes

Surface: 4KD1, 4KD10 — with numerous scratches, 4KD2 — deformed by bending,
4KD3, 4KD4, 4KD7 — internal, 4KD5, 4KD8, 4KD9 — with a few scratches, 4KD6 — engraved

Table 3. Results of the surface energy calculated on the basis of contact angle measurements — OWRK method

Number | Distilled water Diiodomethane Polar component »?, | dispersion component ;/Sd » | Surface energy ys,

of sample | Contact angle, ° Contact angle, © mJ/m’ mJ/m? mJ/m?*
1UP6 76.44 +£3.0 5891+1.2 11.26 20.18 31.44
2UP8 76.75+ 1.7 56.51+1.7 10.24 21.98 3222
3DT7 81.95+0.9 56.28 £ 1.6 6.65 24.43 31.08
4KD8 79.12+2.6 57.23+0.5 8.76 22.48 31.24

Following the analysis of surface wettability,
studies of resistance to pitting corrosion were per-
formed. Examples of test results in the form of con-
ventional and logarithmic polarization curves are
shown in Fig. 7.

Characteristic parameters, whose values are shown
in Table 4, were determined on the basis of the curves
obtained.

The values of the recorded potentials confirm the
macroscopic observations of the surface. For the
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b)

Fig. 6. Sample of drops: (a) distilled water, (b) dilodomethane deposited on the sample surface
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Fig. 7. Examples of polarization curves: (a) classical chart, (b) logarithmic graph:
first group — solid line, second group — line dot-dash, third group — line dash-dash

surface of the plates which were laser marked (sam-
ples of the third group) we observed hysteresis loop,
demonstrating the development of pitting corrosion.
For these samples the breakdown potential was re-
corded, which varied from E,, = 768 mV, up to E,, =
1130 mV, repassivation potential E., from 19 mV up

to 141 mV, with the corrosion potential £, from
68 mV up to 141 mV and polarization resistance R,
from 423 kOhm-cm” up to 1180 kOhm-cm®. For the
samples from the first and second groups a transpassi-
vation potential was determined that ranged from
E.=1265 mV to E, = 1307 mV, the corrosion poten-
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Table 4. Results of resistance to pitting corrosion tests of the analyzed plates

Name Plate 1 UP

Plate 2 UP

Number 1UP1 1UP2 1UP3 1UP4

1UP7 2UP1 2UP2 2UP3 2UP4 2UP5

Breakdown

. +768
potential £y, [mV]

+1103 | +1130

Repassivation

. +86
potential £, [mV]

+141 +68

Transpassivation

+
potential £, [mV] 1302

+1286 | +1306 -

+1298 | +1284 | +1300 | +1290 - -

Corrosion

+
potential £, [mV] 141

+90 -108 +119

+99 +148 +38 +97 +124 +121

Polarization resistance

R, [kOhm-cm’] 2000

556 912 494

1440 270 1480 1160 1160 1070

Name Plate 3 DT

Plate 4 KD

Number 3DT1 3DT2 3DT3 3DT4

3DT5 4KD1 4KD2 | 4KD3 | 4KD4 | 4KD6

Breakdown

+
potential £y, [mV] 814

+814 +1148 - - - +1062

Repassivation

+
potential £, [mV] 19

+35 +66 - - - +31

Transpassivation

+
potential £, [mV] 1266

+1287 | +1265 -

+1316 | +1307 | +1304 -

Corrosion

+
potential £, [mV] 15

+110 +114 +101

+114 +152 +133 +113 +126 +68

Polarization resistance

R, [kOhm-cm’] 719

668 586 741

423 962 732 817 760 1180

tial E.o from +148 mV up to —108 mV, while the
polarization resistance R, varied from 270 kOhm-cm®
to 2000 kOhm-cm”. These values indicate a good
resistance to pitting corrosion of the analyzed plate
areas.

