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Abstract

Carbon fiber-reinforced carbon (CFRC) composites
were modified by grinding with abrasive papers, laser
irradiation, coating with diamond-like carbon (DLC),
creation of pores by laser perforation and various com-
binations of these treatments, and seeded with human
osteoblast-like MG 63 cells. Twenty four hours after
seeding, the lowest cell numbers were obtained on
the non-ground, non-coated composites with Type 1
laser perforations (diameter 0.1 mm, depth 0.2 mm,
spacing 0.3mm), i.e., on samples with relatively high sur-
face roughness (R,=17.7 £0.9 um, S=93.0+ 2.0 um).
On the other hand, the cells on these samples were
well-spread, adhering with a relatively large cell-mate-
rial projected area. In comparison with these samples,
a significantly higher number of cells were obtained
on composites treated with a DLC coating, especially
those with laser perforation 2 (diameter 0.4 mm, depth
0.8 mm, spacing 1.2 mm). The cells on both types of
laser-perforated samples started to colonize pores
created by the laser beam.

[Engineering of Biomaterials, 75, (2008), 2-6]

Introduction

Over a period of more than 30 years, carbon fiber-
reinforced carbon (CFRC) composites have proven to
be suitable materials for technical applications requiring
high mechanical, thermal and chemical resistance, such
as rocket motor nozzles, reentry heatshields, aircraft disk
brakes, and turbine engines [1]. In addition, the physical
properties of these materials, such as specific weight,
porosity, modulus of elasticity as well as flexural and shear
strength, can be tailored to be similar to the corresponding
parameters of bone tissue [2,3]. Therefore, CFRC com-
posites have been considered promising materials for ap-
plication in orthopedics, dentistry and surgery of the spine,
e.g., for the construction of hip joint prostheses [4-7], spinal
cages [8] or endosseous dental implants [2]. For hard tissue
surgery applications, great attention has also been paid to
related materials containing carbon fibres reinforcing various
types of polymeric matrices, such as polyetheretherketone
(PEEK, [9], liquid crystalline polymer [10], polyamide [11]
or poly(methylacrylate) [12]. Some carbon fiber-reinforced
polymeric materials have been used clinically, e.g., as cages
for lumbar interbody fusion for treatment of spondylolisthesis

[13,14], for spine reconstruction after spondylectomy [15] or
reconstruction of cranial defects [16]. Carbon fiber modular
implants filled with cortical and cancellous bone grafts have
been applied for reconstruction of vertebrae in patients suf-
fering from primary or metastatic tumors of the spine [17].
All these materials are radiolucent, which facilitates the
examination of the implants with X-rays, computed tomog-
raphy or magnetic resonance [14,16,18]. However, these
materials also have some disadvantages, particularly the
tendency to release carbon particles, which is due to the
brittle nature of both carbon fibres and matrix. In addition,
due to the prominence of carbon fibres over carbon matrix,
the surface microroughness of CFRC composites can be
relatively high, and this can hamper the adhesion, spread-
ing and growth of bone cells [3,19]. These problems can
be minimized by polishing the composites and/or coating
these materials with strong and mechanically resistant bio-
compatible layers, e.g., pyrolytic carbon or graphite [19,20],
carbon-titanium [3], zirconium nitride [21] or fullerite [22,23].
Integration of CFRC composites with the surrounding bone
tissue could be further enhanced by the presence of pores
in these materials, which would enable the ingrowth of bone
tissue [24]. Therefore, in the present study, we investigate
the adhesion and spreading of human osteoblast-like MG 63
cells in cultures on CFRC composites modified by grinding,
coating with amorphous hydrogenated diamond-like carbon
(a-C:H, also referred to as DLC), laser irradiation, creation
of pores by laser perforation, and various combinations of
these treatments.

Material and Methods

Preparation of CFRC composites

Preparation of CFRC composites was described in detail
in our earlier papers [3,19,21-23]. Briefly, the two-dimension-
ally reinforced CFRC composites used in this study were
prepared at the Institute of Rock Structure and Mechanics,
Acad. Sci. CR, Prague. Commercially available woven fabric
(made of Toray T 800 carbon fibres) was arranged in layers,
infiltrated with a carbon matrix precursor (UMAFORM LE
phenolic resin, Synpo Ltd., Pardubice, Czech Republic),
pressed, cured, carbonised at 1000°C in N,, and finally
graphitised at 2200°C in Ar. The composites were then cut
with a diamond saw into samples 9 x 9 mm in size and 2 mm
in thickness, and subjected to one or more of the surface
modifications described below. The surface morphology of
a pristine unmodified CFRC sample is shown in FIG. 1A.

Surface modifications of CFRC composites
Grinding

The samples were progressively ground by abrasive
papers of grain sizes 350, 600, 800, 1000 and 4000.
The resulting surfaces were apparently smooth, with a shiny
glass-like appearance (FIG. 1B). The samples were then
cleaned in an ultrasonic washer.

Laser irradiation

This treatment was used with the aim to improve some
properties of CFRC composites that are important for the
cell-material interaction, such as consistency of the carbon
matrix, which would prevent the release of carbon particles.
The laser beam was applied using a MCVL 1000 LASER
machining centre (Nd:YAG laser) under the following pa-
rameters: output 50W, speed of the laser beam 80 mm/s,
beam trail @ 0.1mm, pulse frequency 4000 Hz, perpendicular
hatching, pitch 0.07 mm, crossover count 2. The surface
morphology of a laser-irradiated CFRC sample is shown
in FIG. 1C.



Deposition of amorphous hydrogenated diamond-like car-
bon (a-C:H)

DLC films of good adhesion to the CFRC surface and
about 200 nm in thickness were created using the plasma-
assisted chemical vapor deposition (PACVD) method in a
lab-made reaction chamber. First, the samples were cleaned
chemically in acetone, then in plasma, using argon. The
precursors for creating DLC were CH, and H,. The frequency
of the plasma used for both cleaning and deposition was
13.56 MHz. Two types of film were prepared. The differences
between them consisted in the bias used for the deposition
(-50V or -100V for Type 1 and Type 2, respectively), and
for that reason also in the time needed for creating layers
of the same thickness (40 and 16 min, for Type 1 and Type
2, respectively). The output was 20 — 25 W for Type 1 and
50 W for Type 2. The other parameters, such as flow of CH,
(50 sccm), H, (30 sccm) and pressure (7.7 x 10" Torr) were
similar for deposition of both types of DLC layers.

Laser perforation

The samples were modified by a laser beam on an MCVL
1000 LASER machining centre (Nd:YAG laser, output 50 W,
speed of the laser beam 80 mm/s, pulse frequency 4500
Hz). Two types of surface texture were created. Perforation
1 represents burning of openings with the following param-
eters: diameter 0.1 mm, depth 0.2 mm, spacing 0.3 mm.
The perforation 2 parameters were: diameter 0.4 mm, depth
0.8 mm, spacing 1.2 mm.

Using these procedures and combinations of them, 27
experimental groups of CFRC samples were prepared in
duplicates (TAB. 1). All treatments were performed on one
side of the samples, specified in advance.

Surface roughness and morphology of CFRC com-
posites

The surface roughness was characterized by parameter
R, (departures of the roughness profile from the mean line)
and parameter S (the mean spacing of the adjacent local
peaks). These parameters were determined using a Talysurf
profilometer (Talysurf 6, Rank Taylor Hobson Ltd., England).
The material surface morphology (FIG. 1) was evaluated
using a digitized microscope (ZKM 01-250C, Carl Zeiss,
Germany).

FIG. 1. Surface morphology
of CFRC composites. A: un-
treated, B: ground, C: laser-
irradiated, D: Type 1 laser
perforation, E: Type 2 laser
perforation. Microscope
(ZKM 01-250C, Carl Zeiss,
Germany).

TABLE 1. Surface modifications of CFRC composites.

Group Surface Layer Laser
No. processing deposition perforation

Without . " .

1 processing Without layer | Without perforation

2 | Grinding Without layer | Without perforation

3 !_r?zasc?i;tion Without layer | Without perforation
Without . ; 3

4 processing a-C:H1 Without perforation

5 | Grinding a-C:H1 Without perforation

6 !_r?zasc?i;tion a-C:H 1 Without perforation
Without . ; 3

7 processing a-C:H2 Without perforation

8 | Grinding a-C:H2 Without perforation

9 !_r?zasc?igtion a-C:H 2 Without perforation
Without ; i

10 processing Without layer | Perforation 1

11 | Grinding Without layer | Perforation 1

12 !_r?zasc?igtion Without layer | Perforation 1
Without i

13 processing aCH 1 Perforation 1

14 | Grinding a-C:H 1 Perforation 1
Laser . .

R iradiation a-C:H1 Perforation 1
Without . ;

16 processing a-C:H2 Perforation 1

17 | Grinding a-C:H 2 Perforation 1

1g |Laser a-C:H2 Perforation 1
irradiation :
Without : :

19 processing Without layer | Perforation 2

20 |Grinding Without layer | Perforation 2

21 !??:astﬁgtion Without layer | Perforation 2
Without :

22 processing aCH 1 Perforation 2

23 | Grinding aCH 1 Perforation 2
Laser :

24 | diation |@CH 1 Perforation 2
Without :

25 processing aCH 2 Perforation 2

26 |Grinding aCH 2 Perforation 2
Laser .

27 |iradiation aCH 2 Perforation 2

3
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in PBS) for 2 hours at room temperature. Digital
pictures of the cells were then taken under a
conventional fluorescence microscope (Olym-
pus IX 50) and in a confocal microscope (DM
2500, Leica, Germany). The latter enables
precise focusing of the cells on highly irregular
surfaces or inside porous materials using a
series of optical sections. Each sample was
photographed in 16 fields (0.136 and 2.25 mm?
in the conventional microscope and in the
confocal microscope, respectively) randomly
selected but homogeneously distributed over
the material surface. In these fields, the cells
were counted and their spreading area (i.e.,
the cell area projected on the material) was
measured using Atlas software (Tescan S.R.O.,
Brno, Czech Republic).

Statistical analysis
The quantitative data on the physical proper-
ties of the material was presented as mean *
® S.D. (Standard Deviation). The quantitative data
« I obtained in the cells was presented as mean +
’ S.E.M. (Standard Error of the Mean). Multiple
comparison procedures were performed by the
One Way Analysis of Variance (ANOVA), Stu-
dent-Newman-Keuls method, using SigmaStat
software (Jandel Corp. U.S.A.). P values equal
to or less than 0.05 were considered significant.

Results and Discussion

Grinding the CFRC composites with abrasive
papers markedly decreased the size of the
© 1 Q irregularities (parameter R,) on the material
surface as well as their spacing (S) (FIG. 2A
and B, group 1 vs. group 2). On the other hand,
the surface roughness after laser irradiation
increased (group 1 vs. group 3), which could
be explained by more prominent bundles of
carbon fibers over the carbon matrix. In other

FIG. 2. Parameter R, (A) and S (B) of the surface roughness correlated
with the number (C) and spreading area (D) of human osteoblast-like
MG 63 cells. Mean * S.D. from 2 samples, each measured in 6 areas
(A, B) or S.E.M. from 32 measurements (C) or 47-383 cells (D) for each
group. ANOVA, Student-Newman-Keuls method. Statistical signifi-
cance: '°: p<0.05 in comparison with the samples of group 10.

Cell culture on the CFRC composites

The CFRC samples were sterilized in 70% ethanol for 2
hours, air dried, inserted into 24-well culture plates (well di-
ameter 15 mm; TPP, Trasadingen, Switzerland) and seeded
with human osteoblast-like MG 63 cells (30 000 cells/well,
i.e., about 17,000 cells/cm?) into 1 ml of Dulbecco’s modi-
fied Eagle’s Minimum Essential Medium (DMEM; Sigma,
U.S.A., Cat. N° D5648) supplemented with 10% foetal
bovine serum (FBS; Sebak GmbH, Aidenbach, Germany)
and gentamicin (40 ug/ml, LEK, Ljubljana, Slovenia). The
cells were cultured at 37°C in a humidified air atmosphere
containing 5% of CO,.

Twenty four hours after seeding, the cells were rinsed
with phosphate-buffered saline (PBS), fixed with 70% cold
ethanol (-20°C, 10 min.) and visualized by fluorescence
staining. The proteins of the cell membrane and cytoplasm
were stained with Texas Red C,-maleimide (Molecular
Probes, Invitrogen, Cat. No. T6008; 20 ng/ml in PBS), and
the cell nuclei with Hoechst 33342 (Sigma, U.S.A.; 5 ug/ml

words, the hollows among the carbon fiber
bundles seemed to be deeper, probably due
to the increased consistency and dense pack-
ing of the carbon matrix after laser irradiation
(FIG. 1C compared to 1A). Similarly, coating
with diamond-like carbon of Type 1 or Type 2
also increased or did not change the surface
roughness (FIG. 2A and B, group 1 vs. groups
4 and 7).

The highest surface roughness values were achieved
on the composites treated with Type 1 laser perforation
(diameter 0.1 mm, depth 0.2 mm, spacing 0.3 mm), i.e.,
on the samples in experimental groups 10 to 18. The low-
est numbers of adhering cells were found on group 10,
i.e., on non-processed, non-coated composites with laser
perforation 1 (see FIG. 2 C). In our earlier studies, a higher
surface roughness of CFRC was also associated with a
lower number of MG 63 cells and vascular smooth muscle
cells [3,19,21].

However, material surface roughness was not the only
factor affecting cell adhesion. In comparison with the sam-
ples of group 10, significantly higher cell numbers were
usually achieved on samples coated with DLC 1 or 2, i.e.
groups 8, 13 and 22 to 27 (except the unmodified group 1
and laser 1-perforated group 11 with surface grinding; FIG.
2C). DLC coating therefore seems to be advantageous for
supporting the colonization of CFRC composites by cells.



Similar results were also found when CFRCs were
coated with a carbon-titanium layer or pyrolytic
graphite [3,19].

On the other hand, the cells on samples with the
lowest cell population density (group 10) adhered to
the material with a relatively large area, which may
be due to the fact that these cells were not limited
by cell-to-cell contacts, and thus they used more
space for their spreading (FIG. 2D). Similar results
were also obtained on CFRCs coated with a fullerite
layer [23].

The morphology of MG 63 cells on pristine CFRC
composites and materials modified by grinding,
laser irradiation, DLC coating and laser perforation
is shown in FIG. 3. The cells were polygonal or spin-
dle-shaped, often oriented along the carbon fibers
prominent on the material surface, also adhering in
hollows in the regions where the carbon fiber bundles
crossed in the carbon fabrics (FIG. 3A-E). On both
types of laser-perforated samples, the cells started
to penetrate into the pores, though they usually did
not reach the pore bottom due to the relatively short
culture interval of only 24 hours (FIG. 3F,G). Ingrowth
of the cells into the pores would be beneficial for
integration with the surrounding bone tissue [24],
if the CFRC composites are used for constructing
bone implants.

