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ABSTRACT

This study presents the technology of developing a universal stent graft for endovascular treatment of aneurysms and aortic
dissection of various localizations, without considering the vessel diameter. A self-expanding nitinol stent was used as the
frame of the main trunk of the stent graft. During the study, several variants of the aortic linear graft were manufactured and
tested. The optimal stiffness and diameter of the nitinol wire were selected based on the results. When creating a bifurcation
module, special attention was paid to simplifying the positioning and “intravascular assembly” of the structure. Implantable
modules have been developed for the prosthetics of the main branches of the aorta. Dacron, optimal in terms of fiber structure,
was chosen as the material of the woven shell of the graft. Linear extensibility, compactness of the pile, and tensile strength
during fenestration were evaluated. To determine the heparin-controlled surgical porosity, experimental samples of stent
grafts were tested on a stand simulating arterial blood flow. The wall material of the developed device had a heparin-controlled
surgical porosity of 50-150 mL/min/cm? at 120 mm Hg with the possibility of maintaining a controlled endolic. The graft wall
created a pressure gradient of no more than 3 mm Hg, and the flow velocity indicators were quite sufficient for adequate
perfusion of vital organs. After the inactivation of heparin, blood permeability became zero. The implantation technique of the
developed product was implemented on a silicone aortic phantom simulating aneurysm expansion with and without dissection.
The phantom contour was filled with a solution simulating the rheological properties of native blood. Pulsating blood flow was
simulated using a perfusion pump. Under X-ray control, a stent graft was installed on five large biological samples (sheep).
Implantation was performed in the aortic arch with prosthetics of the brachiocephalic trunk and the suprarenal aorta with pros-
thetics of the visceral branches. With the experiment, we hope that the result will allow us to minimally invasively help patients
suffering from aneurysms of any localization.
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PA3PABOTKA MHHOBALMOHHOM CUCTEMBI
YHUBEPCAJIbHOIO CTEHT-TPA®TA A1
3HA0BACKYJIAPHOIO JIEYHEHUA AHEBPU3M

W PACC/IOEHMS AOPTbI PA3JIUYHDBIX JIOKAJIU3ALUM

[.H. Maiictpenko, M.WU. l'enepanos, A.C. MBaHos, A.H. Onewwuyk, [1.M. KokopuH, [1.H. Hukonaes,
A.[l. ManctpeHko, A.A. lNonosa, 0.E. MonyaHos, A.A. CTaH»eBCKuK

Poccuickuit HayyHbIN LIeHTP pagvonorun 1 XUpYprudeckux TexHonoruin MeHu akagemuka A.M. paHosa, CaHkT-[leTepbypr, Poccus