Fig. 8. Examples of pitting at the site of the implant marking

The resulting reduced breakdown potential for
the samples of the third group confirms the obser-
vations under the stereoscopic microscope. Pits
were found in the areas in which the implant mark-
ing was performed, Fig. 8. Detailed analysis of the

results of sample testing, which were marked using
a laser technique, showed the occurrence of the
breakdown potential and corrosion defects, which
indicates a permanent interruption of the passive
layer, which is not subject to repassivation in the
tissue environment.

4. Discussion

Biomaterials used for plates for the treatment of
pectus excavatum must meet certain normative re-
quirements so that they do not endanger the health
and life of the patient when implanted into the body
[13], [19].

One of the main criteria for the evaluation of the
implant is its resistance to corrosion and biotolerance
in the body fluids environment, which is related to
physicochemical properties of the surface. The highest
average values of Ra parameter to the surfaces of the
samples were obtained from the first and third groups.
These samples were cut from plate areas previously
bent to the correct curvature of the chest by the in-
struments and the areas in which laser marking was
made. On the other hand, the lowest roughness values
were measured for the surfaces of the samples from



The study of physicochemical properties of stabilizing plates removed from the body after treatment of pectus excavatum 43

the second group on the inner side of the plates and
external surfaces containing few or no scratches,
Table 2. The condition of the samples’ surface had
an impact on the resistance of stabilizers to pitting
corrosion. Detailed analysis of the results of sample
testing with laser marking showed a reduction of
breakdown potential and corrosion defects, which
indicates a permanent interruption of the passive
layer, which is not subject to repassivation in the tis-
sue environment. The potentiodynamic curves ob-
tained for them are characterized by the presence of
the characteristic hysteresis loop demonstrating the
initiation of corrosion processes. Therefore, the
authors suggest carrying out the marking on the sur-
face of the implant before formation of the passive
film protecting the implant body against the body
fluids environment. However, the occurrence of me-
chanical damage in the form of surface cracks does
not affect the reduction of corrosion resistance which
may result from an auto-passivation in the tissue envi-
ronment. This indicates the presence of transpassiva-
tion potential and lack of development of corrosion
pits, as confirmed by the macroscopic observation of
surface samples.

The analysis of the nature of the surface layer
allows the behaviour of organic cells to be evaluated
in the presence of surface layer material. The result-
ing mean values of contact angle indicate that the
plates being tested have a hydrophilic surface, but
poorly wettable. Referring to the work of authors [5],
[14], [16], [21] it can be concluded that the more
hydrophobic the surface of the material, the more
proteins adsorbed to the surface. Conversely, the
more hydrophilic the surface, the more conforma-
tional changes in the adsorbed proteins. Low protein
adsorption to the surface of the biomaterial is desired
because it reduces blood clotting. In turn, the surface
energy can be used as an indicator of whether the
cell adhesion to the surface of the biomaterial occurs.
Based on this, it can be concluded that if the plate
surface is hydrophilic, conformational changes of
proteins of the body may occur, which may contrib-
ute to the formation of blood clots; however, the
surface is poorly wetted, which greatly reduces the
adsorption of proteins and the possibility of initiating
corrosion processes on the surface. The energy value
of the analyzed surface stabilizers indicates their
athrombogenicity, which eliminates the overgrowth
of bone tissue to the surface. The obtained results of
wettability and corrosion resistance of the plates
were confirmed by clinical results. The plates with
a modified design provided very good treatment re-
sults. After removing them from the body, no tissues

adsorbed to the surface have been observed. More-
over, patients treated with the new stabilizer genera-
tion felt minimal pain after implantation, which was
caused by the change of distribution of pressure gen-
erated by the plate. On the other hand, the minimal
periosteal-inflammatory reactions could have been
caused by the formation of a “cell” in the wire-plate
system upon fixing of the plate to the ribs with
a cross-bar following the occurrence of crevice cor-
rosion [17], [18]. The obtained results allow us
to conclude that the use of lockable plates is a new,
highly effective method of treating a malformed
chest.
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