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Prosthetic heart valves are widely used biomedical devices. The need for these prostheses is increasing due to the
increasing life expectancy of the general population and the consequent incidence of age-related degenerative
valvular defects. However, even though mechanical prosthetic valves have been significantly modernized over the
last decades, they are still associated with several life-threatening complications, the main one being thrombosis.
Addressing this problem is challenging and requires collaboration between bioengineering and cardiothoracic
surgery. Thus, the problem of creating the most adapted model of prosthetic heart valve (PHV) turns out to be at
the confluence of sciences — medicine, biology, applied mechanics, mathematical modeling, etc. Today, it seems
clear that the engineering ideas for hemodynamic adaptation of PHV models have been fully developed. However,
research in the field of materials science, as well as a search for surface modification methods, remain a pressing

bioengineering challenge.
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The prevalence of mitral and/or aortic heart disease is
above 10% among patients aged >75 years and it conti-
nues to increase every year [1-3]. Prosthetic heart valve
replacement remains an effective and often the only pos-
sible way to treat heart valve diseases. This procedure
eliminates pathologically altered structures, improves in-
tracardiac hemodynamics and patient’s quality of life [4,
5]. Since the first aortic valve replacement surgery was
performed in March 1960 by Dwight Harken at Boston
City Hospital, hundreds of thousands of such interven-
tions have been carried out [6, 7]. However, despite the
obvious progress in the development of PHV models
and improvement of surgical implantation technique, the
postoperative period is associated by a high risk of sever-
al complications [8—10]. According to surgical registries,
between 250,000 and 280,000 prosthetic heart valves are
implanted worldwide each year: the approximate ratio is
50/50 between mechanical and biological ones [5, 11].

Despite the availability of many modern anticoagu-
lants and antiplatelet agents, the use of even the latest
PHYV models is associated with thromboembolic events
in 0.7-6.4% of patients [12]. According to Dangas et al.,
thromboembolic syndrome occurs in 0.1-5.7% of cases
[13]. Studies by Pibarot et al. showed that about 10% of
patients with implanted mechanical PHV have one episo-
de of thromboembolism per year [ 14]. At the same time,
the incidence of PHV dysfunction ranges from 0.4% to
6.0% per year of the total number of prosthetic operations
performed. According to many authors, this figure is

significantly underestimated because routine screening
aimed at detecting prosthetic valve dysfunction in the
postoperative period is not performed in most cases if
there are no clinical symptoms that would lead to suspi-
cion of dysfunction [ 15—18]. Implantation of mechanical
PHVs requires lifelong use of anticoagulants, which is
also associated with a risk of complications. Patients
taking oral anticoagulants to prevent thromboembolism
are prone to hemorrhage, especially retroperitoneal,
gastrointestinal, and intracranial hemorrhage. Bleeding
complications occur in approximately 4% of patients
annually, with 5-10% of these events resulting in death
[16]. In addition to anticoagulants, patients at high risk
of thromboembolism take platelet inhibitors, which are
associated with a 55% increased risk of bleeding [17].

The development of reliable design and the search for
inert/hypothrombogenic materials have been the subject
of many years of scientific and engineering research.
Since the first mechanical PHV models were introduced,
they have been continuously improved. However, crea-
ting a PHV model that fully matches the characteristics
of native human heart valves remains a dream for desi-
gners, cardiac surgeons, and patients.

The main function of any PHV is to provide unidi-
rectional blood flow. An ideal prosthesis should meet
the following requirements: it should have a reliable and
fairly simple design that pressures long-term continuous
functioning for decades; it should have good hemodyna-
mic characteristics, i.e. it should provide laminar blood
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flow that is as close as possible to physiological characte-
ristics, and should not create excessive pressure gradient
between the heart chambers that it shares; it should be
biologically inert, be hemocompatible/hypothromboge-
nic, be easy to implant, have good radiographic visibility,
and have low noise characteristics [18].

The invention of balloon-expandable prosthetic
valves undoubtedly provided a tremendous boost to
surgical treatment of heart valve diseases. Since the in-
troduction of the Starr—Edwards PHV model in 1960
through 1998, over 175,000 such valves have been
implanted in mitral, aortic, or tricuspid positions [19].
However, the large weight, height (profile), and inertia
of the locking element limited the use of balloon models
in many cases: in patients with severe mitral stenosis, in
patients with a small left ventricular cavity, etc. (Fig. 1).

The Starr—Edwards model underwent 8 modifications
between 1960 and 1965 based on surgeon feedback, ana-
lysis of postoperative complications, and patient outco-
mes. The last improved model was then used unchanged
until 2004 [20]. The use of ball-locking prosthetic mo-
dels was often associated with turbulent flow, episodes
of thromboembolism, and lack of effective orifice area.

According to Best et al., during the first year after
implantation of the Starr—Edwards model, mortality was

Fig. 1. Starr—Edwards mechanical heart valve model

Fig. 2. Bjork—Shiley mechanical heart valve model

21%; over the next 7 years, this rate decreased to an
average of 3% per year [21]. However, 10-year freedom
from prosthetic valve thrombosis, thromboembolism,
and prosthetic valve endocarditis for the Starr—-Edwards
model was 91, 91, and 97, respectively [22-24].

