ORIGINAL RESEARCH | VASCULAR SURGERY

COMPARATIVE ANALYSIS OF METALLIC ENDOVASCULAR COIL FRAME DESIGNS
Chepeleva EV'E Kozyr KV, Borodin VP!, Khakhalkin V', Viadimirov SV', Makhmudov MA', Badoian AG', Baranov AA!, Krestyaninov OV'2

" Meshalkin National Medical Research Center, Novosibirsk, Russia
2 Novosibirsk State Medical University, Novosibirsk, Russia

Currently the development of the production of domestic medical devices is of special importance in the context of ensuring the healthcare system sustainability.
Leveraging international experience in developing embolic coils, while considering the capabilities of Russian production, will enable the creation of devices that meet
global standarts. The study aimed to conduct systematic evaluation of six endovascular coil models from leading foreign manufacturers and perform comprehensive
assessment of the design features of the metal coil frames, including analysis of geometrical dimensions, materials used, and engineering solutions. Based on our
findings and a comparison with clinical and experimental literature data we determined the optimal parameters for creating the coil prototype: the wire diameter
0.07-0.12 mm, coil-core type interlock mechanism, and atraumatic polymer tip. These solutions ensure the optimal combination of performance characteristics
and manufacturability. The findings provide the basis for the development of domestic analogues meeting the today’s clinical requirements, considering the available
production capacity.
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The dependence on imported endovascular coils for embolization
is a major challenge for the public health system of the Russian
Federation. Hundreds of thousands embolization surgical
procedures due to vascular disorders are performed annually
all over the world, and all the products used for this purpose
in Russia are manufactured by foreign companies. In 2020,
global sales of coils were about 1.14 billion of US dollars, in
2021 these reached 1.175 billion of US dollars, and the rate still
demonstrates a steady upward trend [1]. Under conditions of
import dependence there is a need for import substitution, and
the analysis of world experience should be conducted to create
versatile structures with optimal biotech properties.

Despite their common function, endovascular coils for
vascular embolization vary considerably according to materials,
geometry, and dimensions, but any coil represents a metal
frame maid of the wire twisted into a primary coil [2]. The key
requirements for the coils are as follows: high biocompatibility,
controlled thrombogenicity, optimal radial stiffness and
flexibility, as well as the ability to restore the 3D structure after
implantation [3]. Polymer fibers or a hydrogel coating are often
applied to the surface in order to enhance thrombogenicity,
and the secondary coil configuration varies depending on the
target blood vessel anatomy [4, 5]. The coils cause irreversible
embolization, ensuring complete blood vessel occlusion due
to thrombus formation [6]. Such an effect is achieved in one of
three ways: mechanical obturation of the blood vessel lumen
resulting in the considerably reduced blood flow; development
of a thrombogenic frame contributing to platelet aggregation
and stable blood clot formation; controlled damage to the blood
vessel wall stimulating the release of endogenous procoagulant
factors. Thrombotic occlusion usually occurs within five minutes
after installation, despite the fact that temporal parameters may
vary depending on the device type, blood vessel diameter, and
baseline hemodynamics in the area embolized [6, 7].

Modern research in the field of vascular embolization
demonstrates considerable progress in coil development,
especially in the context of improving the materials and
technologies for production of those. The key materials to
produce endovascular coils include platinum alloys, nickel
titanium (nitinol), stainless steel, and the magnesium and zinc-
based biodegradable alloys [2, 8]. Despite high cost, platinum
alloys are widely used in clinical practice due to exceptional
radiopacity ensuring accurate imaging during the intervention,
optimal flexibility making it possible to adapt to the complex
blood vessel anatomy, and high biocompatibility minimizing the
risk of immune reactions [9]. Nitinol possessing superelasticity
and shape memory effect makes it possible to restore initial
configuration of the coil after delivery, which is especially
important when treating complex aneurysms [10]. The stainless
steel coils show radiopacity, but are inferior to other alloys (for
example, to platinum ones). Stiffness of those resulting from
high strength can hamper tight installation into the blood vessel.
Therefore, the stainless steel coils are used mostly for occlusion
of large diameter blood vessels [11, 12]. Biodegradable alloys
represent a promising avenue in endovascular technology.
Their capability of the controlled resorption after performing the
therapeutic function makes it possible to minimize the risk of
delayed complications and avoid re-interventions. Furthermore,
ensuring safety via monitoring the magnesium and zinc ion
levels in biological tissues remains an important aspect of the
use of such materials [13].