Pe3siome

060cHOBbLIBaETCS TEXHONOTMS Pa3paboTKy YHUBEPCAbHOMO CTEHT-rpadTa ANs 3HA0BACKYNSAPHOTO NIEYEHUS aHEBPU3M U pac-
CIIOEHMs a0pTbl Pa3fIMYHON ToKann3auum, be3 yyeTa AuameTpa cocysa. B KayecTBe KapKaca 0CHOBHOIO CTBOMA CTEHT-rpadTa
MCMONb30BaH CaMOPACLUMPSIOLLMIACA CTEHT U3 HUTMHOMA. B xofe paboTbl ObiK M3roTOBNEHBI U anNpoBoBaHbl HECKOMbKO Ba-
PUAHTOB OMbITHbIX 0OPa3L0B a0pTasIbHOMO IMHENHOro rpadTa. Mcxoas U3 nonyyeHHbIX pe3ynbTaToB NofobpaHa onTMManbHas
JKECTKOCTb M AMaMeTp HUTUHONOBOM NpoBOSOKK. [1pyn co3paHum BrdypKaLMOHHOro MoayNs 0c060e BHUMaHWe YaeneHo ynpo-
LLEHMI0 mpoLiecca NO3ULMOHUPOBAHNA U «BHYTPUCOCYANCTON COOPKU» KOHCTPYKUMW. [Ins npoTe3upoBaHus MarncTpanbHbIX
BETBEl aopTbl pa3paboTaHbl UMNIAHTUPyEMble MOLyNIM — O0TBeAeHUs. MaTepuanoM TKaHHoM 060104ky rpadTa Obin BbibpaH
ONTUMANbHBIA MO CTPYKTYpe BOJOKOH NlaBcaH. OLeHMBAnNMCb NMHERHas PacTsKMMOCTb, KOMMAKTHOCTb BOPCA M MPOYHOCTL
Ha paspbIB Npy BbINOHeHUM eHecTpaumm. [Ins onpeaeneHns renapuH-KOHTPOIMPYEMOMN XUPYPrYecKoil NOpPUCTOCTY OMbIT-
Hble 06pa3Libl CTEHT-rPadTOB MUCMbITHIBANUCL HA CTEHAE, CUMYMIPYIOLLEM MOAENb apTepuasbHOr0 KpOBOTOKA. YCTaHOBMEHO,
YTO MaTepuan CTeHKU pa3paboTaHHOro YCTpoNCTBa 06NafaeT renapuH-KOHTPOMPYEMOIA XUPYpriyecKoii nopuctocTbto ot 50
10 150 mn/mMun/cM? npu aasneHn 120 MM pT. CT. C BO3MOXHOCTBIO COXpaHeHMs! yrpaBnseMoro 3Ha0mMka. CTeHka rpagra
CO3[1a€T rPafiMEHT [aBNieHNs He Gonee 3 MM pT. CT., @ CKOPOCTHbIE MOKa3aTenu NOTOKa BMOJIHe A0CTAaTOYHbI AN1S afleKBaT-
HOV Nepdy3un U3HEHHO BaXKHbIX OpraHoB. locne MHaKTUBaLMKM renapuHa NpPOHMLLAEMOCTb 151 KPOBM CTaHOBUTCS HYNEBOA.
MeToaMKa MMNNaHTauuM paspaboTaHHOro u3zfenus Obina oTpaboTaHa Ha CUMKOHOBOM (haHTOME aopTbl, MOAENMPYIOLLEM
aHeBpU3MaTMYecKoe pacLuMperme ¢ paccioeHneM u 6e3 Hero. KoHTyp dbaHToMa Obin 3anoiiHeH pacTBOPOM, MOAENMpPYIOLLMM
Peooruyeckue CBOMCTBA HATUBHOM KPoBW. [TynbCUpYIOLLMIA KPOBOTOK ObIN CMOLENMPOBAH C UCMOJb30BaHWUEM Nepdy3NoH-
Horo Hacoca. o peHTreHOCKOMMYECKMM KOHTPONIEM CTEHT-rpadT YCTAHOBNEH MATU KPYnHbIM OMONOrMYecKUM 00beKTaM
(6apaHaM). IMnnaHTaums npoBoaunack B Ayry aopTbl C MPOTE3MPOBAHWEM MIEHEr0IOBHOTO CTBOJIA U B CyNpapeHasbHbIN 0T-
[ieN aopTbl C NpOTE3VpOBaHUEM BUCLiepabHbIX BeTBeW. poBefeHHbIe IKCnepUMeHTabHbIe paboTbl MO3BOMAOT HAAEATHCS,
YTO MOJTYYeHHBIN Pe3ybTaT NO3BOJUT OCYLLECTBATL NOMOLLb NaLMeHTaM, CTPaLalLLMM aHeBPU3MaMM J000M NoKanu3aumm,
MaJIOMHBa3WBHbLIM CNOCOOOM.

KnioueBble cnoBa: aHeBpuU3Ma; aHeBpU3MaTu4eCKoe paclimpeHune; paccsioeHne aopTbl; 3HA0NPOTE3UPOBAHNE; 3HO0BACKY-
JIAPHOE le4eHUe aHeBPU3M; yHMBepcaﬂbelﬁ MO}J,yanblﬁ CTEHT-FpaCI)T; UMNN1IaHTaUKnA; UMNnaHTupyemble MOAYNN.
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BACKGROUND

Currently, treatment of patients with aortic aneurysm
remains a problem [1-3]. Abdominal aortic aneurysm
affects 2%—-8% of the general population [4]. The incidence
of aneurysm in the infrarenal abdominal aorta ranges from
37% [5] to 60% [6]. Globally, 17.7 million people die from this
pathology [7]. In the USA, aortic aneurysm ranks 13 among
causes of death [8].