Conclusion

Grinding CFRC composites with abrasive papers
decreased their surface roughness, measured by
parameters Ra and S. On the other hand, laser
irradiation and especially Type 1 laser perforation
(diameter 0.1 mm, depth 0.2 mm, spacing 0.3
mm) markedly increased the surface roughness,
which was negatively correlated with the number
of human osteoblast-like MG 63 cells adhering to
these materials 24 hours after seeding. The lowest
number of cells was achieved on non-ground, DLC
non-coated and laser 1-perforated samples. DLC
coating was usually associated with relatively high
cell numbers, especially on composites treated with
laser perforation 2 (diameter 0.4 mm, depth 0.8 mm,
spacing 1.2 mm). On both types of laser-perforated
samples, the cells showed a tendency to colonize
the laser-created pores.
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FIG. 3. Morphology of human osteoblast-like MG 63 cells on day
1 after seeding of unmodified CFRC composites (group 1, A),
composites modified by grinding (group 2, B), laser irradiation
(group 3, C), Type 1 amorphous hydrogenated diamond-like
carbon (D) and 2 (E), laser perforation 1 (F) and laser perfora-
tion 2 (G). Leica DM 2500 confocal microscope, obj. 10x, bar =
300 um. The cells are visualized in spectral colors (violet, blue,
green, yellow and red from the material surface to the depth). A:
summation of 18 optical sections performed to a depth of 170
um; B, C: 8 sections, depth 70 ym, D: 6 sections, depth 50 um,
E: 25 sections, depth 240 pm F: 11 sections, depth 100 um, G:
29 sections, depth 280 pym, The thickness of all sections was
10 pm.
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Abstract

Metal surfaces have become important over the
last decade for potential surgical implants, and within
this context we present here a study of the cell growth
on modified gold surfaces. Gold films, deposited on
glass plates and annealed with a hydrogen flame, were
modified with four different carboranethiol derivatives:
1-(HS)-1,2-C,ByoHys (A), 1,2-(HS),-1,2-C;ByH;o (B),
9,12-(HS),-1,2-C,B,,H,, (C) and 1,12-(HS),-1,12-
C,B,,H,, (D). The materials engendered from these
modifications were used to investigate the adhesion
and growth of rat aortic smooth muscle cells cultured
on these surfaces in a DMEM medium with 10%
of fetal bovine serum. One day after seeding, the
highest number of initially adhered cells was found on

the surface of a bare gold film. However, three days
after seeding, the number of cells on carboranethiol-
modified gold samples B, C and D was significantly
higher than the number on a bare gold film. After seven
days, the number of cells on a bare gold film and on
gold films modified with derivatives A, B and D was
very similar, but the surface of a gold film modified with
derivative C exhibited a significantly smaller number
of cells. This may be explained by the exposure of the
CH vertices of the carborane cluster, which are more
acidic than the BH vertices exposed toward the cells
in either A or B.

Keywords: Metal coating, gold film, carboranethiol,
cell adhesion, cell spreading, cell proliferation, bioma-
terials, tissue engineering, surgical implants.

[Engineering of Biomaterials, 75, (2008), 6-8]

Introduction

Artificial and nature-derived materials, including metals,
have been intensively studied in medicine and in various
biotechnologies. Examples are bio-imaging, bio-sensing,
drug delivery, cell cultivation, and the construction of replace-
ments of irreversibly damaged tissues and organs. Alargely
accepted concept in recent tissue engineering is of surfaces
supporting and controlling cell colonization associated with
successful integration of an implant within the organism.
This concept is used for the construction of durable bone
prostheses persisting in the patient for many years, and
is being developed to make bio-artificial replacements of
blood vessels, liver, pancreas or even nervous tissue (for
a review, see [1-3]).



Metallic materials have frequently been utilized in a hard
tissue surgery, e.g., for constructing joint prostheses and
other bone implants. However, these materials could be
used in the form of thin nanocomposite films in soft tissue
surgery, e.g. for coating artificial heart valves or vascular
prostheses. Gold, one of the metallic materials that have
been studied, has been used in medicine and in implantology
because of its inert character and negligible toxicity. Gold
reacts easily with thiol (-SH) groups [4], and this reaction
can be used for modifying gold films to make surfaces suit-
able for the adhesion and growth of cells. In this study, we
present the use of flat gold coatings modified with selected
carboranethiol derivates as new substrates for cell colo-
nization. Vascular smooth muscle cells were chosen as a
model system because they are an important component
of both hard and soft tissues and organs - including bone
and blood vessels.

Experimental

Preparation of the gold samples

Gold films deposited on glass plates with dimensions
11x11 mm were purchased from Arrandee (Germany).
All films were freshly annealed with a hydrogen flame
before use. These films were modified with carboranethiol
derivatives in accordance with the literature [4]. The following
carboranethiol species were used: 1-(HS)-1,2-C,B,,H,, (A),
1,2-(HS),-1,2-C,B,,H,, (B), 9,12-(HS),-1,2-C,B,,H,, (C) and
1,12-(HS),-1,12-C,B,,H,, (D) (FIG. 1).

Cells and culture conditions

For the cell culture experiments, the materials were
sterilized with 70% ethanol for 1 hour, inserted into 24-well
polystyrene plates (TPP, Switzerland; well diameter 1.5
cm), and seeded with smooth muscle cells derived from
rat aorta by an explantation method [1, 2]. The cells were
used in passage 3 and seeded at a density of 17 000 cm?.
The cells were cultivated for 1, 3 or 7 days in 1.5 ml Dulbec-
co’s Modified Eagle Minimum Essential Medium (Sigma,
U.S.A.), supplemented with 10% foetal bovine serum (Sebak
GmbH, Aidenbach, Germany) and 40 ug/ml of gentamycin
(LEK, Ljubljana, Slovenia), in a cell incubator with a humidi-
fied atmosphere of 5% of CO, in the air and at a temperature
of 37°C. For each experimental group and time interval,
three samples were used.

The cells on one sample for each experimental group
were rinsed with phosphate-buffered saline (PBS), fixed by
70% cold ethanol (-20°C, 5 min.) and stained with a combina-
tion of Texas Red C,-maleimide fluorescent membrane dye
(Molecular Probes, Invitrogen, Cat. No. T6008; 20 ng/ml in
PBS), and Hoechst # 33342 nuclear dye (Sigma, U.S.A;;
5 yg/ml in PBS). The number and morphology of the cells
on the sample surface were then evaluated from pictures
(10 for each sample, size 0.136 mm?) taken under an
Olympus IX 50 microscope using an Olympus DP 70 digital
camera (FIG. 2).

On the remaining two samples, the cells were rinsed with
PBS, released using a trypsin-EDTA solution (Sigma, Cat.
No. T4174) and counted in a Cell Viability Analyzer (VI-Cell
XR, Beckman Coulter). As control materials, samples with
a bare gold film, standard tissue culture polystyrene dishes
(PS) and uncoated glass substrates were used.

The size of the cell spreading areas, i.e., cell areas pro-
jected on the material surface, was measured one day after
seeding using Atlas software (Tescan Ltd., Brno, CR). Fifty
seven to 170 cells from 10 pictures for each experimental
group were evaluated.

Statistics

The results are presented as a mean value withastand- ® @ @ @ @ @ o

ard error (Mean + SEM). Statistical significance was evalu-
ated using the ANOVA, Student-Newman-Keuls method.
Values of p < 0.05 were considered as significant.

Results and Discussion

One day after seeding, the highest number of initially
adhered cells was found on the surface of a bare gold film
with 23000 + 1400 cells/cm?, compared to a range from
7900 + 800 to 16100 + 800 cells/cm? on the modified gold
surfaces (FIG. 3).

However, three days after seeding, the number of cells
on the carboranethiol-modified gold samples B, C and D
(24200 + 1500 cells/cm? to 31400 + 1500 cells/cm?) was
significantly higher than the number on the bare gold film
(16900 + 900 cells/cm?, FIG. 3).

After seven days, the number of cells on the bare gold
film and gold films modified with derivatives A, B and D was
very similar, all in the range from 71800 + 2400 cells/cm?
to 72300 * 2200 cells/cm? (FIG. 3). These cell population
densities were significantly higher than the values obtained
on standard polystyrene culture dishes. This result is favor-
able, especially in the case of derivative D. In this molecule,
the SH groups are located in para-orientation (FIG. 1), which
would facilitate the attachment of the carboranethiol to the
gold surface and its simultaneous functionalization with other
bioactive groups or molecules in order to further increase the
attractiveness of gold surfaces for cell colonization [5-9].

However, the surface of a gold film modified with carbo-
ranethiol C exhibited a significantly smaller number of cells,
51600 £ 1900 cells/cm? (FIG. 3). This may be explained by
the exposure of the CH vertices of the carborane cluster,
which are more acidic than the BH vertices exposed toward
the cells in either A or B. Nevertheless, the cells on all tested
surfaces were able to form a confluent layer.

The cell spreading areas on day 1 after seeding were
significantly larger on the bare gold sample (2700 + 270 um?)
than in all remaining experimental groups. In these groups,
the cell spreading areas were in the range from 1650 + 80 um?
(on the samples modified with derivative D) to 2140 + 240 pm?
(on polystyrene dishes) but these differences were not
statistically significant (FIG. 3).

Conclusion

Modification of a gold surface with carboranethiol deriva-
tives A, B and D increased the population density of rat
aortic smooth muscle cells after 7-day-cultivation on these
surfaces in comparison with standard polystyrene cell cul-
ture dishes. However, on derivative C, the cell population
density was significantly lower. This may be associated with
the orientation of the carborane cluster, in which the acidic
CH vertices face upward from the surface. Carboranethiol
derivative D has thiol groups attached in the opposite (i.e.,
para-) positions, and can be considered as a promising
linker for the attachment of various biological molecules to
a gold surface.
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A. [-(HS)-1,2-C>BoHy, B. 1.2-(HS),-1,2-C:BioHig C. 9,12-(HS),-9,12-C:ByHyg D. 1,12-(HS)>-1,12-C,BoHyp

FIG. 1. Carboranethiol derivatives used for modification of gold films.

FIG. 2. Examples of the mor-
phology of vascular smooth
muscle cells on day one
(left) and day 7 (right) after
seeding on a gold film modi-
fied with the carboranethiol
derivate 1-(HS)-1,2-C,B,,H,,
(A). Stained with Texas Red

C,-maleimide and Hoechst
#33342. Olympus IX mi-
croscope 50, obj. 20, digital
camera DP 70.
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LECZENIE ROZWARSTWIENIA
AORTY METODA
ENDOWASKULARNA
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ALEKSANDRA RoJEK, PRZEMYStAW P. SzyBER

KATEDRA 1 KLINIKA CHIRURGII NACZYNIOWEJ, OGOLNEJ
| TRANSPLANTACYJNEJ AKADEMII MEDYCZNEJ WE WROCEAWIU

Streszczenie

Rozwarstwienie jest jedng z najpowazniejszych
choréb aorty. Nowg metodg leczenia rozwarstwienia
aorty jest technika endowaskularna.

Celem pracy jest ocena skuteczno$ci leczenia
endowaskularnego rozwarstwien aorty typu B oraz
czestosci powiktan i $miertelno$ci zwigzanych z za-
stosowaniem tej techniki.

Materiat i metoda: U 33 pacjentéw na podstawie
badania angiograficznego lub TK rozpoznano rozwar-
stwienie aorty, typuAu 2 (6,1%) i typu Bu 31 (93,9%).
U 11 pacjentow (33,3%) zastosowano leczenie
z wykorzystaniem trzech typow stent-graftéw: Zenith
(2 protezy - 13,3%), Talent (11 protez - 73,3%) i Valiant
(2 protezy - 13,3%). W 3 przypadkach zaistniata ko-
nieczno$c¢ zastosowania wiecej niz jednego stent-graf-
tu (u dwdch pacjentéw po 2 stent-grafty, u jednego 3).
Srednica proksymalnego korica implantowanego
stent-graftu wynosita od 34 do 42 mm ($rednia 37,6
3,44 mm), natomiast dfugo$¢ wahata sie w granicach
od 130 do 230 mm ($rednia 183,6+37,42 mm). U 4
pacjentow (36,4%) w trakcie implantacji konieczne
byto czesSciowe, a u 2 (18,2%) catkowite pokrycie
odejscia LSA.

Wyniki: U jednego pacjenta (9,1%), nastapit zgon
w 13 dobie po implantacji. Zabieg endowaskularny
w 9,1% byt powiktany wystgpieniem endoleaku typu
I, w 18,2% zespotem poimplantacyjnym, w 9,1%
przeciekiem do lewej jamy optucnowej wymagajgcym
implantacji drugiego stent-graftu. W jednym przypadku
w celu unikniecia powiktar neurologicznych i zespotu
podkradania zastosowano rewaskularyzacje LSA.

Whioski: Zastosowanie stent-graftéow wychodzi na-
przeciw ogblnemu dgzeniu do minimalizacji rozlegto$ci
i traumatyzacji zabiegoéw chirurgicznych, redukcji
liczby okoto- i pooperacyjnych powiktan, skrocenia
czasu hospitalizacji i rekonwalescencji.

[Inzynieria Biomateriatow, 75, (2008), 9-19]

Wstep

Rozwarstwienie jest jedng z najpowazniejszych i najgroz-
niejszych choréb aorty. Stanowi wyzwanie dla wspétczesnej
chirurgii, zaréwno w kwalifikacji, technice operacyjnej, jak
i intensywnej terapii okoto- i pooperacyjnej. Schorzenie to
wystepuje z czestoscig 10 do 20 przypadkéw na milion
rocznie [1,2] i obarczone jest wysoka $miertelnoscig. Stan-
dardem leczenia tetniakdw rozwarstwiajgcych aorty jest
zastosowanie zaréwno metod chirurgicznych jak i leczenia
farmakologicznego [3], obcigzonych ryzykiem pekniecia
aorty, progresji rozwarstwienia oraz wysokg smiertelnoscia.
Leczenie endowaskularne rozwarstwienia aorty jest nowg
metode oferujgcg mniejszg inwazyjnosé, redukcje liczby po-
wiktan, skrocenie okresu hospitalizaciji i rekonwalescencji w
poréwnaniu do klasycznego leczenia chirurgicznego [4-9].

ENDOVASCULAR TREATMENT
OF AORTIC DISSECTION

ARTUR PuPKA, JUSTYNA BOGDAN, AGNIESZKA LEPIESZA,
ALEKSANDRA RoJEK, PRZEMYStAW P. SzYBER

DEPARTMENT OF VASCULAR, GENERAL, TRANSPLANTATION
SURGERY, MebpIcAL UNIVERSITY oF WRoCLAW

Abstract

Aortic dissection is one of the most catastrophic
aortic disease. Endovascular technique using en-
dovascular prostheses called stent-grafts offers less
invasive new method.

Purpose: Assessment of endovascular aortic
dissection type B treatment effectiveness, complica-
tions and mortality frequency associated with this
technique.

Material and methods: Among 33 patients aortic
dissection diagnosis was established on the basis of
angiography and CT; type A — 2 patients (6.1%) and
type B — 31 (93.9%). 11 patients (33.3%) underwent
endovascular stent-grafts implantation procedures
using 3 types of grafts: Zenith (2 prostheses — 13.3%),
Talent (11 prostheses — 73.3%) and Valiant (2 pros-
theses— 13.3%). There was necessity of implantation
of more than one stent-graft in 3 cases (2 patients
— 2 stent-grafts, one patient — 3 stent-grafts). The
diameter of proximal end of stent-graft ranged from
34 to 42 mm (mean 37.6 = 3.44 mm), length — from
130 to 230 mm (mean 183.6 + 37.42 mm). 4 patients
(36.4%) needed partial, and 2 — complete coverage
of the LSA during implantation.

Results: One patient (9.1%) died on the 13" day
after implantation. Endovascular procedure in 9.1%
was complicated by endoleak type Il, in 18.2% - post-
implantation syndrome, in 9.1% leakage to the left
pleural cavity requiring second stent-graft implanta-
tion. The LSA revascularization was performed in one
patient in order to avoid neurological complications
and steal syndrome

Conclusions: Endovascular technique is promis-
ing strategy of aortic dissection type B treatment.
Stent-graft application faces up to general aspiration
to minimize extension and traumatization of surgical
procedures, to reduce peri- and postoperative compli-
cations, decrease hospitalization and convalescence
period.