In parallel with the research in the field of materials science,
the endovascular coil evolution is related to optimization of the
coil structural parameters. Modifications of the recent years were
focused on improving the detachment mechanisms, increasing

the coil length (up to 50-60 cm), introducing flexible materials
and innovative coatings that enhance thrombogenesis. The
diverse morphology of the next-generation devices covers
the spectrum between classic 2D configurations and 3D
structures topographically adapted to the aneurysmal sac
anatomy [4]. Introduction of nanocoatings (Target Nano,
Axium EX) and 3D-printed constructs (Target 3D, Micrusframe)
ensures effective filling of both small complex aneurisms and
large cavities. Special focus is on biocompatible coatings:
polyglycolic/polylactic acid microfilaments and hydrophilic
acrylic copolymers, which minimize inflammatory responses
[14-16]. It is assumed that the combination of additive
technologies with bioactive coatings will make it possible
to personalize selection of coiling systems considering the
aneurism size, localization, and morphology, thereby increasing
the endovascular intervention safety and efficacy.

The development of domestic endovascular coils requires a
complex approach based on the analysis of relevant advances
in materials science and engineering solutions. It is important
to adapt world experience considering the specifics of the
national industrial infrastructure and regulatory framework.
This enables creation of competitive medical technologies
compliant with international standards and meeting the
demands of the domestic public health system. The systematic
review of the key parameters of modern foreign endovascular
cails, i.e. geometry, materials, frame features, and production
technologies, will make it possible to identify the model design
solutions typical for different manufacturers. It is assumed that
comparison will reveal the dominant trends in the product
key element design and make it possible to classify the coils
based on the technological and structural characteristics.
Understanding the relationship between materials, geometry,
and production technologies will provide the basis for shaping the
new criteria relevant for the development of innovative devices.

The study aimed to assess the dimensions, materials, and
structural features of metal frames of the endovascular coils
available on the market. The research objectives were as follows:

To conduct a systematic review of the range of endovascular
coils in terms of geometric parameters (diameter, length, shape).

To perform microscopic analysis of the structural elements
of the metal coil frames.

To characterize the methods to produce the key coil frame
elements (atraumatic tip, main part and interlock).

To investigate the feature of the polymeric fiber attachment
inside the frame and the effect of polymeric fibers on the
structure.

METHODS

The following endovascular coils were studied:

1. Manufacturer COOK MEDICAL LLC (USA), model Nester
G52754.

2. Manufacturer COOK MEDICAL LLC (USA), model MReye
Flipper G20235.

3. Manufacturer MicroVention, Inc (USA), model Terumo
AZUR 18 45-480810.

4. Manufacturer Boston Scientific Corporation (USA), model
Interlock Spiral 2D M00136155.

5. Manufacturer Boston Scientific Corporation (USA), model
Interlock Spiral -35 M001363700.

6. Manufacturer PFM Medical GmbH (Germany), model Nit-
Occlud PDA 145044V1.

The coil dimensions and design features were assessed
using the NORGAU NVMIII-2010D video measuring system
(Norgau Russland LLC, Russia).
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Table. Endovascular coil characteristics. Values are presented as M + SD, where M is the mean; SD is the standard deviation; the 95% confidence interval for each
mean is provided in parentheses.

Coil wire | Wire diameter, | Coil diameter, L Interlock Polymer fiber
Mnufacturer Model ) Atraumatic tip type ]
material mm mm mechanism type attachment
. . Between the

COOK MEDICAL . 0.125 + 0.003 | 0.537 + 0.004 - Coil-coil (screw-type -
LLC (USA) Nester G52754 Platinum (0.116-0.134) | (0.526-0.548) Spherical, melted connection) coil th;:'gtsioc:]ue to
COOK MEDICAL MReye Flipper Inconel® 0.172 £ 0.0038 | 0.777 + 0.007 Spherical. brazed Coil-coil (screw-type Between the coil t
LLC (USA) G20235 (0.163-0.181) | (0.760-0.794) P ’ connection) urns due to friction
MicroVention, Terumo AZUR 18 Platinum 0.072 + 0.005 | 0.302 + 0.004 | Nibbled, covered with Detachment by Hydrophilic polymer
Inc (USA) 45-480810 (0.059-0.085) | (0.291-0.313) polymer glue electrical current in the form of a sheath
Boston Scientific . .