The treatment approach for infrarenal abdominal aortic
aneurysms is constantly being improved, which results in
the emergence of new treatment methods. This field of
medicine has particularly improved with the introduction of
endovascular techniques [9]. Modern reviews of analytical
materials on the comparison of endovascular methods
of treating aortic aneurysms and open interventions favor
endografts [7, 10, 11].

The prevalence of thoracic and thoracoabdominal aortic
aneurysms over the past decade, considering improved
diagnostics, has increased significantly and currently
ranges from 5 to 10 cases per 100 thousand populations
per year [8]. Despite the relative rarity of this pathology, an
aortic aneurysm is considered more dangerous than a stroke.
Even in the USA, a country with advanced medicine, more
than 15 thousand people die from aortic ruptures annually,
and half of them occur before an ambulance arrives. Aortic
aneurysm is the tenth leading cause of death among
older men. The risk of rupture of an aneurysm depends
on its diameter. Thus, in cases with aortic dilatation of
approximately 4 cm, the mortality rate is 5% annually, and
if the diameter increases to 9 cm, the probability of death
increases to 80% annually. Aortic aneurysm is among
the most dangerous conditions that can lead to near-sudden
death. Its insidiousness is attributed to patients’ unawareness
of its chronic presence time [6].

Surgical treatment is the main method of treating
aneurysms, which is aimed not only at prolonging life while
maintaining its quality but also at reducing the risk of new
aortic complications. However, the rates of mortality and
complications after open prosthetic repair of thoracic and
thoracoabdominal aortic aneurysms, despite the progress and
development in treatment technologies, remain significant
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even in centers with a large volume of surgical activity, i.e.,
at 20%-25% [8, 12, 13]. This is due not only to the traumatic
nature of the surgery but also to the use of artificial circulation
that involves systemic heparinization. The use of a temporary
bypass in aortic surgery eliminates the administration of
large heparin doses and can be considered an alternative to
protect the “interested” internal organs [7, 14].

The development of endovascular and hybrid techniques
for treating patients with thoracic and thoracoabdominal
aortic aneurysms has provided a technological breakthrough
in its treatment [15, 16]. Nevertheless, the world experience
gained reveals that these treatment methods have fatal
complications requiring no less complex decisions [17, 18].
During endovascular treatment, serious complications occur
in 25% of cases, with a mortality rate of 4%-10% [13, 19].
Generally, this is due to the lack of widely available
fenestrated endografts. Therefore, creating a universal graft
that can enable intraoperative personalized fenestration is
extremely relevant nowadays.

This study aimed to develop a universal stent graft
for the endovascular treatment of aneurysms and aortic
dissection of various locations, without taking into account
the vessel diameter.

MATERIALS AND METHODS

A braided self-expanding nitinol stent was used as
a frame for the creation of a universal stent graft. The outer
shell of the stent graft was fixed to the frame with interrupted
sutures made of nonbiodegradable surgical threads.
The frame of the main graft trunk was made of a braided
nitinol self-expanding mesh, with a variable diameter of
20-50 mm and a length of 150-200 mm. The proximal and
distal ends of the stent graft were marked with radiopaque
markers. The cells were diamond-shaped and changed their
configuration in accordance with the aortic diameter (Fig. 1).

During the study, another issue that had to be resolved
was the development of a frame base for branch modules for
aortic branch prosthetics in the implantation zone of the main
trunk (Fig. 2, a).

During design modeling and testing its experimental
models on a bench, the optimal shape of the module was

Fig. 1. One of the working variants of the main trunk of the stent graft: 7 — frame of the stent graft; 2 — outer shell; 3 — attachment
of the shell to the frame; 4 — radiopaque markers; a — diameter of the stent graft; b — length of the stent graft

Puc. 1. 0auH n3 paboumx BapraHTOB YepTexa OCHOBHOIO CTBONA CTEHT-rpadTa: | — KapKac cTeHT-rpadTa; 2 — HapyxHas 060/104Ka;
3 — KpenneHus 060/104KM K KapKacy; 4 — PEeHTTeHOKOHTPACTHbIe MapKepbl; @ — AMaMeTp CTeHT-rpadTa; b — [fMHa cTeHT-rpadTa
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chosen, similar to a “nail” with a restrictive cap that prevents
the branch stent from jumping out of the main trunk and
not protruding into its lumen (Fig. 2, b). The intraoperative
radiographs during the test implantations of the prototypes
into a silicone phantom and biological objects of animals and
necropsy materials obtained after their sacrifice confirmed
the advantages of this sample.