[Engineering of Biomaterials, 75, (2008), 9-19]

Introduction

Aortic dissection is one of the most serious and cata-
strophic disease that can affect the aorta. This condition
remains a great challenge for modern surgery, as regards
qualification, surgical technique and also peri- and postop-
erative intensive care. There are 10 to 20 cases per million
population per year [1,2] with the high mortality rate. Aortic
dissection treatment including both surgical and pharmaco-
logical methods is related to aortic rupture, progression of
dissection and high mortality risk [3]. Endovascular treat-
ment as a new method offers less invasive procedure with
reduced complication rate, shorter time of hospitalization
and convalescence in comparison with classical surgical
technique [4-9].

9

BI® MATERIALS



10

Celem pracy jest ocena skutecznos$ci leczenia endo-

® @ o o o ® o waskularnego rozwarstwien aorty typu B oraz czestosci

BI® MATERIALS

powikfan i $miertelnosci zwigzanych z zastosowaniem tej
techniki.

Materiat i metody

W latach 1993-2007 w Katedrze i Klinice Chirurgii Naczy-
niowej, Ogdlnej i Transplantacyjnej AM we Wroctawiu byto
leczonych 33 pacjentéw z rozwarstwieniem aorty, w tym
2 pacjentow (6,1%) z typem A i 31 (93,9%) z typem B wg
Stanforda. Rozpoznanie zostato postawione na podstawie
badania angiograficznego lub TK z oceng rozlegtosci pro-
cesu rozwarstwienia. W grupie chorych byto 24 mezczyzn
(73%) i 9 kobiet (27%) w wieku od 19 do 76 lat (Srednia,
65,6 + 7 lat). W 11 przypadkach (33,3%) zastosowano
leczenie z wykorzystaniem stent-graftow, w 3 (9,1%) uzyto
protezy naczyniowej, w 2 (6,1%) wykonano trombektomie
z fenestracja, w 1 (3%) wytacznie trombektomie, w 1 (3%)
wytgcznie fenestracje, u 1 pacjenta (3%) zatozono stent do
tetnicy nerkowej, a w 14 przypadkach (42,5%) nie wykonano
zabiegu chirurgicznego z powodu dyskwalifikacji bgdz bez-
posredniego przekazania na oddziat kardiochirurgiczny.

Wsrdd pacjentow u 17 (51,5%) wspdtistniato nadcisnienie
tetnicze, u 2 (6,1%) - nadcisnienie tetnicze i zaburzenia
lipidowe, u 2 (6,1%) - nadcisnienie tetnicze i rozsiany pro-
ces miazdzycowy, w 1 przypadku (3%) rozwarstwienie byto
powiktaniem zabiegu udroznienia aorty brzusznej i prawej
osi tetniczej biodrowe;.

The aim of this report is to evaluate effectiveness of aortic
dissection type B endovascular treatment, complication and
mortality rate associated with this technique.

Material and method

Between 1993-2007 at the Department of Vascular,
General and Transplantological Surgery at the Medical
University of Wroctaw, 33 patients (24 men — 73% and 9
women — 27%, aged 19 — 76 years (mean [tSD], 65.6 + 7
years) with aortic dissection (type A— 2 patients (6.1%) and
type B —31 (93.9%) diagnosed on the basis of angiography
and CT underwent medical procedures. Stent-graft implan-
tation was performed in 11 cases, in 3 (9.1%) — vascular
prostheses, in 2 (6.1%) — thrombectomy with fenestration, in
1 (3%) — only thrombectomy, in 1 (3%) — only fenestration,
in 1 (3%) — renal artery stenting and in 14 cases (42.5%) no
surgical treatment due to disqualification or direct transfer
to cardiosurgical ward.

Patients’ comorbidities were —in 17 cases (51.5%) arte-
rial hypertension, in 2 (6.1%) — arterial hypertension and
dyslipidaemia, in 2 (6.1%) — arterial hypertension and dis-
seminated atherosclerotic process, in 1 (3%) — iatrogenic
dissection as a result of surgical restoring of abdominal aorta
and right iliac arterial axis patency.

Atadmission 8 patients (24%) presented symptoms of acute
limb ischaemia, 2 (6.1%) — circulatory and respiratory insuf-
ficiency, 1 (3%)— haemorrhagic shock, 1 (3%) — cardiogenic
shock, 8 (24%)— pain, 1 (3%) — hoarseness, aphonia, cough.

TABELA 1. Pacjenci z rozwarstwieniem aorty leczeni metoda endowaskularna.

TABLE 1. Patients’ characteristics.

dolegliwosci bolowe w okolicy : e
K it HA, AO, poszerzenia aorty wstepujgcej (47mm)
1 2 | F lé;e’c %sgﬁg% tlﬁggc\:l{g?ggion AH, OA dilatation of ascending aorta 64(7mm)
2 64 M | stan bardzo cigzki n/n
M | very severe condition not known
3 65 M | bak CAD
M | no symptoms CAD
HA, CAD, dysfunkcja wezta zatokowego, rozrusznik, prze-
M brak wlekte zapalenie bt. Sluzowej zotagdka I dwunastnicy (Hp+),
4 57 M | no symptoms utraté Krzytomnoém w wywiadzie,
AH, CAD, SSS, pacemaker, chronic gastroduodenitis (Hp+),
blackouts in anamnesis
. L : zespot nerczycowy (2003), HA, hiperlipidemia, hipoproteine-
e | ez fay izusae e wiglolathia brucalozy (LENR
M P nephrotic syndrome (2003), AH, hyperlipidaemia, hypopro-
teinaemia, brucellosis (—CRF)
silny piekgcy bol w okolicy piersio- HA. 70 : : . . -
: : , zoperowany tetniak pekniety moézgu (96), zoéttaczka
6 64 | M waeg%nkiaeggsgu nail’ bol o mniejszym | echaniczna, przepuklina pachwinowa (912 r.2.
M | severe burning backache of thoracic | AH: operated ruptured brain artery aneurysm (1996), obstruc-
region, less intensive pain for 2 days tive jaundice, inguinal hernia (12 yr)
bl brzucha i klatki piersiowej HA
7 70 M [oraz zwyzki RR . AH
M | abdominal and chest pain,
increases of BP
AF, ileostomia z powodu CU, hypotyreoza,
brak ; f
K anomalia rozwojowa tuku aorty
8 75 F |ho symptoms AF, ileostomy due to UC, hypothyreosis,
congenital anomaly of aortic arch
9 64 M | chrypka, utrata gtosu, kaszel n/n
M | hoarseness, aphonia, cough not known
10 53 K | brak HA, stan po cholecystektomii
F | no symptoms AH, cholecystectomy
1 75 M | stan bardzo ciezki n/n
M | very severe condition not known
HA — nadcisnienie tetnicze, AO — miazdzyca zarostowa, CAD — choroba niedokrwienna serca, AF — migotanie przedsionkéw,
CU - colitis ulcerosa, PNN — przewlekta niewydolnosc nerek, n/n — brak danych
AH — arterial hypertension, OA — obliterative atheromatosis, CAD — coronary artery disease, AF — atrial fibrillation,
UC — ulcerative colitis, CRF — chronic renal failure, SSS- sick sinus syndrome.




Przy przyjeciu 8 pacjentéw (24%) prezentowato objawy
ostrego niedokrwienia konczyn, 2 (6,1%) — niewydolnosci
kragzeniowo-oddechowej, 1 (3%) — wstrzgsu krwotocznego
oraz 1 (3%) — wstrzasu kardiogennego, w 8 przypadkach
(24%) wystepowaly objawy bolowe, w 1 (3%) — chrypka,
bezgtos i kaszel (TABELA 1).

W grupie 11 pacjentéw, u ktérych zastosowano lecze-
nie endowaskularne z wykorzystaniem 15 stent-graftow,
u jednego pacjenta rozpoznano rozwarstwienie typu A,
zaopatrzone wczesniej kardiochirurgicznie w obrebie aorty
wstepujacej i tuku. U 10 pacjentow stwierdzono drozny kanat
rzekomy. Lokalizacja miejsca rozdarcia btony wewnetrznej
(entry) u 6 pacjentéw przypadata (54,5%) ponizej odejscia
lewej tetnicy podobojczykowej (LSA), u 4 (36,4%) entry znaj-
dowalo sie na wysokosci odejscia, a w 1 przypadku (9,1%)
powyzej odejscia LSA. W ostatnim przypadku (entry powyzej
LSA) zaistniata koniecznos¢ wykonania by-passu pomiedzy
pniem ramienno-gtowowym a tetnicg szyjng wspolng lewg
(LCCA) z transpozycjg LSA do LCCA.

U 2 pacjentéw (18,2%) rozwarstwienie obejmowato
dodatkowo jedng lub dwie tetnice biodrowe wspdélne. W 2
przypadkach (18,2%) stwierdzono progresje rozwarstwienia
wstecznie w kierunku LSA. U jednego pacjenta (9,1%) uwi-
doczniono w badaniu angio-TK dodatkowo rozwarstwienie
poczatkowego odcinka pnia trzewnego, odejscie lewej tetni-
cy nerkowej (paracentralnie zwezonej o0 0k.50% na krotkim
odcinku tuz poza odejsciem tetnicy biegunowej gérnej)
oraz odejscie tetnicy krezkowej dolnej od swiatta kanatu
fatszywego. U kolejnego pacjenta w angio-TK stwierdzono
odejscie pnia trzewnego i tetnicy nerkowej lewej od $wiatta
kanatu rzekomego oraz stabe zakontrastowanie migzszu
lewej nerki, budzace podejrzenie jej niedokrwienia.

W 5 przypadkach (45,4%) stwierdzono wspdtistnienie
innych chordéb dotyczgcych uktadu tetniczego: w jednym
przypadku — miazdzycy zarostowej oraz poszerzenia aorty
wstepujacej (47 mm), w drugim — choroby niedokrwiennej
serca (CAD) bez istotnych zwezen w koronarografii u pa-
cjenta z rozwarstwieniem typu A zaopatrzonym kardiochirur-
gicznie dwa tygodnie wczes$niej, w trzecim — tetniaka tetnicy
wewnagtrzczaszkowej operowanego neurochirurgicznie
z powodu pekniecia w 1996 roku, w kolejnym — wspotist-
nienie anomalii rozwojowej w postaci transpozycji naczyn
odchodzacych od tuku aorty (kolejnos$¢ odejscia: pien
ramienno-gtowowy, LSA, LCCA), w nastepnym przypadku
— wspotistnienie CAD.

W 3 przypadkach (27,3%) zaistniata koniecznos¢ za-
stosowania wiecej niz jednego stent-graftu. W jednym
przypadku byta to jednoczasowa implantacja dwdch stent-
graftow powiktana w 5 dobie pooperacyjnej krwawieniem
do lewej jamy optucnowej oraz wykazanym w angio-TK
przeciekiem wymagajgcym w trybie pilnym implantacji ko-
lejnego stent-graftu. U kolejnego pacjenta wystapit przeciek
krwi do prawej jamy optucnowej, wstrzgs krwotoczny oraz
zatrzymanie kragzenia. Ze wzgledu na ciezki stan pacjenta
w trybie pilnym implantowano dwa stent-grafty. U innego
pacjenta po trzech latach po implantacji pierwszego stent-
graftu zaszta koniecznos¢ wykonania kolejnej interwenciji
endowaskularnej (drugi stent-graft).

Protezy wewnatrznaczyniowe

W leczeniu zastosowano trzy rodzaje stentgraftéw: Zenith
(2 protezy), Talent (11) i Valiant (2). Zenith stent-graft (Cook
Inc., Bloomington, IN) znany pierwotnie jako Perth stent-
graft posiada rusztowanie ze stali nierdzewnej w postaci
niezaleznych segmentéw wykonanych ze stentow Z zapew-
niajgcych bardzo duzg gietkos¢. Rozne dtugosci Z-stentow
i Srednice segmentow zapewniajg pewne i bezpieczne przy-
leganie stent-graftu do naczyhn. Rusztowanie pokryte jest

11 patients underwent 15 stent-graft placements. One
patient had previously cardiosurgical operation of ascend-
ing aorta and aortic arch due to aortic dissection type A.
The false lumen was patent in 10 patients. The entry tear
was located in 6 cases (54.5%) below left subclavian artery
(LSA), in 4 (36.4%)—on the level of LSA, in 1 (9.1%)—above
LSA. In the last case by-pass graft between innominate
artery and left common carotid artery (LCCA) with transposi-
tion LSA to LCCA was necessary.

In 2 patients (18.2%) dissection extended distally into
one or both iliac arteries. In 2 cases (18.2%) the retrograde
progression of dissection towards LSA was reported. In one
patient angio-CT examination demonstrated additional dis-
section of proximal portion of coeliac trunk, left renal artery
(short segment 50% paracentrally narrowed close to origin
of superior polar artery) and inferior mesenteric artery origi-
nating from false lumen. Angio-CT examination of the next
patient showed coeliac trunk and left renal artery originating
from false lumen and poorly visible left renal parenchyma
arousing suspicion of its ischaemia.

Coexistence of other arterial diseases was noted in 5
cases (45.4%): in one case — obliterative atheromatosis and
dilatation of ascending aorta (47 mm), in second — coronary
artery disease (CAD) without significant narrowing showed
in coronarography in patient with type A dissection treated
on cardiosurgery ward two weeks earlier, in third — intracra-
nial artery aneurysm operated due to its rupture in 1996, in
other — developmental anomaly in the form of transposition
of vessels originating from aortic arch (in order: innominate
artery, LSA, LCCA), in the next case — coexisting CAD.

3 patients (27.3%) needed implantation of more than
one stent-graft. In first case simultaneous implantation of
two stent-grafts complicated on 5th postoperative day with
bleeding into left pleural cavity and revealed in angio-CT
leakage requiring emergent implantation of subsequent
endograft. The second patient presented leakage into right
pleural cavity, haemorrhagic shock and cardiac arrest.
On account of serious patient’s condition two stent-grafts
were implanted emergently. Three years after the first stent-
graft implantation the 3 patient needed another endovas-
cular intervention.

Three types of stent-graft were used: Zenith (2 prosthe-
ses), Talent (11) and Valiant (2).

Zenith stent-graft (Cook Inc., Bloomington, IN), originally
known as the Perth bifurcated aortoiliac stent-graft is a self
expandable stent-graft with independent stainless steel
Z-stents assuring high flexibility. Different lengths of Z-stents
and segment diameters ensure firm and secure stent-graft
adherence to the vessel. Scaffolding covered with light,
strong, expansion resistant and non-shrinking polymer
— Dacron [10]. Unique peak configuration ensures multilevel
anchoring of the stent-graft. Four gold markers localized
2 mm from proximal edge enable the identification of proxi-
mal fragment of polyester covering of the stent-graft.

Talent Stent-Graft (World Medical Inc. Sunrise, FL/
Medtronic, Sunnyvale, CA) is a self-expandable prosthesis
with a metal frame made of multiple Nitinol stents, covered
with thin layer of Dacron (Low Profile System, LPS) [10].
Its diameter ranges from 24 to 46 mm [11].

Valiant stent-graft (Medtronic, Santa Rosa, CA, USA) is
an evolution from the Talent endovascular graft specified as
a third generation of stent-grafts and available in a range
of length up to 227 mm and diameter from 24 to 46 mm.
The Valiant endograft has included modifications to delivery
sheath, deployment methodology, distal end markers and a
complete redesign of the delivery system (from the CoilTrac
to Xcelerant system). Moreover, on the Valiant endograft,
the proximal spring has been redesigned, with more peaks
(8 versus 5) to provide better stability during deployment
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lekkim, mocnym, odpornym na rozciggnie i niekurczgcym
sie polimerem —dakronem [10]. Unikalne utozenie haczykéw
zapewnia kilkupoziomowe zakotwiczenie stent-graftu. [den-
tyfikacje proksymalnego fragmentu poliestrowego pokrycia
stent-graftu zapewniajg cztery ztote znaczniki zlokalizowane
2 mm od proksymalnej krawedzi materiatu.