. Interlock Spiral ) 0.079 + 0.003 | 0.306 + 0.004 ) . ) Between the coil
&‘gﬂ;’rat'on 2D Moo136155 | PRIMUM | (0 070-0.088) | (0.205-0317) | Spherical, brazed Milled interlock 1 tms due to friction
ggft%rr‘a?ig'f”t'f'c Interlock Spiral | 5. | 0176+0.005 | 0526  0.005 32’;?;2?'i’st’lzzgf tﬁgﬁ Groove-groove Between the coil

P -35 M001363700 (0.163-0.189) | (0.513-0.539) 1S arg milled interlock turns due to friction
(USA) the coil thickness)
. . - Coil-core
PFM Medical Nit-Occlud PDA | Titanium | 0.243 + 0.003 | 0.763 + 0.005 Spherical. brazed (semi-helicoidal No
GmbH 145044V1 nickelide | (0.234-0.252) | (0.750-0.776) P ’ connection)

The coil samples were positioned freely on the microscope
stage without applying mechanical tension in order to avoid
deformation. To ensure the contrast and measurement
accuracy, we used the annular reflection light source allowing
for clearly visualize the contours of the structural elements.
Measurement was performed using the INSPEC software
(Micro-Vu, USA). The procedure included manual selection of
the contour with the subsequent use of the Distance tool to
determine the key geometric parameters: external coil diameter
(based on the spiral extreme points) and wire thickness (three
measurement repeats per parameter). Statistical processing
of the results was performed using the Student’s t-test in
Statistica 10.0 (StatSoft, USA). The data provided in the Table

are presented as M = SD, where M is the mean; SD is the
standard deviation.

RESULTS

In terms of structure all the studied coils represent the spirals
made of wire 0.07-0.25 mm in diameter (Table).

The Nester G52754 coil (COOK MEDICAL LLC) (Fig. 1)
made of platinum consists of three elements: the atraumatic
tip, the main coil with an increment equivalent to the wire
diameter, and the interlock part. The interlock is achieved
through screwing the spiral of the proximal coil part (about
2.2 mm long) onto the distal part of the delivery system. The

\

Fig. 1. Nester endovascular coil manufactured by COOK MEDICAL LLC: general view (A); fiber attachment (B); atraumatic tip (C); interlock part (D)
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Fig. 2. MReye Flipper endovascular coil manufactured by COOK MEDICAL LLC: general view (A); fiber attachment (B); atraumatic tip (C); interlock parts of the coil and

delivery system, delivery system rod (red arrow) (D)

atraumatic tip is shaped by the reflow method. The interlock
coil is attached to the main one by brazing. The polymer fibers
are held between the spirals by friction.

The MReye Flipper G20235 coil (COOK MEDICAL LLC)
(Fig. 2) is structurally similar to Nester, but made of the Inconel®
alloy belonging to the family of the nickel-chromium heat-
resistant alloys. Besides the material, the coil differs from
Nester in geometric dimensions, it is also made of the larger
diameter wire.

The Terumo AZUR 18 45-480810 coil (MicroVention, Inc.)
(Fig. 3) belonging to the hydrogel coil family is made of platinum,

the atraumatic tip is made of a polymer, and the main
structural feature of the product is the Electric Detachment
System (EDS) for smooth and predictable detachment of the
coil from the delivery system. For realization of the EDS, the
delivery system comprising two electrical conductors running
throughout is connected to the handle (not presented in
the figure) having a built-in galvanic power source and an
activation button. After pushing the button the electrolysis
process is launched, through which the low-voltage electric
current dissolves the interlock pin in about 20 s, releasing
the cail.

Fig. 3. Terumo AZUR 18 endovascular coil manufactured by MicroVention, Inc.: general view (A); distal part of the coail, in which the margin, where the hydrogel sheath
begins, is pointed with the red arrow (B); activated hydrogel sheath (C); atraumatic tip (D); thermoelectric coil detachment system (blue *) (E); hydrogel sheath (F)
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Fig. 4. Interlock Spiral 2D endovascular coil manufactured by Boston Scientific Corporation: general view (A); fiber attachment (B); interlock parts of coil and delivery

system (C); atraumatic tip (D); interlocked coil and delivery system (E)

The Interlock Spiral 2D M00136155 coil (Boston Scientific
Corporation) (Fig. 4) has much in common with the Nester and
Flipper, but it is equipped with the groove-to-groove interlock
mechanism held in engagement by the catheter tube of the
delivery system. The interlock element (diameter 0.2 mm) is
connected to the main coil by brazing. The polymer fibers are
bundled together and evenly distributed between the spirals
throughout the coil length. The atraumatic tip is made by
brazing the platinum ball or reflow of the distal coil end.