In a trial assembly of stent-graft models from modules
of various configurations, the cell size of the main module
cannot be less than 1 cm; otherwise, strangulation of
the branch module occurs with subsequent stenosis of its
lumen at the base (Fig. 2, c). With a cell size corresponding to
the diameter lateral outlet, stenosis does not occur (Fig. 2, d).
In addition, an excessively rigid frame limits significantly
the ability of the structure to adapt to the internal topography
of the aorta. Thus, based on the results, the optimal stiffness
and diameter of the nitinol wire from which the product frame
was made were selected.

The bifurcation module was developed to simplify and
secure the procedure for positioning the structure during
implantation. The length of the structure at maximum stretch
was 30 mm, which inhibited the risk of blocking the orifices of
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the renal arteries during implantation. The self-expandability
of the stent, if necessary, allows the proximal end of
the structure to be completed with modules, similar to tiles.
At the distal end, the graft was divided by a tie that divided
the lumen into two equal parts with the formation of holes
for the fixation of the iliac segments. For endoprosthesis
replacement of the iliac segment, a linear stent graft was
made and fixed into the lumen of the eight-shaped profile of
the bifurcation module (Fig. 3).

The most difficult part was the choice of tissue covering
for the wall graft. Initially, the requirements for the tissue
coating of the stent-graft wall were based on certain
biological and technological aspects. Dacron (polyethylene-
terephthalate) was chosen, which was the most suitable
for the goals and objectives of this study, because the vast
experience in using this material in medical devices for
vascular surgery has proven its strength and biological
inertness. To ensure uniform coverage of the frame with
variable dimensions, the linear elongation of the fabric in
one direction must be at least 150% of the original length.
Permeability to heparinized blood should be 100%, becoming
zero after heparin inactivation. In addition, when choosing

Fig. 2. Lead module: ¢ — working drawing of the lateral branch: 7 — branch module; 2 — wall of the outgoing artery; 3 — frame
mesh; 4 — shell of the stent graft; b — test samples of the lead modules; c — a prototype of the lateral branch, a cell of 5 mm;

d — an experimental sample of lateral tap, cell 10 mm

Puc. 2. Moaynb oTBeaeHns: @ — pabounii YepTexx BOKOBOro OTBETBAEHUS: | — MOJYNb-0TBETB/EHMUE; 2 — CTEHKA OTXOASALLEN apTepum;
3 — KapKacHas ceTKa; 4 — 0bonouKa CTeHT-rpadTa; b — onbiTHble 0bpasLbl MOAYNEN-0TBEEHUI; ¢ — OMbITHbIN 0bpa3el; 6oKoBoro
0TBOAA, A4YeNKa 5 MM; d — onbITHbIN 06pa3eLy HOKOBOro 0TBOAA, AYeriKa 10 MM
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tissues, the degree of pile compactness was assessed as
a predictor of stent-graft lumen thrombosis (Fig. 4).

After the selection of lavsan, which had an optimal fiber
structure, the tensile strength of the material was tested,
which is an extremely important condition for the dilatation
of the graft wall fenestration (Fig. 5).

Strength tests were performed. Specifically, a balloon
catheter with a working diameter of 8 mm was inserted
along a guidewire through a cell of a fragment of lavsan cloth
fixed on the stand. Then, liquid was pumped into the balloon
through a high-pressure syringe. The catheter was opened
to its maximum diameter at a pressure of 10 atmospheres.

Based on the test results, a material was selected
considering certain parameters. It should represent fibrous or
monofilament threads, 0.05-0.1 mm thick, twisted in pairs,

g
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and woven into a chain. The woven threads also formed
a mesh with 6-8-gonal cells, with a nominal diameter of
0.3-0.5 mm. The thickness of the resulting material did not
exceed 0.2 mm. During balloon dilatation, ruptures of one or
two threads were noted, without the formation of “runners”.
Owing to the weaving nature, the torn threads were tightly
pulled together by loops of “chains” around the perimeter of
the hole.