Talent Stent-Graft (World medical Inc.Sunrise, FL/Me-
dtrionic, Sunnyvale,CA) to samorozprezalny stent-graft,
posiadajgcy metalowe rusztowanie zbudowane z licznych
nitinolowych stentéw, pokryty cienkg warstwg dakronu
(tzw. Low Profile System-LPS) [10] o $rednicy od 24 do
46 mm [11].

Valiant stent-graft (Medtronic, Stanta Rosa,CA,USA) jest
unowoczesniong formg Talentu [5] okreslang jako stent-graft
trzeciej generacji o maksymalnej dostepnej diugosci 227
mm i $rednicy od 24 do 46 mm. W Valiancie zastosowano:
unowoczesniong ostonke graftu, nowy sposéb fiksowania
protezy, nowe markery umieszczane na koncach graftu,
a przede wszystkim nowy system wprowadzajgcy (zmiana
z CoilTrac na Xcelerant system). Ponadto w Valiancie zwiek-
szono liczbe proksymalnych haczykéw z 5 (Talent) do 8, aby
zapewnic¢ lepszg stabilno$¢ w czasie wprowadzania stentu
oraz zredukowac stopien traumatyzacji Sciany aorty. Spre-
zyny w Valiancie sg przymocowane do zewnetrznej czesci
materiatu graftu w przeciwienstwie do Talentu, gdzie sg za-
kotwiczone wewnatrz protezy. W celu fatwiejszej identyfikaciji
konca proksymalnego i dystalnego, zwtaszcza u pacjentow
z wielosekcyjnymi stentgraftami jako marker dystalnego
konca wprowadzono znacznik w ksztatcie ,0”, natomiast
konca proksymalnego znacznik w ksztatcie ,8” [11].

Implantacja protezy
wewnatrznaczyniowej

Wszystkie procedury endowaskularne zostaty poprze-
dzone badaniem angiograficznym lub angio-TK. Przed
zabiegami podawano 5000 j. heparyny. Odstaniano lewg
tetnice udowg wspdlng cieciem podtuznym w pachwinie
i ujimowano na tasiemki. Nastepnie naktuwano prawg
tetnice udowag, do ktorej wprowadzano cewnik typu pig-
tail. Do prawdziwego $wiatta tetnicy wprowadzano cewnik
pig-tail poprzez koszulke hemostatyczng umieszczang
w odstonietej tetnicy udowej. Przez cewnik ten wykonywano
arteriografie tuku aorty i dokonywano odpowiednich pomia-
réw. Nastepnie wprowadzano po prowadniku stent-graft.
Po odpowiednim pozycjonowaniu pod kontrolg angiografii
implantowano endoprotezy. Wykonywano kontrolne arterio-
grafie w celu oceny droznosci tetnic odchodzgcych od aorty
oraz obecnosci ewentualnego przecieku. Zestawy usuwano.
Tetnice udowg powierzchowng lewg zszywano szwem
ciggtym. Rane w lewej pachwinie zaszywano warstwowo
z zatozeniem drenu Redona. Zaktadano opatrunki uciskowe
na prawg pachwine. Zalecano dalszg antykoagulacje.

Srednica proksymalnego korica implantowanego stent-
graftu wynosita od 34 do 42 mm ($rednia 37,6+3,44 mm), na-
tomiast dtugo$¢ wahata sie w granicach od 130 do 230 mm
($rednia 183,6+37,42 mm). U 4 pacjentow (36,4%) w trakcie
implantacji konieczne byto czesciowe, a u 2 (18,2%) catko-
wite pokrycie odejscia LSA (TABELA 2).

Wyniki

U wszystkich pacjentéw (100%) procedura implanta-
cji stent-graftu zakonczyta sie powodzeniem. W okresie
pooperacyjnym u jednego pacjenta (9,1%), u ktérego
zabieg endowaskularny przeprowadzono w trybie pilnym,
wsrod objawdw narastajgcej niewydolnosci krgzeniowo-
oddechowej, nastgpit zgon w 13 dobie po implantacji.

and make the device less traumatic to the aortic wall. The
springs are now attached to the outside of the graft mate-
rial in contrast to Talent where the springs are attached to
the inside. The distal end markers now have the 0 shape to
help distinguish them from proximal 8 markers in patients in
whom multiple sections have been used [11].

Stent-graft placement

Angiography and angio-CT were performed before all
endovascular procedures. Preoperatively 5000 U of heparin
sodium was administered intravenously. The left femoral
artery was surgically exposed and taken hold on the tapes.
The right femoral artery was the access site and pig-tail
catheter was inserted. The pig-tail catheter was delivered
through the sheath in the true lumen of the femoral artery.
Arteriography of the aortic arch was performed through the
catheter and the appropriate measurements were taken.
The sheath of stent-graft was introduced. After appropriate
placement endograft was implanted under angiographic
control. After the device was deployed arteriography was
performed to evaluate the flow within branch vessels and
the possible presence of endoleak. Both the sheaths and
the pig-tail catheter were removed. The left femoral artery
was closed with continuous suture. Wound in the left groin
was lamellarly sutured. Pressure dressings were put on the
right groin. Further anticoagulation was recommended.

TABELA 2. Parametry stent-graftow oraz czas hospi-
talizaciji.

TABLE 2. Endografts’ parameters and hospitalization
period.

Rodzaj stent-graftu
Type of stent-graft
Stent-graft diameter
Dtugos¢ stent-graftu
Stent-graft lenght [mm]
Pokrycie ujscia LSA
Coverage of LSA
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Czas hospitalizac;ji [dni]
Hospitalization period [days]

1 | zenith |[36-32| 200 ngjr‘ﬂg]“ 9
2 | Talent2) | 3234 | 115,115 | cc')\lvinage 4
3 | Talent(2) | 34;34 | 200 (al) | C(')"Vigrage 13
4 | Talent 34 130 Pokiyto | 41,8
5 | Talent 4238 on | CQ\‘,‘Zrage 4
6 | Talent 42 130 Pokryto 8
7 | Talent 40 130 ng‘,fr‘;:g]’m 12
8 | Talent 38 200 ngaé;:g]"m 2,4
9 | Valiant 38 200 |, Cg\ilzrage 19
10 | Zenith 34 186 ngjr‘;:g}”o 10
1 | Vatiant(t), | 38V | 190V nie 19
Talent(2) A1t nin-T | no coverage
V — Valiant, T — Talent, n/n — brak danych/not know
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Ostra niewydolnos¢ krgzeniowo-oddechowa spowodowana
powiekszeniem sie tetniaka i jego uciskiem na tchawice
i oskrzela, wymagajgca wykonania tracheostomii, wystgpita
w drugiej dobie po rewaskularyzacji LSA. W innym przypad-
ku implantowano w trybie pilnym 2 stent-grafty u pacjenta
w ciezkim stanie ogolinym, z peknigtym do jamy optucnowej
tetniakiem rozwarstwiajgcym aorty (pacjent przewieziony z
zatozonym drenem do prawej jamy optucnowej, na oddechu
kontrolowanym z respiratora, po incydencie zatrzymania
krgzenia i w stanie wstrzgsu krwotocznego). Pacjent po
zabiegu endowaskularnym zostat przekazany do Kiliniki
Anestezjologiii i Intensywnej Terapii. U kolejnego pacjenta
obserwowano cechy anemizacji oraz krwawienia do lewej
jamy optucnowej w 5 dobie po zabiegu, choremu wyko-
nano badanie angio-TK, w ktérym stwierdzono obecno$é
przecieku. U pacjenta w trybie pilnym implantowano kolejny
stentgraft. W przebiegu pooperacyjnym z uwagi na obec-
nos¢ krwi w lewej jamie optucnowej wykonano u pacjenta
kilkakrotnie punkcje odbarczajgce lewej jamy optucnowej
(drenujac okoto 41 zhemolizowanej, metnej krwi). W wy-
konanym z powodu utrzymujgcej sie gorgczki posiewie
tresci optucnowej stwierdzono obecnos¢ paciorkowcow.
W 18 dniu od pierwszego zabiegu nastgpito gwattowne
nasilenie sie cech niewydolno$ci oddechowej - w rtg klatki
piersiowej stwierdzono cechy odmy optucnowej. Zatozono
drenaz odbarczajgcy do lewej jamy optucnowej uzyskujgc
czasowo zdecydowang poprawe stanu ogdlnego, pacjent
zostat przekazany do Kliniki Torakochirurgii.

W 3 przypadkach (27,3%) w okresie pooperacyjnym
wystgpita gorgczka. U dwdch pacjentow, ze wzgledu na
brak uchwytnego Zrddta zakazenia rozpoznano zespot
poimplantacyjny. U jednego pacjenta (9,1%) w kontrolnej
angiografii wykonanej w dniu zabiegu wykazano utrzy-
mujacy sie niewielki wsteczny przeciek do $wiatta kanatu
rzekomego. Czas hospitalizacji wahat sie w granicach od
4 do 19 dni (Srednia 11,2+5,77 dni).

Omowienie

Rozwarstwienie jest jedng z najpowazniejszych choréb
aorty. Pierwszy opis rozwarstwienia aorty zostat dokonany
w 1761 roku w czasie sekcji Grzegorza Il kréla Anglii [12].
Prébe leczenia chirurgicznego podjeto dopiero w 1935 roku
[13]. Natomiast pierwszg operacje rozwarstwienia aorty,
ktora zakonczyta sie sukcesem wykonat DeBakey w 1955
roku [14]. Mimo Ze od tego czasu mineto ponad 50 lat,
rozwarstwienie aorty stanowi wyzwanie dla wspotczesnej
chirurgii.

Rozwarstwienie aorty powstaje w mechanizmie pekniecia
btony wewnetrznej, prowadzgcego do oddzielenia btony
Srodkowej przez prad krwi i powstania Swiatta rzekomego
aorty. Gtéwnym czynnikiem ryzyka wystgpienia rozwar-
stwienia aorty jest nadcisnienie tetnicze (od 50% do 100%
przypadkéw) [15-18], zwlaszcza u chorych z zaawansowang
miazdzyca. Wsrdd pacjentdéw leczonych w naszej klinice od-
setek ten wynosit 63,6%. Sposrod innych czynnikow ryzyka
wymienia sie: dwuptatkowg zastawke aortalng, koarktacje
aorty oraz stan po operacji naprawczej tej wady, istniejacy
wczesniej tetniak aorty (10%) — wsrdod naszych pacjentow
u 6%, wrodzone choroby tkanki tgcznej (zespdt Marfana,
zespot Ehlersa-Danlosa, rozstrzen pierscienia aorty), tor-
bielowate zwyrodnienie btony srodkowej, zapalenia aorty,
cigze, urazy [4,5,19,20].Urazy jatrogenne powstate w wyniku
cewnikowania wewnatrznaczyniowego, stosowania balonéw
wewnatrzaortalnych oraz operacji kardiochirurgicznych sg
przyczyna rozwarstwienia w 5% przypadkow, wsrdd naszych
pacjentéw odsetek ten wynosit 3%.

The proximal diameter of the implanted stent-grafts
ranged from 34 to 42 mm (mean 37.6+3.44 mm) and
length of the device ranged from 130 to 230 mm (mean
183.6+£37.42 mm). In 4 patients (36.4%) partial and in 2
(18.2%) - total coverage of the LSA was required during
endovascular procedure.

Results

Transluminal placement of the stent-graft prostheses was
successful in all patients (100%). One patient (9.1%), with
progressive circulatory and respiratory failure, who under-
went endovascular procedure emergently, died on 13th day
after implantation. Acute respiratory and circulatory failure,
as a result of aneurysm enlargement and its compression
to the trachea and the bronchi, requiring tracheotomy, ap-
peared on the 2nd day after LSA revascularization. In other
case 2 stent-grafts were implanted to the patient with poor
general condition, with aortic dissection ruptured into the
pleural cavity (at admission right pleural drainage, controlled
respiration, after cardiac arrest, with haemorrhagic shock).
After endovascular procedure patient was transported to the
intensive care unit. Next patient with anaemia and bleeding
into the left pleural cavity on the 5th day after procedure was
diagnosed with leakage revealed in angio-CT. The patient
emergently underwent subsequent stent-graft implantation.
Patient was performed several pleural punctures draining
4| turbid, haemolyzed blood because of postoperative
haemothorax. Streptococcus spp. was isolated from the
pleural culture performed for the reason of fever. On the 18th
day after the first surgical procedure sudden progression
of respiratory failure appeared — the chest X-ray showed
pneumothorax. Patient was transported to the thoracosurgi-
cal ward after pleural drainage resulting in patient’s general
condition improvement.

3 patients (27.3%) presented fever postoperatively. In 2
cases (18.2%) postimplantation syndrome was diagnosed
as a result of elusive source of infection. In one case at the
day of procedure in control angiography small retrograde
endoleak to the false lumen was demonstrated. The hospi-
talization period raged from 4 to 19 days (mean 11.2+5,77
days).

Discussion

Aortic dissection is one of the most serious disease that
can affect aorta. First description of aortic dissection was
made in 1761 during George |l autopsy [12]. The first attempt
of aortic dissection surgical treatment was made in 1935
[13]. However, the first successful aortic dissection surgery
was performed by DeBakey in 1955 [14]. Althought, it has
been 50 years since that event, aortic dissection has still
been a challenge for the modern surgery.

Aortic dissection occurs as the result of the tear within
intimal lining of the aorta, leading to exposure of the intima
to elevated aortic pressures with resultant separation of the
intima from the aortic wall to form a false lumen. Exposure
of the intima to elevated aortic pressures ultimately results
in propagation of the dissection antegrade, retrograde, or
in both directions from the site of the initial aortic tear [15].
Arterial hypertension is the main risk factor of the aortic
dissection (from 50% to 100% cases) [16-19], especially
in patients with advanced atheromatosis. Among patients
treated in our clinic percentage amounted to 63.6%. The
other risk factors are: bicuspid aortic valve, coarctation of the
aorta and postoperative condition after aortic reconstruction,
earlier prevalence of the aortic aneurysms (10%) — among
our patients in 6%, congenital connective tissue diseases
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klasyfikacji. Do najczesciej stosowanych naleza:

a) klasyfikacja DeBakeya (typ | — rozwarstwienie powstate
w aorcie wstepujgcej obejmujgce zasiegiem fuk aorty z
mozliwoscig progresji zstepujacej, typ Il — rozwarstwienie
dotyczgce wytgcznie aorty wstepujgcej, typ Il — kazde roz-
warstwienie powstate w aorcie zstepujgcej, w tym rzadkie
przypadki progresji wstecznego rozwarstwienia z objeciem
tuku i aorty wstepujacej),

b) klasyfikacja Stanford (typ A — wszystkie rozwarstwie-
nia obejmujgce aorte wstepujgca, bez wzgledu na miejsce
powstania, typ B — wszystkie rozwarstwienia, ktore nie
obejmujg aorty wstepujacej),

c) klasyfikacja objawowa (proksymalne — dotyczy roz-
warstwien typu | i Il wg klasyfikacji DeBakeya lub rozwar-
stwien typa A wg klasyfikacji Stanford, dystalne — dotyczg
rozwarstwien typu Ill wg klasyfikacji DeBakeya lub typu B
wg klasyfikacji Standford).

Réwnie wazny dla wyboru sposobu leczenia poza lokali-
zacjg rozwarstwienia jest czas, jaki uptynat od wystgpienia
objawdéw do chwili rozpoznania. Za rozwarstwienie ostre
uznaje sie kazde rozwarstwienie, w ktérym czas od wy-
stgpienia objawdéw do chwili rozpoznania byt krotszy niz 2
tygodnie, pozostate przypadki uznajemy za rozwarstwienie
przewlekte. Wskaznik Smiertelnosci jak i dalszy postep cho-
roby malejg z czasem, dlatego postepowanie terapeutyczne
jest odmienne w przypadku ostrym i przewlektym [3].