The Interlock Spiral-35 M001363700 coil (Boston Scientific
Corporation) (Fig. 5) is structurally identical to the previous
model, but after the release from the delivery system the coil is
not twisted into spirals, but is distributed in space in a chaotic
manner. The polymer filaments, that are also bundled together,
are longer than that of the Interlock Spiral 2D. The spherical
atraumatic tip (0.8 mm) is produced by the reflow method. The
interlock mechanism is tightly inserted in the coil without any
traces of the glue or brazing, it is held by friction.

Fig. 5. Interlock Spiral - 35 endovascular coil manufactured by Boston Scientific Corporation: general view (A); fiber attachment (B); atraumatic tip (C); interlock part

of the coil (D)
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Fig. 6. Nit-Occlud PDA endovascular coil manufactured by PFM Medical GMBH: atraumatic tip (A); general view (B); interlock part, in which the screw notches on

the delivery system rod for connection to the coil are pointed with the red arrow (C)

The Nit-Occlud PDA 145044V1 (PFM Medical GmbH) (Fig. 6)
is the only coil considered that is made of titanium nickelide.
After the release from the delivery system it is twisted into a
tight stiff secondary coil. There are no polymer filaments. The
interlock mechanism is realized through winding the turns of
the coil onto the notches on the delivery system rod.

DISCUSSION

When developing sophisticated items, such as endovascular
coils, the design team has to choose affordable materials and
seek to maximize the structure simplicity and minimize the
number of technological operations. This makes it possible to
reduce the cost, waste, and the number of intermediate control
stages.

The source wire diameter is the main factor determining the
coil stiffness being the major selection criterion in endovascular
surgery. With the emergence of soft, super-soft, and ultra-soft
models, physicians now have an alternative to conventional stiff
coils. Since soft coils are easier to insert in the affected area,
practical understanding of their mechanical properties can help
an endovascular surgeon select a certain coil [17]. Therefore,
the coils made of the source wire 0.07 mm in diameter are
considerably easier to install in the affected area compared to
the coils made of the wire with the maximum diameter of 0.25 mm.

The presence of the atraumatic tip is an essential
characteristic of the coil manufactured. The main complication
of endovascular coiling is the risk of coil migration. The anchor
coil technique is one of the key techniques reducing such
risk [18]. The use of the coils with atraumatic tips allows the
surgeon to minimize the risk of vascular wall perforation and
endothelial damage, thereby increasing the intervention safety
and contributing to its higher efficacy via reduction of the rate of
intraoperative and postoperative complications.

The occlusion capability is likely to be the most important
feature of any coil. The coiling technology is developed in order

to improve the occlusion efficacy by adding various elements or
changing the coil parameters that are usually aimed to improve
thrombogenicity or packing tightness. Some earlier generation
coils, such as Nester 1 Tornado (Cook Medical, Bloomington,
Indiana), representing the pushed platinum coils made of
platinum and nichrome, have the nylon bibers contributing to
occlusion through stimulation of formation of the thrombus
filling the space between the coil turns [19]. This technique was
also realized in the detachable coils, for example in Concerto
(Medtronic) [20]. Another approach is designing the coils so
soft that these behave as a liquid metal, effectively filling the
target space. An example are the Ruby family coils (Penumbra
Inc, Alameda, California) [21]. Other products, such as AZUR
CX Hydrocoail (Terumo Medical), have a hydrogel coating that
expands after the delivery, filling the space between the turns
[22]. The hydrogel starts expanding in 3 min and achieves the
maximum width by 20 min. That is why the complete target
vessel occlusion may need time. One of the papers presents
the mid-term results of the use of the coils with the hydrogel and
fibrous coating for arterial embolization in the animal experiment.
In a month after the procedure the arteries embolized with the
hydrogel-coated coils were 100% occluded. In 4 months the
results were 80% [23]. Thus, coils with the hydrogel coating
show a stable occlusion effect in the medium term.

The analysis of the coils reviewed has shown that the
Flipper and Nester models have the simplest design in terms
of production. Elements of the frames of these coils are made
of different alloys, the glue is not used in the construct, and
the processing tools are publicly available. At the same time,
platinum is an expensive and not always freely accessible
material. The melted tip production may require specialized
laser equipment. Relative simplicity of the design of the above
coils does not lower high efficacy and safety of the use of such
devices for treatment of a broad spectrum of vascular disorders,
mostly arteriovenous malformations and iatrogenic vascular
complications. The analysis of the results of the retrospective
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cohort study including 102 cases of endovascular embolization
with the Nester and Flipper occlusion coils has shown that
the technical success rate was 100%. The clinical efficacy
determined as achieving the target blood vessel occlusion
and symptom regression was reported in 98% of patients.
In terms of safety, the intervention profile was beneficial: no
severe adverse events associated with the device migration,
mechanical destruction or periprocedural complications were
reported [24].