Separately, the porosity of the wall made of polyethylene-
terephthalate fabric with different densities, weaving shapes,
mesh sizes, diameters, and thread properties was tested.

To test the prototypes, a stand was assembled, which
was a simulation model of the arterial system with arterial
blood flow. To ensure the control of the volumetric velocity
of blood flow, pressure, temperature, and time of blood

a

Fig. 3. Frame of the bifurcation module: a — separately; b —assembled
Puc. 3. Kapkac budypkaumoHHoro Moyns: @ — pasfenbHo; b — B cbope

Fig. 4. Lavsan microstructural analysis: a, b — lavsan with high thrombogenicity and rigidity; ¢, d — a sample that meets the requirements
of the project (low fluffiness of threads and extensibility feature). Micrographs, magnification x 40

Puc. 4. AHanu3 MUKPOCTPYKTYpbI laBcaHa: @ U b — naBcaH ¢ BbICOKOI TPOMOOreHHOCTBI0 U PUrMAHOCTBIO; € U d — obpaseL, yA0BNeTBO-
psitoLLmiA TpeboBaHMSAM MPOEKTa (HU3Kas BOPCUCTOCTb HUTEN U 0COBEHHOCTb pacTskuMocTy). MukpodoTorpadum (ys. x 40)

Fig. 5. Selected tissue sample: a local structural defect does not lead to the destruction of the structure outside the fenestration zone
Puc. 5. Y BbibpaHHoro 06pasuia TKaHu NoKasbHbIi AehEKT CTPYKTYpbl He MPUBOAMT K Pa3pyLUeHUo CTPYKTYPbI BHE 30HbI heHecTpaLmu
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circulation along the circuit, the system was assembled based
on the MaquetHL20 artificial blood circulation apparatus, and
its standard equipment was used (Fig. 6).

The heparin-controlled surgical porosity of the wall
material was assessed. The circuit was filled with heparinized
blood at the rate of 5,000 units of heparin per 80 kg of body
weight of a conditional patient. During the experiment, blood
was continuously pumped through the system for 7600 s
(2.1 h). Then, a blood test was taken for gas composition,
the recalcification time was activated, and centrifugation
was performed to eliminate signs of hemolysis (Fig. 7, a).
Moreover, 0.5 mg of protamine sulfate was introduced into
the system to neutralize the heparin. The maximum value of
the pressure gradient between the main and outlet circuits
and the time to reach it were monitored. The activation of
the alarm indicated the creation of a vacuum in the outlet
line and complete sealing of the lumen of the main circuit.
All stages of the experiment were performed at least twice
for each tissue sample.

For the ease of stent-graft implantation, original linear
segment delivery systems have been developed. A device for
personalized fenestration and delivery of a lead module was
also developed (Fig. 8).

Stent graft installation technique. The proposed stent
graft for endoprosthetics of aortic aneurysms was installed
utilizing an original delivery system with the use of heparin
and an X-ray contrast agent (Omnipaque). The device was
delivered to the installation site through a super-rigid
guidewire previously installed in the aorta through its
trunk to the orifice of the aortic branch. Positioning was
performed in the RoadMap mode using radiopaque marks on
the module. The wall of the main trunk of the stent graft was
fenestrated with a hydrophilic guidewire opposite the orifice
of the blocked aortic branch. This method of fenestration does
not require additional surgical approaches to the peripheral
parts of the involved vessels. Then, the branch module was
inserted through the fenestrated wall into the branching
artery along the guidewire, and it was opened forcefully

Fig. 6. Simulation model of the arterial system with arterial blood flow: ¢ — an experimental stent graft inside the vessel model;
b —a stand based on the artificial circulation apparatus “MaquetHL20"

Puc. 6. CumynaumoHHas Mofeslb apTepuanbHOi CUCTEMbI C apTepuasbHbIM KPOBOTOKOM: @ — OMbITHBIA CTEHT-rpadT BHYTPU Moaenu
cocyna; b — cTeHp, Ha 6ase annapaTa UCKYCCTBEHHOrO KpoBoobpalleHns «MaquetHL20»

b c

Fig. 7. Heparin-controlled surgical porosity of the wall on a simulation model: @ — sample in the contour at the heparinization stage;
b — sealing of the contour after protamine sulfate administration; c — extracted sample after deheparinization