Leczenie farmakologiczne jest leczeniem z wyboru w:
niepowiktanych rozwarstwieniach dystalnych, stabilnych
izolowanych rozwarstwieniach tuku aorty, stabilnych prze-
wlektych rozwarstwieniach. Gtéwnym celem leczenia farma-
kologicznego jest kontrola cisnienia tetniczego. W pozosta-
tych przypadkach stosowane jest leczenie interwencyjne.
Obecnie preferowang metodg leczenia rozwarstwienia sg
zabiegi endowaskularne z uzyciem stent-graftow, ktorych
dziatanie ingeruje w podstawowy mechanizm powstawania
rozwarstwienia poprzez pokrycie entry, wykrzepienie kanatu
falszywego oraz poszerzenie $wiatta kanatu prawdziwego
aorty. Wskazaniami do leczenia wewnatrznaczyniowego s3:
rozwarstwienia niestabilne — zagrazajgce peknieciem, ob-
wodowe niedokrwienie narzadowe, stabilne rozwarstwienie
ponad 5 cm [21-25]. Stosowanie stent-graftéw u chorych
ze stabilnym rozwarstwieniem pozostaje nadal sprawag
kontrowersyjng [26,27].

Po raz pierwszy technika endowaskularna zostata za-
stosowana do leczenia tetniakdéw aorty brzusznej w 1990
roku przez N. Volodos i J.C. Parodi [4]. Od tego momentu
rozpoczat sie gwattowny rozwoj tej metody leczenia.

Protezy wewnatrznaczyniowe nazywane sg popularnie
stent-graftami. Ich rusztowanie stanowi wykonany z biolo-
gicznie neutralnego metalu (stal nierdzewna, nitinol, inne
stopy) stent o $rednicy konkretnego odcinka aorty. Jest on
powleczony tworzywem, poliestrem, stosowanym réwniez
do produkc;ji klasycznych protez chirurgicznych - politetraflu-
oroetylenem (PTFE, Gore-Tex firmy DuPoint) lub dacronem.
W zaleznosci od zastosowanej technologii stent-graft moze
by¢ powleczony w catosci lub mie¢ nie pokryte segmenty
koncowe, co pozwala na pozycjonowanie stent-graftow w
poprzek waznych pni naczyniowych. Alternatywg takiego
postepowania jest pozostawienie okienka w powtoce stent-
graftu (tzw. stent-grafty fenestrowane). Niektére protezy
wewnatrznaczyniowe wyposazone sg W haczyki mocujgce
proteze do $ciany naczynia, dodatkowo zabezpieczajgce jg
przed przemieszczeniem sie. W innych systemach moco-
wanie odbywa si¢ na zasadzie docisku [28,29].

W rozwarstwieniu aorty uzywane sg te same typy stent-
graftéw, ktore wszczepia sie w przypadku leczenia tetniakdw
aorty piersiowej o innej etiologii. Zastosowanie znajdujg

(Marfan syndrome, Ehlers-Danlos syndrome, aortic annulus
dilatation), cystic degeneration of the aortic media, aortitis,
pregnancy, injuries [4,5,20,21]. latrogenic injuries arose as
a result of intravascular catheterization, IABP (Intra-Aortic
Balloon Pump) placement and cardiosurgical procedures
induce aortic dissection in 5% cases, among our patients
this percentage amounted to 3%.

For the therapeutic purpose it is significant to localize
the entry tear. Standardized classification systems have
been developed to describe the anatomic location of an
aortic dissection. These classification systems are useful for
determining prognosis and the approach to management
for patients with aortic dissection. In the DeBakey system,
a type | dissection originates in the ascending aorta and
extends into the aortic arch or beyond and may extend into
the abdominal aorta or iliac arteries. Type |l aortic dissection
originates within, and is confined to, the ascending aorta.
Type lll aortic dissection originates distal to the left sub-
clavian artery and propagates distally into the descending
thoracic (llla) or the abdominal (IlIb) aorta. In the Stanford, or
Daily, classification system, aortic dissections are classified
as those involving the ascending aorta (type A) and those
that do not involve ascending aorta (typeB). Type A aortic
dissections are referred to as “proximal” aortic dissections
and type B as “distal” aortic dissections [15].

The period of time from the beginning of the symptoms to
the aortic dissection diagnosis is essential for the treatment
strategy selection. Aortic dissections are defined as acute
aortic dissections when the period of time from the beginning
of the symptoms to the diagnosis is shorter than 2 weeks;
the other cases are defined as chronic aortic dissections.
Mortality rate and further disease progression decrease in
time, therefore therapeutic management differs in both acute
and chronic cases.

Pharmacotherapy is a first choice treatment for: non-com-
plicated distal aortic dissection, stable isolated dissection
of aortic arch, stable chronic aortic dissection. The main
purpose of pharmacotherapy is to control arterial hyperten-
sion. In the other cases surgical interventions should be per-
formed. Currently endovascular procedures with stent-graft
placement, which interfere in the elementary mechanism
of the aortic dissection pathogenesis through coverage of
the entry tear, thrombosis of the false lumen and dilatation
of the true channel. Indications for endovascular treatment
include: unstable aortic dissection imminent of rupture,
peripheral ischaemia, stable dissection greater than 5 cm
[22-26]. Stent-graft placement among patients with stable
aortic dissection still remains controversial [27,28].

Since 1990 when N. Volodos and J.C. Parodi for the first
time used stent-graft implantation for the abdominal aortic
aneurysm treatment [4] the endovascular technique has
rapidly developed.

Endovascular prostheses commonly called stent-grafts
consist of supporting frame covered with synthetic graft
material. Endoprosthesis framework (stent) is made of
biologically neutral metal (stainless steal, nitinol and the
other alloys) covered with polyester (polytetrafluoroethylen
- PTFE or Dacron) also used to produce classical prosthe-
ses. Depending on the applied technology, stent-grafts may
be covered completely or partially (uncovered ending seg-
ments) that allowes stent-graft placement across the vital
vascular trunks. The alternative procedure uses fenestra-
tions in the covering of the stent-graft (so-called fenestrated
stent-grafts). Some endografts are fitted with peaks fixing
prosthesis to the vascular wall, additionally protecting graft
against dislocation. In other systems attachment is per-
formed on the base of pressurization technique [29,30].

The same types of stent-grafts are used in both aortic
dissection and thoracic aortic aneurysm. In contrast to



stent-grafty proste w przeciwienstwie do stent-graftow
rozwidlonych wykorzystywanych w przypadku leczenia
tetniakdw aorty brzusznej. W praktyce implantowane sg
czesto dwa i wiecej stent-graftow, umieszczanych w sposéb
Jteleskopowy”. Wielko$¢ stosowanego stent-graftu okresla-
na jest na podstawie pomiaru srednicy zdrowego odcinka
aorty ponad miejscem rozwarstwienia [18]. Srednica stent-
graftu powinna przekraczaé o 10-15% s$rednice aorty [30].
W leczeniu rozwarstwienia wykorzystywane sg stent-grafty
dtugie w zwigzku z czestym wystepowaniem kilku re-en-
try. Zastosowania nie znajdujg stent-grafty z niepokrytym
segmentem koncowym, ktoérego nacisk na cienkag sciane
odgradzajgcg kanat prawdziwy od rzekomego magtby do-
prowadzi¢ do jej rozdarcia [18].

Podstawowymi rodzajami stent-graftow sg Talent, Zenith,
PowerLink, Excluder, AneuRx, Stenway, Ancure i Lifepatch.
Dawniej stosowano rowniez inne modele jak Stentor, Van-
guard nalezace do pierwszej generacji, wycofanej z uzycia
ze wzgledu na udowodniony zwigkszony odsetek powiktan
po ich implantacji (przecieki, wykrzepianie, migracja stent-
graftu) [28,29] zwigzanych z uszkodzeniami struktury zasto-
sowanych materiatow, rozejsciem sie modutow, zgieciem i
skreceniem sie protezy [31-33].

Sposrdd drugiej generacji stent-graftow w naszej klinice
stosowano Talent (11 protez 73,3%) i Zenith (2 protezy
13,3%). Zaletg tych stent-graftow jest sposéb ich uwalniania
— dajg one mozliwos¢ bardzo precyzyjnego pozycjonowa-
nia. Jednak u pacjentéw ze znacznie zagietymi tetnicami
biodrowymi obserwowano, iz segmentalna budowa odnog
tego typu stent-graftéw przyczynia sie do powstania w nich
zakrzepicy. System wprowadzajacy stent-graftu Zenith jest
pokryty substancja hydrofilng znacznie utatwiajgcg jego im-
plantacje nawet w przypadku duzych zmian miazdzycowych
zwezajgcych swiatto tetnic biodrowych i udowych [34].

Jako odpowiedz na wyzwanie jakim stato sie leczenie
réznych schorzen w obrebie aorty piersiowej Medtronic
wprowadzit stent-graft typu Valiant do praktyki klinicznej w
2005 roku [35]. Wsréd pacjentéw leczonych w naszej klinice
stent-graft typu Valiant zostat zastosowany w 2 przypad-
kach (2 protezy 13,3%). Do tej pory z dobrym rezultatem
stosowano stent-graft typu Talent, miat on jednak pewne
ograniczenia w postaci:

- trudnosci w precyzyjnym umieszczaniu stent-graftu w
Scisle okreslonym miejscu aorty,

- krotkiej dtugosci protezy skutkujgcej koniecznoscig
implantowania kilku protez jednoczesnie,

- trudnosci we wprowadzaniu stent-graftow do silnie
zwapniatych tetnic biodrowych oraz tuku i aorty zstepujgcej
o kretym przebiegu,

- niedostatecznej stabilizacji proksymalnego odcinka
protezy w obrebie tuku aorty.

Valiant stat sie kolejng postacig stent-graftu Talent
zawierajgcg nowe modyfikacje dotyczace: ostonki wpro-
wadzajgcej, konfiguracji stent-graftu, sposobu pozycjo-
nowania protezy i systemu markeréw. Znaczgce roznice
miedzy Talentem a Valiantem wynikaja z: usunigecia spre-
zynek tgczgcych, zmian systemu konfiguracji rusztowania
stent-graftu, rozszerzenia zakresu dostepnych dtugosci
stent-graftéw, catkowitej zmiany systemu wprowadzajgce-
go (z CoilTrac na Xcelerantsystem). Modyfikacje te miaty
na celu poprawe gietkosci stent-graftu oraz zwiekszenie
wytrzymatosci na zmiane struktury podtuznej. W Valian-
cie liczba proksymalnych haczykoéw zostata zwiekszona
z 5 (Talent) do 8 w celu zapewnienia lepszej stabilnosci
w czasie wprowadzania stentu. Sprezynki w Valiancie
przymocowane sg do zewnetrznej czesci materiatu graftu
w przeciwienstwie do Talentu, w ktérym sg mocowane
od strony wewnetrznej. Nieprzepuszczalne dla promie-
ni rentgenowskich markery zostaty rowniez ulepszone.

bifurcated stent-grafts administered in abdominal aortic
aneurysm, non-bifurcated stent-grafts are required for aortic
dissection treatment. In practice two or more stent-grafts are
implanted in the “telescopic” way [19]. Stent-grafts should be
10% to 15% larger than the diameter of the non-diseased
aorta proximal to the entry tear [31].

On account of frequent incidence of several re-entries
long endoprostheses are used, however stent-grafts with un-
covered distal segments cannot be implanted due to the risk
of the aortic rupture in the mechanism of their pressurization
on the thin wall separating true from false channel [19].

The basic type of stent-grafts are Talent, Zenith, Pow-
erLink, Excluder, AneuRx, Stenway, Acure i Lifepatch.
Previously implanted, the first stent-graft generation involv-
ing Stentor and Vangard, has been removed from usage
because of proven increased postimplantation complication
rate (endoleak, thrombosis, stent-graft migration) [29,30] as-
sociated with structural alterations, disconnection of modular
components, bending and kinking of prosthesis [32-34].

Among second stent-graft generation in our clinic Talent
endografts (11 prostheses -73.3%) and Zenith (2 prosthe-
ses -13.3%) were implanted. They are characterized by
advantageous way of deployment and very precise fixation.
However patients with substantial tortuosity of iliac arteries
were observed to develop thrombosis due to segmental con-
struction of its branches. Zenith stent-graft delivery system is
covered with hydrophilic substance making its implantation
easier even in the case of advanced atherosclerotic changes
narrowing the lumen of iliac and femoral arteries [35].

In response to the challenges of the thoracic aorta,
Medtronic introduced the Valiant thoracic endograft into
clinical practice in 2005 [36]. Among patient treated in
our clinic Valiant stent-graft was implanted in 2 cases (2
prostheses -13.3%). The Talent thoracic endograft per-
formed well in initial experiences of endovascular thoracic
procedures. However, in challenging cases the graft could
be limited by:

- high deployment forces leading to excessive manipula-
tion or inability to deploy the graft in the correct position;

- short graft lengths leading to inadequate overlap or
large numbers of grafts;

- difficult track ability in calcified iliacs or excessive tortu-
osity of the arch or descending thoracic aorta;

- poor conformability due to the connecting bar in the
proximal graft, if deployed around the arch.

The Valiant was an evolution from the Talent thoracic
endograft and contained some improved design features,
which included modifications to stent design delivery
sheath, graft configuration, deployment methodology and
markers. The most significant changes from the TalentTM
to ValiantTM are removal of the spring, connecting bar, a
redesign of the proximal and supporting stent configura-
tion, an increase in choice of graft lengths and a complete
redesign of the delivery system (from the CoilTrac to the
Xcelerant system). These changes were intended to make
the device behave identically regardless of orientation, to
make the system more flexible, track better and have better
kink resistance. On the ValiantTM endograft, the proximal
spring has been redesigned with more peaks (8 versus 5)
to provide better stability during deployment and make the
device less traumatic to the aortic wall. The springs are now
attached to the outside of the graft material in contrast to
ZenithTM in which springs are attached to the inside. The
radiopaque markers have also been improved; the distal
end markers now have the 0 shape to help distinguish them
from proximal 8 markers in patient in whom multiple sections
have been used [8].

Early results of stent-graft implantation seem to by very
promising (lower complication rate in comparison to the
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W celu tatwiejszej identyfikacji konca proksymalnego i
dystalnego, zwtaszcza u pacjentéow z wielosekcyjnymi
stent-graftami, jako marker dystalnego korica wprowadzono
znacznik w ksztaicie ,0”, natomiast konca proksymalnego
znacznik w ksztatcie ,8” [11].

Weczesne wyniki stosowania protez wewnatrznaczy-
niowych wydajg sie bardzo obiecujgce (mniejsza liczba
powikfar w poréwnaniu z grupg leczong w sposob klasyczny,
krotszy czas hospitalizacji, nizszy wskaznik Smiertelnosci w
obserwac;ji jednorocznej) [3].

Powodzenie procedury implantacji stent-graftu waha
sie od 86 do 100% [30], w naszej klinice osiagnieto 100%
skutecznosé. Czas hospitalizacji wahat sie od 4 do 19 dni
(11,245,77 dni). Wynik ten jest poréwnywalny do uzyska-
nego przez Nienaber i wsp., u ktérych czas ten wynosit
od 4 do 15 dni (7+3 dni) [5]. Natomiast czas hospitalizacji
pacjentéw leczonych metodg klasyczng byt zdecydowanie
dtuzszy i wynosit od 14 do 96 (40+24). Odsetek $Smiertel-
nosci wczesnej (do 30 dni od implantacji) w naszej klinice
wynosit 9,1% (1 zgon), jest wiec porownywalny z wynikami
przedstawionymi w literaturze wahajgcymi sie w granicach
od 8,4% wg Neuhauser [36] do 16% wg Dake i wsp. [4].