The weak point of the Terumo AZUR coil is the interlock
mechanism activated by the electric current. Such a detachment
principle has indisputable advantages when used in the neuro-
interventional procedures characterized by low blood flow
rate. Such a design requires the development of the complex
expensive electronic handle of the delivery system and the set
of conductive elements. At the same time, when working inside
peripheral blood vessels, the use of the coils equipped with
the electrolytic detachment mechanism considerably limits
the possibility of the implant postoperative maneuvering and
positioning. Furthermore, the benefits of this technological
solution remain unclear. The hydrophilic self-expanding sheath
requires expertise and experience with such materials, as well
as fixation with additional wire. At the same time, the use of the
polymer atraumatic tip is a simple technological process that
can provide the basis for the development of new caoils.

The Interlock Spiral coils by Boston Scientific Corporation
stand out due to the use of long sparsely arranged fibers
for embolization, which simplifies the production process.
However, the interlock mechanism is designed as two
reciprocal cylindrical brackets, for the manufacture of which
the expensive metalworking equipment is necessary, and high
processing accuracy and the lack of sharp edges are critically
important due to small size, to avoid damage to vessel walls
after implantation.

In the Nit-Occlud coil PFM Medical GmbH refused to use
polymer fibers, ensuring embolization due to the tightly twisted
construct made of the elastic nitinol alloy. Nitinol produced by
many companies is not subject to State control. The nitinol
molding methods are well understood and realized using the
affordable equipment. Simplicity of the interlock mechanism
requiring no additional parts is one more benefit of such design.

[tis important to develop a prototype based on the analysis of
foreign analogues. However, the possibility of the endovascular
coil import substitution is associated with a number of interrelated
aspects requiring a comprehensive assessment. The analysis
of the current situation on the Russian medical devices market
demonstrates a steady upward trend in the share of domestic
products [25]. According to the Consolidated Strategy on the
Development of the Manufacturing Industry until 2030 and for
the period up to 2035, in 2022, 26.8% of medical devices in the
total market volume were of Russian origin, and it is planned to
achieve the value of 36% by the year 2030, which is in line with
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the strategic goals of ensuring technological sovereignty in the
critically important industries [26].

The institutional support by the State implemented through
the subsidy, preferential loan, and tax preference mechanisms
is the key factor of the domestic production development
[25, 27]. These measures create economic incentives for
localization of production, which is confirmed by the dynamics
of the growth in the number of Russian enterprises in the field
of medical devices and equipment [28]. However, the industry’s
technological readiness for production of endovascular coils is
limited due to structural problems [26, 29]. The main barrier
is the lack of full-cycle production, including the dependence
on the imported substrates and specialized equipment for
precision processing of materials. One more factor is the need
for the products to comply with the ISO 13485 international
standards and EEU requirements, determining the need for
the quality control system modernization. It is worth noting a
considerable financial barrier for bringing medical products to the
Russian market. As of October 2023, the costs of registering one
product in the Russian Federation reach 1.5-7 million rubles, and
the time spent on issuing a registration certificate can be 3-18
months [28]. The prospects for overcoming the above barriers
are associated with the implementation of the cluster approach
involving integration of the scientific research institutions,
production facilities, and clinical sites. Creation of competence
centers in the field of biocompatible materials and additive
technologies, which will make it possible to reduce dependency
on the imported components, seems to be a priority [26, 30].

Thus, despite the existing technological and economic
barriers, import substitution of endovascular coils in Russia has
great potential. The key condition of success is the possibility
of the shift from prototype development to serial production,
which requires a systematic State support and extrabudgetary
fund-raising.

CONCLUSIONS

Comparative analysis of the embolic coils produced by foreign
manufacturers of medical equipment shows the dramatically
different technical approaches to designing the devices similar in
their purpose and effect. The alloys based on platinum, titanium
nickelide and nickel-chromium alloy are used as the materials
for coils. It is preferred that a polymer atraumatic tip and the
“coil-core” interlock mechanism, along with the small diameter
(in the range of 0.07-0.12 mm) nitinol wire as a material, are
used to ensure the required biotechnical characteristics of the
structure of the universal coil prototype. To determine the coil
optimal shape and dimensions, it is planned to continue the study
of their mechanical properties and polymer fibers used. The shift
from prototype development to serial production of domestic
embolic coils is possible, but it requires the creation of an
appropriate technological base and significant investment costs.
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