Puc. 7. OueHKa renapuH-KOHTPOAMPYEMOIA XUPYPTUYECKO MOPUCTOCTU CTEHKW Ha CUMYNSLMOHHOW MOfenu: @ — obpasell B KOHType
Ha 3Tane renapuH13aLmm; b — repMeTM3aLms KOHTYpa Nocsie BBEAEHUS NpoTaMUHa cynbdaTta; ¢ — M3BMeYeHHbI 0bpasell nocne fere-

napuHu3auun
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after dilatation with a balloon catheter. Then, the balloon
and guidewire were removed. Notably, this branching method
was used for each blocked main branch. Heparinization and
preservation of type IV endoleak continued until all necessary
modules were installed.

RESULTS AND DISCUSSION

Bench tests. Unlike most stent grafts, where the endoleak
is undesirable, the proposed graft is designed to preserve
temporarily a type IV endoleak. This method helps maintain
the blood supply to vital organs during the implantation of
the main trunk, the required number of peripheral modules
until the blood supply is normalized, and the anatomy is
obtained under X-ray guidance during implantation.

The optimal material for the outer shell of the product
is a dacron fabric (polyethylene-terephthalate) based on
monofilament threads up to 0.1 mm thick, double weave,
with a cell diameter of 0.5 mm. The testing of prototype stent
grafts on a bench simulating a model of arterial blood flow
showed that the shell material of the developed device had
heparin-controlled surgical porosity of 50—150 mL/min/cm?
at a pressure of 120 mm Hg and enabled the preservation of
a manageable type Il endoleak. In the presence of heparin,
the graft wall creates a pressure gradient of 3-5 mm Hg,
and the flow rates are quite sufficient for adequate perfusion
of vital organs and the creation of an X-ray “road map”
compared with using X-ray contrast agent, which is necessary
for accurate fenestration and further prosthetics of the main
branches of the aorta.

Moreover, 5-10 s after blood deheparinization,
the porosity of the selected graft wall material becomes null.
This enables the complete isolation of the aneurysm cavity
from the blood flow in the stent graft lumen and elimination
of a type IV endoleak.

Testing using a phantom (demonstration of the stages
of product implantation). Aneurysmal dilatation with and
without dissection was simulated on a silicone aortic
phantom (Fig. 9).

The contour of the silicone aortic phantom was filled with
a blood replacement solution that simulated the rheological
properties of native blood. A perfusion pump was used to
create pulsatile blood flow with a maximum pressure of
200 mm Hg (Fig. 10).

By using a Phillips Veradius mobile angiographic unit,
the process of endoprosthesis replacement of the abdominal
aorta was simulated. A stent graft was implanted along
a super-rigid guidewire passed through the iliac artery into
the abdominal aorta, which was positioned and installed in
the zone of simulated dilatation so that the upper border of
the structure was at the level of the renal arteries. Omnipaque
enable control. After installation, the stent was post-dilated
with a large-diameter balloon (Fig. 11).

Then, the development of the technology of implanting
a stent graft into the aortic arch was developed, followed

DOl https://doiorg/1017816/brmmal12557

Fig. 8. Related devices: ¢ — an example of a catheter with
a perforator bent at the required angle; b — a folded module-a
lead in the delivery system

Puc. 8. ConyTcTByloLMe YCTpOMCTBA: @ — MpUMeEp KaTeTepa ¢ nep-
dopaTopoM, M30rHYTHIM MOf HEOBXOAUMBIM YITIOM; b — CIOMeH-
HbI MOZYNb-0TBEIEHNE B CUCTEME [0CTaBKM

by the fenestration of the main trunk of the product and
endoprosthetics of the brachiocephalic arteries.