Jedna z najczestszych przyczyn powiktan po implantacii
stent-graftow jest przeciek, czyli tzw. endoleak. Endoleak
jest to trwaty wyptyw krwi poza $wiatto protezy wewnatrzna-
czyniowej, jednak w obreb worka tetniaka bgdz segmentow
naczyniowych przylegajgcych do stent-graftu [6]. Podziat
przeciekow ze wzgledu na mechanizm powstawania po-
zwala na sklasyfikowanie ich w szes$ciu grupach:

Typ | — polega na przecieku krwi do worka tetniaka obok
stent-graftu, moze sie pojawi¢ zaréwno na blizszym jak
i dalszym koncu. Pojawienie sie go wkrétce po zabiegu,
$wiadczy o ztym dopasowaniu stent-graftu do $rednicy
aorty (zbyt mata lub duza s$rednica stent-graftu). Nato-
miast pojawienie sie go w czasie odlegtym od zabiegu jest
wynikiem poszerzenia sie aorty lub tez przemieszczenia
sie stent-graftu. Istnieje rowniez mozliwos¢ sfatdowania
protezy od strony krzywizny mniejszej tuku aorty (zjawisko
~akordeonu”). Usuniecie tego typu endoleaku polega na
wewnatrznaczyniowym domodelowaniu protezy cewnikiem
balonowym lub zastosowaniu dodatkowego krotkiego, pro-
stego stent-graftu, tzw. przedtuzki. Czesto jej wykorzystanie
jest zwigzane z koniecznoscig pokrycia LSA, a nawet LCCA
oraz chirurgicznej rewaskularyzacji w obszarze unaczynio-
nym przez te tetnice [37,38].

Typ Il — najczesciej wystepuje bezposrednio po zabie-
gu, polega na wstecznym naptywie krwi do worka tetniaka
przez drozne gatezie boczne aorty. Istnieje mozliwosc¢ jego
samoistnego zamknigcia w ciggu kilku tygodni do 6 m-cy.
Jesli to nie nastgpi stosuje sie przeznaczyniowa, selektywng
embolizacje, laparoskopowg obliteracje lub podanie mate-
rialu trombogennego do Swiatta tetniaka.

Typ Il — jest konsekwencjg nieszczelnosci w miejscu
taczenia elementéw stent-graftu wynikajacej ze zbyt krot-
kiego odcinka wzajemnego naktadania sie sgsiadujgcych
elementow protezy lub potgczenia poszczegodlnych elemen-
téw protezy w miejscu wygiecia aorty bgdz strukturalnego
uszkodzenia protezy np. przedziurawienia. Leczenie polega
na dostawieniu dodatkowego modutu.

Typ IV — zwigzany z porowatoscig materiatu budujgce-
go proteze, pojawia sie najczesciej do 30 dni od zabiegu.
[6,18].

Przeciek nieznanego pochodzenia (Endoleak of Unde-
fined Origin) — jest to powiekszenie sie worka tetniaka bez
uchwytnej przyczyny i lokalizaciji, ktéra moze zosta¢ wykryta
wraz ze zwiekszeniem sie czutosci metod obrazowych.

Endotension — ma miejsce wtedy, gdy wysokie ciSnienie
moze by¢ utrzymywane wewnatrz worka tetniaka bez wi-
docznego przecieku poza graft. Ten trudny do zobaczenia

classical technique, shorter hospitalization period and lower
mortality rate in one year observation). Successful stent-
graft implantation ranged from 86% to 100% reported in
the literature, in our clinic 100% efficacy was achieved. The
hospitalization period ranged from 4 to 19 days (11.2+5.77
days). This result is comparable to the Nienaber et al. re-
sults ranging from 4 to 15 days (7+3 days). However the
hospitalization period after classical surgery treatment was
significantly longer and extended from 14 to 96 (40+£24) [5].
The early mortality rate (30 days after implantation) in our
clinic amounted 9.1% (1 death), thus is comparable to the
results reported in the literature ranging from 8.4% according
to Neuhauser [37] to 16% according to Dake et al. [4].

Endoleak is one of the most frequent postimplantation
complications. Endoleak is a condition unique to endolumi-
nal vascular grafts defined by the persistence of blood flow
outside the lumen of the endoluminal graft but within an
aneurysm sac or adjacent vascular segment being treated
by the device. Endoleak classification including 6 types of
endoleaks is based on the mechanism of their origin.

Type | — blood leakage to aneurysmal sac around the
device, appearing both at proximal and distal ends. When
present early in the course of the treatment it reflects inad-
equate fitting of stent-graft to the aortic diameter (to large
or to small stent-graft diameter), while its remote appear-
ance is a result of aortic dilatation or stent-graft migration.
Possibility of endograft folding along the minor curvature
of aortic arch can be also taken into account (“accordion”
phenomenon). Removal of this endoleak includes endovas-
cular balloon angioplasty or implantation of additional short,
non-bifurcated stent-graft frequently requiring LSA or even
LCCA coverage and surgical revascularization of the area
supplied by these arteries [38,39].

Type Il — most frequently present directly after implanta-
tion procedure, occurs when there is persistent retrograde
blood flow into the aneurysm sac from patent collateral
aortic vessels. There is a possibility of its spontaneous
closure within several weeks to 6 months, otherwise selec-
tive transluminal embolization, laparoscopic obliteration or
administration of thrombogenic material into the aneurysm
lumen should be performed.

Type lll - this type of endoleak is related to inadequate
or ineffective seal at the graft joints as a consequence of too
short overlapping of adjacent graft segments, connection
of prosthesis elements at the side of aortic curve, structural
destruction of endograft, for example endograft perforation.
The treatment involves additional segment placement.

Type IV — this type of endoleak is related to the porosity
and passage of blood through the fabric of the graft and fre-
quently appears within 30 days after implantation [6,19].

Endoleak of Undefined Origin - this type of endoleak
has an unknown cause and location, which may be even-
tually defined as the imaging techniques get more refined.
Endotension — condition, when high pressure, may be
maintained within the aneurysm sac with no evidence
of leak or blood flow outside the graft. One proposed
mechanism is pressure transmission via thrombus that
lines the attachment site. Endotension may also represent
an indiscernible, very low flow endoleak that allows blood
to clot at the source of leakage. It is also known as “Endo-
pressure” or “Nonendoleak aneurysm sac pressurization”.
Classification of endoleaks is an evolving proposition and
further specificity can be gained by adding the qualifiers A
or B, where A refers to endoleaks in which only an inflow
channel can be demonstrated and B refers to endoleak with
apparent inflow and outflow channels. Endoleaks can be
also called primary (early) or secondary (late) [6].

Endovascular procedures performed in our clinic to pa-
tient with aortic dissection were complicated with endoleak



przeciek moze wynika¢ z bardzo wolnego przeptywu krwi,
ktora zdgzy skrzepnac¢ na powierzchni wycieku. Ten typ jest
réwniez nazywany ,Endopressure” albo ,Noneendoleak
aneurysm sac pressurization”.

Inny sposab klasyfikacji uwzglednia podziat przeciekow
na typ A- z widocznym wytgcznie kanatem naptywu oraz typ
B — widoczny kanat naptywu i odptywu.

Istnieje rowniez podziat przeciekdw na wczesne — do 30
dni od zabiegu i pdzne — powyzej 30 dni po zabiegu [6].

Zabiegi endowaskularne wykonane w naszej klinice u
pacjentow z rozwarstwieniem aorty w 9,1% powiktane byly
wystgpieniem endoleaku (jeden przypadek pacjenta, u kto-
regow kontrolnej angiografii pooperacyjnej stwierdzono nie-
wielki wsteczny naptyw krwi przez re-entry do Swiatta kanatu
rzekomego — typ |l endoleaku). Wynik ten jest poréwnywalny
do uzyskanego przez Neuhasera i wsp. — 4% [36].

U jednego pacjenta (9,1%) wystapit przeciek poza $wiatto
naczynia do lewej jamy optucnowej. Powiktanie to wymagato
implantacji w trybie pilnym drugiego stent-graftu.

Wsréd innych powikfan obserwuje sie migracje endopro-
tezy stwierdzana, gdy stent-graft przemiesci sie o ponad
5 mm w stosunku do pierwotnego potozenia (zaréwno w
kierunku obwodowym jak i dosercowym). Najczestszg przy-
czyna jest btad implantacji (m.in. zle dopasowany rozmiar
stent-graftu lub zte pozycjonowanie konca stent-graftu, np. w
ostrym zagieciu aorty), powiekszenie szyi tetniaka i zmiany
patologiczne $ciany naczynia (np. bardzo krety przebieg)
[29]. Czestym btedem jest niedoszacowanie dtugosci pro-
tezy, zwtaszcza gdy przebieg aorty jest dos¢ krety, pomiar
jej dtugoséci na podstawie diugosci cewnika kalibrowanego
moze by¢ niewiarygodny w zwigzku z uktadaniem sie cew-
nika wzdtuz mniejszych krzywizn aorty [18]. Powikfania tego
nie stwierdzono w naszej grupie pacjentow.

Indukcja uktadu krzepnigcia przez obcy materiat, jakim
jest endoproteza, moze doprowadzi¢ do powiktania w po-
staci jej zakrzepicy. Wytworzenie przysciennego zakrzepu
jest pod pewnymi wzgledami zjawiskiem korzystnym, gdyz
oddziela sztuczng powierzchnie protezy od krwioobiegu.
Jednak z czasem proces ten moze sie nasila¢ i doprowadzi¢
do niebezpiecznego zwezenia Swiatta protezy, skutkujgcego
objawami przewlektego lub ostrego niedokrwienia kohczyn
dolnych. Zakrzep czesto lokalizuje sie w miejscach zgie¢
i rozwidlen. Jako profilaktyke przed wystgpieniem tego
powiktania stosuje sie przewlekle leki antykoagulacyjne
lub antyagregacyjne. Gdy jednak dojdzie do zakrzepniecia
endoprotezy nalezy przeprowadzi¢ zabieg rekanalizacji
radiologicznej (tromboliza) lub chirurgicznej (trombektomia),
badz otwarte metody wytworzenia by-passéw ekstraanato-
micznych [29].

Niedokrwienie rdzenia kregowego (SCI) wynikajace
z pokrycia odgatezien aorty piersiowej przez stent-graft
zdarza sie z czestoscig od 0 do 12% [39]. SCI po leczeniu
endowaskularnym wystepuje czesciej w wypadku objecia
przez stent-graft tetnic zaopatrujacych rdzen kregowy
(tetnica Adamkiewicza, tetnice miedzyzebrowe, tetnice
ledzwiowe), dtugiego okres hipotensji bgdz wystgpienia
zatoru materiatem miazdzycowym pochodzgcym z aorty
[39%]. Gtéwnym czynnikiem wptywajacym na wystgpienie
SCI jest dlugos¢ stent-graftu (wg Shim i wsp. bezpieczne
jest stosowanie stent-graftow o dtugosci od 3 do 7 trzonéw
kregow piersiowych) [30], dodatkowym czynnikiem ryzyka
jest wczesniejsza operacja tetniaka aorty brzusznej zaréwno
metodg klasyczng jak i endowaskularng.

Pokrycie stent-graftem ujscia LSA uwazane jest za
stosunkowo bezpieczng procedure jednak Thomson i wsp.
[35%] zaobserwowali wiekszg czestos¢ wystepowania uda-
réw w grupie pacjentow, u ktérych pokryto ujscie LSA (9%),
w poréwnaniu z pacjentami, u ktérych proksymalny koniec
stent-graftu znajdowat sie ponizej odejscia LSA (0,8%).

in 9.1% (in one case postoperative control angiography
revealed small retrograde blood flow into the false chan-
nel — type Il endoleak). The result is comparable to the
one achieved by Neuhauser et al. — 4% [37]. One patient
presented (9.1%) leakage to the left pleural cavity requiring
emergent second stent-graft implantation.

Among other complications endograft migration, defined
as more than 5 mm dislocation of the graft both peripherally
and proximally, was observed. The most frequent cause
is implantation failure (inadequate fitting of stent-graft
diameter, inappropriate stent-graft fixation, e.g. severe
angulations of aorta), enlargement of aneurysmal neck and
pathological changes of vascular wall (e.g. essential aortic
tortuosity) [30].

Underestimation of stent-graft length appears a frequent
mistake particularly in the case of significant aortic tortuos-
ity, when assessment of endograft size on the basis of
calibrated catheter length may by unreliable as a result of
catheter positioning along minor aortic curvature [19]. This
complication was not observed among our patients.

The induction of blood coagulation by foreign material
such as endoprosthesis can lead to its thrombosis. Forma-
tion of parietal thrombus can be beneficial phenomenon in
some respects, because of separation of artificial endograft
surface from bloodstream. However, the aggravation of
thrombogenic process may occur, leading to the dangerous
narrowing of endograft lumen resulting in chronic or acute
lower limb ischaemia. Angulations and bifurcations are the
places of frequent thrombus localization. Prophylaxis includ-
ing anticoagulant and antiplatelet medications should be
administered. However in case of endograft thrombosis ra-
diological recanalization procedure (thrombolysis), surgical
recanalization procedure (thrombectomy) or open methods
of extraanatomical by-pass grafting should be performed.

Spinal cord ischaemia (SCI) resulting from stent-graft
coverage of thoracic aortic branches occurs with the fre-
quency that ranges from 0 to 12% [40]. SCI after endovas-
cular treatment occurs more frequently when the arteries that
supply the spinal cord are sacrificed (Adamkiewicz’s artery,
intercostal and lumbar arteries), as well as after a period of
hypotension or as a result of emboli from aortic atheroma-
tous lesions [40]. Stent-graft length seems to be the main
factor that influences SCI incidence (according to Shim et
al. safety of endovascular methods is associated with us-
age of stent-graft covering only 3 to 7 segments of thoracic
vertebrae) [31], previous abdominal aortic aneurysm surgery
(both open surgery and endovascular technique) constitutes
additional risk factor.

LSA coverage by the stent-graft is considered to be rela-
tively safe procedure, however Thomson et al. [36] observed
that the incidence of stroke in patients with LSA occlusion
appeared in 9%, compared to a stroke rate of 0.8% among
patients with no coverage or revascularization of LSA.
Concern about the development of left upper—extremity
ischaemia and vertebral artery still as a result of coverage
of the LSA after graft deployment led to the practice of pro-
phylactic left subclavian — carotid artery transposition, or left
carotid — subclavian artery by-pass in patients where LSA
coverage would be required to obtain an adequate proximal
landing zone. Clinical indications for LSA revascularization
are: dominant left vertebral artery, aberrant right vertebral
artery, prior left internal thoracic — coronary artery by-pass
[41]. One of our patient needed LSA revascularization pro-
cedure. No neurological complications were reported.

Endoprosthesis infection, as a very serious complication,
usually occurs in the endogenous way and is caused by
microbes present in the blood. Due to the lack of possibility
of infected endograft removal this complication is associated
with 100% mortality rate [30].
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Rozwdj niedokrwienia lewej konczyny gornej oraz wystgpie-
nie zespotu podkradania jako rezultat pokrycia LSA sktonito
do stosowania praktyki profilaktycznej transpozycji LSA
do LCCA lub wykonywania by-passu migedzy tymi dwiema
tetnicami. Klinicznymi wskazaniami do zastosowania metod
rewaskularyzacyjnych sg: dominacja lewej tetnicy kregowej,
aberacje prawej tetnicy kregowej oraz wykonany wczesniej
by-pass pomiedzy lewg tetnicg piersiowg wewnetrzng a
tetnicg wiencowa [40].

U jednego z naszych pacjentéw zaszta koniecznosc¢
wykonania rewaskularyzacji LSA. U zadnego z pacjentow
nie wystapity powiktania neurologiczne.