Testing on animals (experimental part). After bench
experiments under fluoroscopic control, five large
experimental animals (rams) were implanted with
the product into the aortic arch and into its suprarenal
section with endoprosthetics of large branches originating

Fig. 9. Silicone model of the aneurysm
Puc. 9. CunukoHoBas Mofenb aHeBpU3MbI

Fig. 10. Perfusion pump in the phantom
Puc. 10. Mepdy3noHHbIA Hacoc B GaHTOMe
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in this location. In all cases, endotracheal anesthesia was
used for pain relief. Before the implantation, an intravenous
bolus heparin was administered at a starting dose of
100 U/kg of body weight.

Endoprosthetics of the aortic arch. Under angiographic
control, through a transfemoral approach, the main trunk
of the structure was retrogradely inserted into the aortic
arch. For positioning, the implantation level was proximal
to the brachiocephalic trunk (Fig. 12, a). The control
image clearly visualized the brachiocephalic trunk. This
demonstrates sufficient permeability of the graft wall for
blood and contrast agent (Fig. 12, b). Then, by focusing on
the created RoadMap mask, in the area of the orifice of
the brachiocephalic trunk, a guidewire with a guide catheter
was used to fenestrate the outer membrane, the guidewire
was inserted into the arterial lumen, and the guide catheter
was removed (Fig. 13, a). Then, the fenestrated part was
dilated with a balloon catheter (Fig. 13, b). The outlet module
of the stent graft on a balloon with the appropriate diameter
was inserted into the prepared hole along the guidewire, and
the balloon was inflated. In this case, the proximal end of

A

c

the module was securely fixed in the cell of the main trunk
(Fig. 13, c). The balloon was removed along with the guide.
During the acquisition of the control image, the structure was
passable, and the orifice of the brachiocephalic trunk was
clearly visualized. No endoleak was noted (Fig. 13, d).

Endoprosthesis replacement of the suprarenal abdominal
aorta. Under X-ray control, along a guidewire, the main trunk
of a universal stent graft was implanted into the site of origin
of the celiac trunk and superior mesenteric artery (Fig. 14, a).
During control aortography with heparin, the orifices of
the visceral branches, blocked by the installed stent, were
clearly visualized (Fig. 14, b), which created the RoadMap
mask.

Alternately, personalized fenestration of the graft wall
was performed in the projection of the orifices of the celiac
trunk and superior mesenteric artery. Balloon dilatation of
the fenestrated openings was subsequently performed with
the implantation of lead modules into the visceral branches
(Figs. 15 and 16). After their installation, dilatation with
a balloon catheter was mandatory. In the control image,
the structure was passable, and the visceral branches were

Fig. 11. Stages of stent graft implantation: @ — the stent graft in the delivery system is inserted into the abdominal aorta model;
b — the system is positioned below the mouths of the renal arteries (model); ¢ — the stent graft is implanted in the aneurysm zone;
d — appearance of the product implanted in the silicone model of the abdominal aneurysm aorta

Puc. 11. 3tanbl uMnnaHTaumm cteHT-rpadta: @ — cTeHT-rpadT B CUCTEMe [OCTaBKM 3aBefieH B Mojeslb OptoLuHO aopThl; b — cucTeMa
CMO3ULMOHMPOBaHA HIKE YCTbEB NOYEYHBIX apTepuit (MOLENb); ¢ — CTEHT-rpadT MMMaHTUPOBaH B 30HY aHEBPU3MbI;  — BHELLHMIA BUL,
U301, UMMAHTUPOBAHHOTO B CU/IMKOHOBYIO MOAE/b aHEeBPM3Mbl BPHOLLIHOM aopThbl
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b

Fig. 12. Aortic arch replacement: @ — stent graft implanted into the aortic arch; b — control angiogram of the brachiocephalic trunk
Puc. 12. 3HponpoTe3upoBaHue Ayru aopThl: @ — CTEHT-TpadT UMNIAHTUPOBaH B Jyry aopTbl; b — KOHTPOJIbHAsA aHruorpaMMa nieve-
FOJIOBHOIO CTBONA

c

Fig. 13. Stages of branching of a stent graft implanted in the aortic arch: @ — personalized fenestration of the graft wall; b — balloon
dilatation of fenestration; ¢ — discharge module at the mouth of the brachiocephalic trunk; d — control angiogram