Infekcja protezy naczyniowej jest groznym powiktaniem.
Najczesciej nastepuje drogg wewnatrzpochodng i spowo-
dowana jest przez drobnoustroje obecne w krwioobiegu.
Powiktanie to jest w 100% $miertelne, poniewaz praktycznie
nie ma mozliwos$ci usuniecia zakazonej endoprotezy [29].

Najczestszym powiktaniem po zabiegach endowaskular-
nych jest zespot poimplantacyjny wystepujgcy z czestoscig
64% wg Shim i wsp. [30]. Zespot ten charakteryzuje sie go-
ragczka siegajacg do 39°C i utrzymujgca sie nawet do okoto
10 dni, podwyzszonym stezeniem CRP, leukocytozg oraz
zmniejszeniem ilosci ptytek. Mechanizm tego zespotu nie
zostat do konca wyjasniony, prawdopodobnie jest to wynik
nieswoistej odpowiedzi zapalnej na obcy materiat wywotanej
aktywacjg leukocytow (gt. neutrofilii) modyfikowanej przez
cytokiny i czynniki chemotaktyczne. Uwalnianie IL-6 przez
srodbtonek podczas manipulacji Srodoperacyjnych indukuje
produkcje CRP oraz stymuluje leukocyty do produkcji TNFa.
Dochodzi réwniez do aktywacji ptytek krwi w wyniku bez-
posredniej stymulacji przez materiat stent-graftu. Niektére
zaburzenia krzepnigcia obserwowane we wczesnym okresie
po zabiegach endowaskularnych mogg by¢ zwigzane z tym
zjawiskiem [41]. U 3 pacjentéw (27,3%) w okresie poope-
racyjnym wystgpita gorgczka. U dwoch z nich (18,2%), ze
wzgledu na brak uchwytnego Zrédta zakazenia rozpoznano
zespo6t poimplantacyjny. Zespét ten wsrdd naszych pa-
cjentow wystepowat trzykrotnie rzadziej w poréwnaniu do
czestosci stwierdzonej przez Shima i wsp. [30].

Inne powiktania jak ostra niewydolno$¢ nerek (czestosé
wystepowania w przypadku zastosowania protezy Talent
—15,7%,Valiant — 25 %; wyzszy odsetek powiktan w przy-
padku Valianta moze by¢ spowodowany cigezszym stanem
pacjentéw kwalifikowanych do implantacji tego stent-graftu,
Thomson i wsp.) [35], przetoka aortalno-oskrzelowa i aor-
talno-przetykowa, zawat krezki, pekniecie aorty, wstrzgs
septyczny oraz powiktania miejsca dostepu (27% wg Neu-
hauser) [36] w postaci limfotoku, tetniaka rzekomego oraz
uszkodzenia btony wewnetrznej tetnicy biodrowej nie wysta-
pity u zadnego z leczonych w naszej klinice pacjentéw.

Implantacja protezy wewnatrznaczyniowej moze byé
obiecujgca niechirurgiczng strategig leczenia rozwarstwien
aorty typu B, co potwierdzajg wyniki badan uzyskane w na-
szej klinice. Technika endowaskularna jako jedyna z dostep-
nych metod leczniczych ingeruje w podstawowy mechanizm
powstawania rozwarstwienia. Poprzez inicjacje naturalnego
procesu naprawczego (wykrzepienie kanatu rzekomego) w
wyniku pokrycia proksymalnego entry zapewnia remode-
ling i stabilizacje sciany aorty. Zastosowanie stent-graftéw
wychodzi naprzeciw ogoélnemu dgzeniu do minimalizacji
rozlegtos$ci i traumatyzacji zabiegow chirurgicznych, redukcji
liczby okoto- i pooperacyjnych powiktan, skrocenia czasu
hospitalizacji i rekonwalescencji. W zwigzku z niewielka licz-
bg pacjentéw z rozwarstwieniem aorty leczonych w naszej
klinice z zastosowaniem endoprotez i krotkim okresem ich
pooperacyjnej obserwacji dokladna ocena dtugofalowych
wynikéw leczenia tg metodg wymaga dalszych badan.

Postimplantation syndrome is the most frequent compli-
cation after endovascular procedures occurring with 64%
frequency reported by Shim et al. [31]. This syndrome is
characterized by fever persistent for even 10 days reaching
up to 39°C, increased CRP concentration, leukocytosis or
decrease of platelet count. The mechanism of postimplan-
tation syndrome has not been explained so far, probably it
occurs as a result of nonspecific inflammatory reaction to
the foreign material caused by activated leukocyte (mainly
neutrophils) modulated by proinflammatory mediators (cy-
tokines) and chemotactic factors (chemokines and comple-
ment proteins). IL-6 released by the vascular endothelium
during intraoperative manipulations induces the production
of CRP and stimulates blood white cells to produce TNF-a.
Platelet activation occurs also as a result of direct stimula-
tion by the graft material. Some coagulation disturbances
observed early postoperatively after endovascular proce-
dure can be also associated with this phenomenon [42].
In 3 patients (27.3%) fever occurred in postoperative period.
In two cases (18.2%) according to the lack of noticeable
source of infection the postimplantation syndrome was
diagnosed. Among our patients this syndrome appeared
with 3- fold less frequency in comparison to Shim et al.
results [31].

Other complications, such as acute renal insufficiency
(frequency related to Talent stent-graft usage amounts
15.7%, Valiant — 25%; higher complication rate associ-
ated with Valiant stent-graft implantation may by caused
by more serious patients’ condition qualified for this stent-
graft implatation, Thomson et al.) [36], aorto-bronchial and
aorto-oesophageal fistula, mesenteric artery ischaemia,
aortic rupture, septic shock, access — related complications
(27% according to Neuhauser) [37] such as lymphorrhoea,
pseudoaneurysm and intimal injury of the iliac artery, were
not observed in patients treated in our clinic.

Implantation of endoprostheses can be promising non-
surgical strategy of aortic dissection type B treatment, that
has been confirmed by results obtained in our research.
Endovascular technique is the only available method that
interferes in the elementary mechanism of the aortic dis-
section pathogenesis. Through the initiation of natural
repair process (thrombosis of the false lumen), as a result
of coverage of the primary entry tear, ensures remodeling
and stabilization of the aortic wall. Stent-graft application
faces up to general aspiration to minimize extension and
traumatization of surgical procedures, to reduce peri- and
postoperative complications, decrease hospitalization and
convalescence period. For the reason of small number of
patients with aortic dissection treated in our clinic by endog-
raftimplantation and short time of postoperative observation
accurate evaluation of long-term results of endovascular
treatment requires further investigations.
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Streszczenie

Celem pracy byto wytworzenie gradientowych
materiatow kompozytowych, ktére mogtyby znalez¢
zastosowanie jako implanty przeznaczane dla kierun-
kowej regeneracji tkanek. W pracy przeprowadzono
ocene zachowania sie w Srodowisku biologicznym re-
sorbowalnych kompozytéw polimerowo-metalicznych
o osnowie z poli-L-laktydu (PLLA). Jako wzmocnienie
zastosowano druty magnezowe, ktére wprowadzano
bezposrednio do osnowy. Przeprowadzono analize
mikrostruktury kompozytéw (mikrotomografia kompu-
terowa) oraz zbadano ich stopien degradacji stosujgc
Jjako medium immersyjne wode i izotoniczny ptyn
Ringera. Stwierdzono, ze szybko$¢ degradacji drutéw
magnezowych jest znacznie wieksza niz kompozytu
PLLA /Mg (zmiany pH ptynéw immersyjnych, obser-
wacje SEM, badania ultradzwiekowe). Dodatkowo
wykazano, ze wprowadzenie drutbw magnezowych
Jako modyfikatoréw dla osnowy polimerowej znacznie
poprawia wiasciwo$ci mechaniczne (badania wytrzy-
matosciowe).

Stowa kluczowe: kompozyty gradientowe, magnez,
polimery degradowalne

[Inzynieria Biomateriatow, 75, (2008), 20-24]

Wprowadzenie

Poszukujgc nowych materiatdbw na degradowalne im-
planty medyczne badacze, poza resorbowalnymi polime-
rami czy ceramikg, biorg pod uwage rowniez mozliwosc
wykorzystania resorbowalnych metali takich jak np. magnez
i jego stopy. Wynika to z faktu, iz parametry mechaniczne
polimeréw resorbowalnych do wielu zastosowan medycz-
nych sg niewystarczajgce: wytrzymatosc jest zbyt niska, a
odksztatcenie zniszczenia zbyt duze, natomiast ceramika
resorbowalna nie posiada wystarczajgcej odpornosci na
pekanie. Podejmowane proby otrzymania implantow mag-
nezowych nie przynoszg w petni zadowalajgcych efektow
ze wzgledu na ich zbyt szybkg resorpcje i towarzyszgce
jej wydzielanie i gromadzenie wodoru [1,2]. Aby spowolni¢
degradacje magnezu konieczne jest zabezpieczenie go
przed dziataniem srodowiska biologicznego lub ograniczenie
jego ilosci do minimum. Realizacje tej idei mogg stanowic
kompozyty o osnowie z polimeréw resorbowalnych mo-
dyfikowane drutami magnezowymi. Tak zaprojektowany
materiat moze pozwoli¢ na uzyskanie kompromisu po-
miedzy wiasciwosciami mechanicznymi a biozgodnoscia.
Dodatkowo, struktura gradientowa kompozytu, wynikajgca
ze zréznicowanego rozmieszczenia drutdw, w sposoéb
uproszczony bedzie nasladowa¢ gradientowg budowe kosci.
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Abstract

The aim of this study was to obtain graded compos-
ites, which may be used as implants for direct tissue
regeneration. The work presents an analysis of the
resorbable composites behaviour with a poly-L-lactide
(PLLA) matrix in the biological solution. Magnesium
wires were introduced directly into a polymer matrix as
its reinforcement. In this work microstructure analysis
of the graded composites was carried out (computer
microtomography — uCT). During the research degra-
dation rate was investigated. As a immersion medium
distilled water and Ringer were used. From this point
of view it was found that velocity degradation of mag-
nesium wires was considerably higher than for PLLA
/ Mg composite (pH of the immersion solution, SEM
observation and ultrasonic tests). Additionally, it was
revealed that introduction of the magnesium wires
as a modifying phase for polymer matrix improves
mechanical properties (mechanical tests).

Keywords: graded composite, magnesium, polymer
degradation

[Engineering of Biomaterials, 75, (2008), 20-24]

Introduction

In a search for new materials designed for degradable
medical implants scientists focus on resorbable metals
such as magnesium and its alloys which can be surrogate
for ceramic and polymer materials. The main reason is the
fact that mechanical properties of resorbable polymers are
not sufficient enough for medical application - strength is too
low, deformation is too high whereas resorbable ceramic ma-
terials have not enough fracture toughness. Trials assumed
in manufacturing of magnesium implants are not ample
because such implants reveal too rapid resorption when
hydrogen can be accumulate and release [1,2]. In order to
magnesium degradation it is necessary to protect against
a biological solution’s influence or limit it to the minimum.
A good example of such protection is a composite made
of resorbable polymers matrix modified with magnesium
wires. Such a design may lead to achieving a compromise
between good mechanical properties and biocompatibility.
In addition diversified wires distribution creates a composite
a gradient structure, which may be compared with natural
bone graded structure as it’'s very simple imitation. Because
of a high Mg ions concentration it is expected that graded
materials for bone tissue reconstruction should stimulate
bone cells to higher activity on a bone-implant interphase
and gradually undergo a degradation under a rate matching
to bone regeneration [3,4].



Oczekuje sie, ze kompozyty gradientowe przeznaczone
do rekonstrukcji tkanki kostnej bedg stymulowaé komorki
kostne do zwiekszonej aktywnosci na granicy faz: tkanka-
implant, dzieki wysokiej koncentracji jonéw magnezowych
i stopniowo ulega¢ degradacji w tempie dopasowanym do
regeneracji kosci [3,4].

Materialy i metody

Badania przeprowadzono na prébkach kompozytowych
w formie kostek o wymiarach 10mm x 10mm x 10mm,
ktorych osnowe stanowit resorbowalny
polimer L-laktydu (PLLA), wyprodu-
kowany przez firme Biomer — Niemcy
(d=1,25¢g/cm?, T,,=172°C). Jako fazy
modyfikujgcej uzyto drutébw magnezo-
wych o dtugosci 10 mm i $rednicy 0,6
mm otrzymanych w procesie obrdbki
skrawaniem.

W celu wytworzenia materiatéw
kompozytowych modyfikowanych dru-
tami magnezowymi wykorzystano folie
otrzymane z polimeru PLLA, ktére kolej-
no pocieto na kawatki 10 mm x 10 mm.
Nastepnie folie umieszczano w formie
metalowej w nastepujacej kolejnosci:
PLLA/ 3 druty Mg/ PLLA/5 drutéw Mg
/ PLLA /7 drutéw Mg / PLLA (RYS. 1).
Otrzymano w ten sposob kompozy-
towa strukture gradientowa (RYS. 2).
Kolejny etap procesu wytwarzania stanowito prasowanie
kompozytu w temperaturze 170°C, pod cisnieniem 5 MPa.
Otrzymane kompozyty w postaci kostek poddano bada-
niom degradacji w warunkach in vitro: ptyn Ringera/37°C/
6 tygodni oraz woda destylowana/37°C/6 tygodni. Stopien
degradacji materiatéw kontrolowano na podstawie zmian
pH ptynéw immersyjnych (pH-metr Elmetron typ CP —315).
Materiaty odniesienia stanowity kostka wykonana z czystego
polimeru PLLA oraz czyste druty magnezowe, ktére podda-
wano degradacji w tych samych warunkach, co materiaty
kompozytowe. Réwnolegle prowadzono pomiar predkosci
fali ultradzwiekowej (miernik ultradzwiekowy Ultrasonic
— 895) w celu poréwnania struktury materiatu przed i po
procesie inkubacji. Materiaty kompozytowe zostaty rowniez
poddane obserwacjom mikrostrukturalnym: mikrotomograf
komputerowy (UCT 80) oraz skaningowy mikroskop elek-
tronowy (SEM 5400 firmy Jeol). Wtasciwosci mechaniczne
okreslono w probie $ciskania przy uzyciu uniwersalnej
maszyny wytrzymatosciowej (Zwick 7250).

Wyniki i dyskusja

Zdjecia uzyskane za pomocg mikrotomografii kompu-
terowej pozwolity na zobrazowanie budowy materiatu gra-
dientowego. Badania te umozliwity wizualizacje kompozytu
poprzez okreslenie rozmieszczenia drutéw magnezowych w
osnowie polimerowej (RYS. 3). Ponadto, jak jest to widoczne
na zdjeciu, modyfikatory magnezowe znajdujg sie doktadnie
w tych miejscach gdzie zostaty umieszczone przed pro-
cesem prasowania. W trakcie prasowania nie ulegty one
zniszczeniu ani przemieszczeniu. Mozna, wiec stwierdzic,
ze technologia otrzymywania kompozytéw gradientowych
nie zmienita charakteru budowy tychze materiatéw, a wy-
tworzony kompozyt odzwierciedla zaprojektowang strukture
gradientowa.

RYS. 1. Rzut ,,z géry” na kolejne warstwy kompozytu gradientowego PLLA /
3 druty Mg / PLLA / 5 drutéw Mg / PLLA / 7 drutéw Mg / PLLA .

FIG. 1. Upside view for the following layers of graded composite PLLA /
3 wires Mg / PLLA /5 wires Mg / PLLA / 7 wires Mg / PLLA .