Puc. 13. 37anbl bpaHwMpoBaHus cTeHT-rpadiTa, MMNIAHTMPOBAHHOO B Ayry aopTbl: @ — NepcoHMdUUMPOBaHHas GeHecTpaums CTEHKMU
rpadTa; b — 6annoHHas aunaTauus GbeHecTpaLmuu; ¢ — OTBOAALLMA MOLYNb B YCTbe MIIEYEroNIOBHOMO CTBOMIA; d — KOHTPOJIbHAsH aHrvo-
rpamMma

clearly contrasted without signs of residual stenosis in
the fenestrated area (Fig. 17). CONCLUSION

All animals survived, and no neurological disorders The findings of the experimental studies suggested that
developed. No problems associated with impaired visceral  the presented product is a prototype of a universal stent
circulation were recorded. The follow-up of the operated graft for the treatment of aortic aneurysms of any location,
animals lasted 21 days, after which they were sacrificed, regardless of the diameter and anatomy of the aorta.
and necropsy material was obtained. All structures were  The modularity of the frame and its ability to adapt to
passable, and the walls of the grafts were impermeable to  changes in the diameter and topography of the artery will
liquids, including blood (Fig. 18). significantly expand the capabilities of the endovascular
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Fig. 14. Endoprosthetics of the suprarenal aorta: @ — implantation of the main trunk; b — control angiogram
Puc. 14. 3HponpoTesvpoBaHme CynpapeHanbHoro 0TAeNa aopTbl: @ — WMMTaHTaLMs OCHOBHOMO CTBONA; b — KOHTPO/bHas aHruorpaMMa

a b c

Fig. 15. Branching of the ventral trunk mouth: ¢ — personalized fenestration over the ventral trunk mouth; b — balloon dilatation of
fenestration; ¢ — implantation of visceral branching

Puc. 15. bpaHwupoBaHWe YCTbs YpeBHOTO CTBOJA: @ — NMEPCOHMGULMPOBAHHAs GeHecTpaums Hap, YCTbeM YpeBHOTo CTBONa; b — ban-
TIOHHaA [unATaums GeHecTpaunm; ¢ — UMNaHTaLUmMA BUCLepabHON bpaHLLmM

Fig. 16. Stages of endoprosthetics in the suprarenal aorta (continued): @ — personalized fenestration over the mouth of the superior
mesenteric artery; b — balloon dilation of the fenestration opening; ¢ — implantation of the module into the superior mesenteric artery
Puc. 16. 3Tanbl 3HLONPOTE3WPOBaHMSA CyNpapeHanbHOro 0TAeNa aopTbl (MPOACSIKEHUE): @ — nepcoHUdMLMpOBaHHas (eHecTpaLus
Hap yCTbeM BepxHeil bpbixeeuHoW apTepuu; b — bannoHHas aunatauus GeHecTpaLMOHHOTO OTBEPCTUS; C — MMMIaHTaUMs Moayns
B BEPXHI0I0 BpbIXKeeuHyto apTepuio
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a b c

Fig. 17. Angiograms after prosthetics of visceral branches: @ — control after implantation; b — post-dilation of modules; ¢ — control
snapshot

Puc. 17. AHrviorpaMMbl nocrie NPOTE3VPOBaHUS BUCLIEPaNbHbIX BETBEW: @ — KOHTPOMb MOCE UMMAaHTaLUW; b — NOCTAUNATaUMS Mo-
[Dynei; ¢ — KOHTPOJIbHBIA CHUMOK

Fig. 18. Sectional material 21 days after implantation: @ — main part and the lead module; b — fenestration zone of the graft wall;
¢ — lead module

Puc. 18. CexkumoHHbIA MaTepuran yepes 21 fieHb NOC/e MMMaHTaLMK: @ — OCHOBHas YaCTb U MOLyNb-0TBeieHUe; b — 30Ha deHecTpaumm
CTeHKU rpadTa; ¢ — MOAYNb-0TBeAEHUE

technique for treating patients with multilevel thoracic and  Owing to the ability of the wall material to control
abdominal aortic aneurysms. the permeability to blood and the time and degree of

The original design of the stent graft will simplify ischemia of the internal organs, which blood supply comes
the positioning and implantation procedure and reduce  from the branches of the aorta entering the implant zone, will
the length and traumatic nature of the surgical intervention.  be significantly reduced.
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