Materials and methods

The investigation was carried out on polymer cubes
10mm x 10mm x 10mm, in which poly-L—lactide (Biomer,
Germany, d=1,25g/cm?, T,=172°C) matrix was used.
As a modifying phase magnesium wires were applied.
Wires 10mm x 0,6mm sized were obtain in machining
process. For composites PLLA / Mg obtaining polymer foils
were used. Foils were cut in to pieces 10mm x 10mm and
put in to form in following sequence: PLLA / 3 wires Mg /
PLLA / 5 wires Mg / PLLA / 7 wires Mg / PLLA (FIG. 1).

In that way graded composition was obtained (FIG. 2). Next
step of the process was a hot press moulding in tempera-
ture 170°C and under 5 MPa pressure. Obtained compos-
ites in cubical shape were held for degradation tests - in
vitro conditions: Ringer solution and distilled water (37°C,
6 weeks). Degradation rate was controlled by pH changes in
immersion solutions (pH-meter Elmetron type CP —315) and
ultrasonic wave velocity changes (Ultrasonic — 895 meter).
Reference samples (PLLA cube) and magnesium wires were
investigated under the same conditions. Obtained results
allowed to compare material structure “before” and “after”
incubation. Microstructure of composite materials was ob-
served: computer microtomography (UCT 80) and scanning
electron microscopy (SEM 5400 Jeol). The universal testing
machine (Zwick 7250) was used to determine mechanical
properties (compressing tests).
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RYS. 2. Gradientowy kompozyt polimerowo-magne-
zowy PLLA/3 druty Mg/PLLA/5 drutéw Mg/PLLA
| 7 drutéw Mg / PLLA z zaznaczonym kierunkiem
szybkosci resorpciji.

FIG. 2. Magnesium graded composite PLLA /3 wires
Mg / PLLA / 5 wires Mg / PLLA / 7 wires Mg / PLLA
with the indicated resorption direction.
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RYS. 3. Obrazy z mikrotomografii komputerowej
probek kompozytowych PLLA / Mg.
FIG. 3. CT images of PLLA / Mg composite samples.

Wyjsciowe prébki polimerowe (PLLA) i polimerowo-meta-
liczne (PLLA/ Mg) poddano probie Sciskania. Z analizy wy-
nikéw (RYS. 4, probki nr 3 oraz 4) wynika, iz sita potrzebna
do zniszczenia kompozytu PLLA / Mg jest o rzad wielkosci
wieksza w kierunku prostopadtym do utozenia drutéw, niz w
kierunku réwnolegtym. W przypadku prasowania w kierunku
réwnolegtym do utozenia drutdw, nastepuje szybka delami-
nacja i catkowite zniszczenie kompozytu przy stosunkowo
niewielkiej sile Sciskajacej (RYS. 4, prébka nr 4). Dodatkowo
w poréwnaniu z prébka odniesienia (PLLA) wprowadzenie
do polimeru drutéw Mg wyraznie zwigksza site potrzebng
do zniszczenia takiego kompozytu (TAB. 1).

TABELA 1. Badania wytrzymatosciowe kompozytu
PLLA / Mg oraz prébki odniesienia PLLA.

TABLE 1. Mechanical tests for PLLA and PLLA / Mg
samples.

Materiat / Material

Wielkos¢ probki
Sample hight
[mm]

Sita zniszczenia
Force
[kN]

1. PLLA - do kierunku prasowania

/ to pressing direction LUt |

2. PLLA 1l do kierunku prasowania

/ to pressing direction 10,10£0,01 1.0

3. PLLA / Mg - do kierunku prasowania

/ to pressing direction 10,21£0,01( 75,0

4. PLLA/ Mg Il do kierunku prasowania

/ to pressing direction 10,2210,01 2,0

RYSUNKI 5ai 5b przedstawiajg zmiane pH ptynu Ringera
i wody destylowanej dla prébek odniesienia i kompozytu
PLLA / Mg inkubowanych w funkcji czasu. Podczas 6 ty-
godniowej inkubaciji prébek odniesienia (PLLA) zaréwno w
wodzie destylowanej jak i w ptynie Ringera nie zaobserwo-
wano znaczgcych zmian - pH bylo stabilne i utrzymywato
sie w granicach 5,80 - 6,10. Natomiast w przypadku drutéw
magnezowych nieostonietych polimerowg osnowg zaobser-
wowano gwattowny wzrost pH, ktéry Swiadczy o procesie
resorpcji zachodzgcym niemalze natychmiastowo w kon-
takcie ze Srodowiskiem biologicznym. Takie zachowanie
wynika z gwattownej reakcji magnezu z woda, na skutek
czego powstaje wodorotlenek magnezu Mg(OH),.

2 1 H H
= | | |

(1] ?I a L] ] |r0 "2
Displacement [mm)]

RYS. 4. Wykres zaleznosci sita — przemieszczenie dla
kompozytu PLLA / Mg oraz prébki odniesienia PLLA.
FIG. 4. Strength — displacement graph for PLLA and
PLLA / Mg samples.

Results and discussion

Microphotographs allowed to create an image of mate-
rial’'s graded structure. Three dimensional pictures show
wires distribution in a polymer matrix (FIG. 3) and it was
found that magnesium modifiers were precisely positioned
in the same area where they were placed before a pressing
process. During the hot press moulding wires were neither
displaced nor destructed. Therefore, it is possible to say that
the composites manufacturing technology has no influence
on a structure of prepared materials and such a composite
meets perfectly the preliminary graded structure design.

Initial polymer samples (PLLA) and composites (PLLA /
Mg) were put to the compression tests. Diagram (FIG. 4,
sample 3 and 4) shows that there is a big difference in values
of destructing force depending on wires orientation. Itis about
one grade higher for perpendicular direction than for paral-
lel. When a sample pressed parallel to wires arrangement
the delamination reveals quit low force (FIG. 4, sample 4).
It leads to a complete destruction of the sample.

Introduction of Mg wires into a polymer matrix in compari-
son to a reference sample (PLLA) considerably increases
destruction force (TAB. 1).

FIGURES 5 shows pH changes of Ringer solution (FIG.
5a) and distilled water (FIG. 5b) observed for reference
samples (PLLA and Mg wire) and composite (PLLA / Mg)
versus incubation time. During 6 week incubation for a ref-
erence (PLLA) no significant pH changes were observed.
It varied from 5,80 to 6,10. In case of not covered magnesium
wires rapid pH increase was observed. Such behaviour is a
result of resorption which proceed immediately in biological
solution. Because magnesium reacts with water and causes
occurring of magnesium hydroxide Mg(OH),.

Research carried out on PLLA / Mg composite confirm
analogical behaviour of composite instead of pure mag-
nesium sample. However, difference is observed in pH
increase, which is more mellow and it may be explained by
the partial protection of magnesium. In that case resorption
process through polymer matrix is slower. On the basis of
investigation it is possible to infer that introduction of mag-
nesium wires into resorbable matrix causes temporary pH
stabilization and also retard resorption process.

In order to this behaviour samples were treated
with ultrasonic tests. Through the ultrasonic measure-
ment velocity wave in 5 planes: a,b,c,d,e (FIG. 6) was
analyzed. Obtained results (before and after incuba-
tion in Ringer solution) from reference sample com-
pared to composites modified with magnesium wires.
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RYS. 5. a) zmiana pH ptynu Ringera w funkcji czasu inkubacji prébek odniesienia i kompozytu PLLA / Mg, b) zmiana
pH wody w funkcji czasu inkubacji probek odniesienia i kompozytu PLLA / Mg.

FIG. 5. a) changes of Ringer versus time function for PLLA and PLLA / Mg samples, b) changes of water versus time
function for PLLA and PLLA / Mg samples.

TABELA 2. Zmiany predkosci fali ultradzwiekowych
kompozytu PLLA/ Mg i probki odniesienia przed oraz
po inkubacji w wodzie destylowanej.

TABLE 2. Changes of ultrasonic velocity waves of
composite PLLA / Mg and reference sample PLLA
before and after incubation in distilled water.

Predkosc¢ fali Predkosc¢ fali
o ultradzwiekowej ultradzwiekowej
. Miejsce  przed inkubacjg po inkubaciji
Materiat pomiaru w wodzie w wodzie
Material Place of  Ultrasonic wave Ultrasonic wave
measure-  velocity before velocity after
ment incubation in incubation
water [m/s] in water [m/s]
a 971+ 4 881+ 4
b 976+ 4 883+ 4
PLLA /Mg c 976+ 4 923+ 4
d 1087+ 5 919+ 4
e 1055+ 4 910+ 4
a 927+ 4 916+ 4
b 944+ 4 917+ 4
PLLA © 931+ 4 905+ 3
d 920+ 4 890+ 3
e 947+ 4 894+ 3

Badania przeprowadzone dla kompozytu PLLA / Mg
potwierdzajg analogiczne zachowanie sie prébek kompo-
zytowych w poréwnaniu z czystym magnezem. Roznice
stanowi bardziejtagodny wzrost pH, ktéry mozna ttumaczyé
czesciowym zabezpieczeniem szybko resorbujgcego sie
magnezu, przez osnowe z poli(L)laktydu. Na podstawie
przeprowadzonych obserwacji mozna wnioskowag, iz
wprowadzenie resorbowalnych drutéw magnezowych do
resorbowalnej matrycy powoduje czasowg stabilizacje pH
srodowiska, a takze opdznia proces resorpcji magnezu.

W celu potwierdzenia takiego zachowania prébki poddano
badaniom ultradzwiekowym. Poprzez pomiar predkosci fali
ultradzwiekowej w pigciu kolejnych warstwach kompozytu:
a,b,c,d,e (RYS. 6.) przeprowadzono analize poréwnawczg
kompozytéw modyfikowanych magnezem i probek odniesie-
nia. Badania przeprowadzono przed i po procesie inkubacji
w ptynie Ringera. Jak wynika z TABELI 2, w przypadku kostki
PLLA predkosci fali ultradzwigkowej réznig sie nieznacznie.
Takie wahania mogg wynikac z samej technologii otrzymy-
wania kompozytéw (odlewanie folii i prasowanie na gorgco).

RYS. 6. Kierunki pomiaru predkosci fali ultradzwie-
kowej dla materiatu PLLA i PLLA / Mg.

FIG. 6. Directions of velocity ultrasonic waves meas-
urement for PLLA and PLLA / Mg samples.

As the TABLE 2 illustrates PLLA cube velocities of ultrasonic
waves insignificantly vary. Such variation might be caused
by the technological process of composites (foils casting and
hot press moulding). In case of composite materials (PLLA
/ Mg) velocities of ultrasonic waves were higher than for
PLLA cube and also its values increased in rising number
of magnesium wires. Moreover, incubation does not change
gradient structure as well. Higher values of velocities waves
are observed in lower part of composite. Besides, after 6
weeks of incubation in Ringer solution values of velocities
waves were lower for all samples. It was caused by the
quicker material degradation in biological solution, which
was evidenced by the defect increasing (pores) inside
composite structure. Microscopic observations (SEM) of
PLLA / Mg sample confirmed that before and after incuba-
tion in biological solution, porosity appearance in composite
structure (FIG. 7). There is observed surface defects in area
of magnesium wires occurrence what is connected with
wires resorption. For reference sample (PLLA) there were
any distinctive changes on the composite surface though
gradual resorption confirmed by the measurement of pH
and ultrasonic waves.
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W przypadku materiatéw kompozytowych PLLA/ Mg predko-
Sci fali ultradzwiekowej bylty wyzsze niz w przypadku kostki
PLLA, a takze ich wartosci rosty wraz ze wzrastajaca liczbg
drutéw magnezowych. Ponadto mozna réwniez zauwazyc,
ze inkubacja nie zmienia samej struktury gradientowe;j
(wyzsze wartosci predkosci w dolnej czesci kompozytu).
Dodatkowo po 6 tygodniowej inkubacji w ptynie Ringera
wartosci predkosci fali ultradzwiekowej dla wszystkich
prébek znacznie zmalaty. Spowodowane to byto szybszg
degradacjg materiatéw w $rodowisku biologicznym, prze-
jawiajgcg sie rosngcg liczbg defektow (poréw) wewnatrz
struktury kompozytow.

Obserwacje mikroskopowe SEM wykonane po 6 tygo-
dniowej inkubacji w $rodowisku biologicznym potwierdzity
pojawienie sie porowatosci w strukturze kompozytéw PLLA
/ Mg) (RYS. 7). Ponadto w obszarze wystepowania drutow
magnezowych mozna byto zaobserwowaé powierzchniowe
uszkodzenia zwigzane z resorpcjg drutu. Natomiast w przy-
padku probki odniesienia (PLLA) mimo stopniowej resorpciji
potwierdzonej pomiarem pH i fali ultradzwiekowej nie zaob-
serwowano wyraznych zmian na powierzchni kompozytu.

Whioski

Wprowadzenie do osnowy polimerowej drutdéw magne-
zowych umozliwia uzyskanie materiatow o wickszej wytrzy-
matosci i zaplanowanym rozmieszczeniu poréw. Jednakze
badania in vitro wykazaty, ze pomimo zachowania parame-
trow mechanicznych kompozyty takie mogg stanowi¢ po-
wazne zagrozenie dla organizmu ludzkiego. Duze wahania
pH moga powodowaé zaburzenia réwnowagi w funkcjach
komorek i zachodzacych w nich reakcjach chemicznych.
Dlatego tez w celu zmniejszenia ryzyka niepowodzen
zwigzanych z implantacjg takich materiatéw uzasadnione
wydaje sie stosowanie zamiast czystego magnezu stopow
na bazie magnezu lub wprowadzanie pokry¢ ochronnych za-
bezpieczajgcych powierzchnie implantéw przed zbyt szybko
postepujaca resorpcjg i niekontrolowanym wzrostem pH.

Dodatkowo wiele probleméw moze przysparza¢ zastoso-
wana technologia wytwarzania materiatéw gradientowych.
Poprzez odlewanie folii kompozytowych z nastepnym
ich prasowaniem pod ci$nieniem trudno bylo otrzymacé
powtarzalne prébki. Jest to zwigzane z pojawiajgcymi sie
defektami, z rozwarstwianiem sie ztozonych z folii kompozy-
towych laminatéw i w konsekwencji obnizaniem parametréw
mechanicznych kompozytéw. Dlatego tez warto rozwazy¢
inne techniki otrzymywania materiatdw kompozytowych
takie jak metoda wtrysu czy rapid prototyping.
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RYS. 7. Obrazy SEM kompozytu PLLA / Mg po 6
tygodniowej inkubacji w ptynie Ringera.

FIG. 7. SEM microphotographs of PLLA / Mg compo-
site after 6 weeks of incubation in Ringer.

Conclusions

Introduction of magnesium wires into polymer matrix
allows to obtain composites with an intended pores dis-
tribution. Besides maintaining of composites mechanical
properties in vitro tests show that such implants might be
dangerous for human. Large pH increase may cause seri-
ous cells dysfunction. To reduce this risk it is essential to
use magnesium alloys or protective layers despite of pure
magnesium, which could protect implants surface before
pH raising and too rapid resorption. Additionally technology
of composites manufacture might cause a lot of problems.
Up to now such methods as foils casting and next hot press
moulding quite often lead to structural defects, deteriora-
tion of mechanical properties and on the end delamination.
Therefore it is worth to consider others technologies such
as injection moulding or rapid prototyping.

Acknowledgment

This study was supported by the research program of
AGH-UST No. 11.11.160.367.

References

[3] Bianying Wen, Gang Wu, Jian Yu, A flat polymeric gradient
material: preparation, structure and property, Polymer 45 (2004)
3359-3365.

[4] Tony G. van Tienen, J.C. Heijkant, P. Buma, Jacqueline H. de
Groot, Albert J. Penning, Rene P.H. Veth, Tissue ingrowth and
degradation of two biodegradable porous polymers with different
porosities and pore sizes; Biomaterials 23 (2002) 1731-1738.

Z ommm® 0 00000 0000000000000 0000000000000000000000

L