The results described were primarily associated with
imperfections in the design of the prosthesis itself. How-
ever, in fact, a significant decrease in the incidence of
thromboembolic complications after implantation of this
PHYV model over time was down to the evolution of an-
ticoagulant therapy protocols. By 1997, freedom from
this type of complication ranged from 74% to 87% at
10 years after implantation [25, 26]. Nevertheless, in
November 2015, Albert Starr documented cases of the
longest functioning of the Starr—Edwards balloon model
after primary implantation — 51.7 years and 44.4 years in
aortic and mitral positions, respectively [20].

The next fundamentally new PHV models were rotary
disc valves, where the closing element was a disc that
rotates around an eccentric axis, thus opening and closing
the flow orifice (Fig. 2).

The hemodynamic characteristics of this model were
significantly better than ball valves. The dimensions of
the valve allowed safe implantation in cases where the
annulus fibrosus was small and avoided the development
of low cardiac output syndrome in patients with a “small”
left ventricle. The first implantation of the most success-
ful model of disc prosthesis, the Bjork—Shiley valve,
was performed in Sweden in 1969 [27]. Structurally,
this valve was a freely moving disc occluder enclosed
in a Teflon-treated stellite cage. The opening angle of
the valve was 60 & 2° [28], nevertheless, this angle was
quite sufficient to prevent excessive hemolysis.

So in a study by Falk et al. [29], the serum lactate
dehydrogenase (LDH) level was elevated in all pati-
ents who had the Starr—Edwards valve implanted in the
aortic position, but was elevated only in one third of
patients after implantation of the Bjork—Shiley model.
The size of the prosthesis was of particular importance,
as smaller balloon valves especially in the aortic position
caused more significant hemolysis than larger prosthetic
valves. However, the degree of hemolysis in the case of
the Bjork—Shiley model is so small that the size of the
prosthesis had little or no effect. According to Bjork, in
a group of 1657 patients carrying Bjork—Shiley valve
models, the 15-year actuarial survival rate was 54%,
and thromboembolic complications were observed in
the long-term period in 5.4% of cases [30].

A study by Gunn et al. conducted at Turku University
Hospital (Finland) involved 279 patients. Mean actuarial
survival after implantation of the Bjork—Shiley model in
the aortic position was 19.8 years, the mean follow-up
period was 19.2 years (maximum 34 years). Freedom
from reoperation was 91.3% at 30 years. There were
three cases of outlet strut fracture, two of which were
fatal [31-34].
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In 1977, a third-generation mechanical prosthesis
was developed; St. Jude Medical Inc. (USA) produced
a bicuspid carbon fiber prosthesis (Fig. 3) [35].

Fig. 3. St. Jude Medical mechanical heart valve model

The St. Jude Medical valve body and flaps were made
of pyrolytic carbon, which has exceptional strength and
low thrombogenicity. The flaps had an 85° opening angle
to minimize flow turbulence. The low profile of this valve
model and the rotation mechanism of the locking ele-
ments allowed for comfortable positioning of the pros-
thesis and minimized contact with subvalvular structures.
With more than 84% of the valve area in the orifice, the
average transprosthetic pressure gradient did not exceed
10 mmHg (in the aortic position), which was the lowest
of all PHV models available at that time. However, the
hinge units in this model were placed in the center of
the prosthesis, which created three blood flows through
the valve (Fig. 4) [14, 36, 37].

Based on an analysis of 25 years of experience with
the St. Jude Medical valve, operative mortality was 4%
and 9% when implanted in the aortic and mitral positions,
respectively. Patient survival at 10 years after prosthesis
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Fig. 4. Numerical modeling showing the distribution of flow velocity through a bicuspid valve model (a) and Bjork—Shiley

disc prosthesis (b) at a cardiac output of 5 L/min [14, 38]
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was 57 + 3% and 60 = 2%, respectively [39]. According
to Johnson et al. [40] the late actuarial survival of pati-
ents undergoing aortic valve replacement with St. Jude
prosthesis was 62 £ 2%, 32 + 2%, and 14 + 3% after
10, 20, and 30 years, respectively. Thirty-year freedom
from reoperation, thromboembolism, prosthetic valve
thrombosis, bleeding, and endocarditis were 92 + 2%,
79 +3%, 96 + 1%, 56 £ 5%, and 92 + 2%, respectively. A
study by Rodrigues et al. [41] reported that valve-related
mortality with the St. Jude prosthesis in the aortic valve
replacement group was 11.3%, of which bleeding and
thromboembolism accounted for 78%. In the mitral valve
replacement group, 14% of deaths were valve-related,
of which bleeding and thromboembolism accounted for
89%.

However, the St. Jude Medical valve model was also
subjected to numerous modifications, resulting in the
PHV On-X, a bicuspid mechanical heart valve prosthesis,
the main feature of which was the presence of protrusions
at the locking point of the flaps. In the open position,
each leaf was deflected, forming an angle of 90° relative
to the plane of the support ring. This property largely
determined the laminar nature of flow through the valve.

The best results of On-X valve implantation among
all known models of mechanical PHVs allowed us to ex-
plore the possibility of optimizing the safe international
normalized ratio (INR) value in order to reduce the risk
of complications associated with anticoagulant therapy
[42]. The PROACT study investigated the safety of using
different anticoagulant and antiplatelet therapy regimens
after PHV On-X aortic valve replacement in low- and
high-risk patients. Dual antiaggregant therapy in low-
risk patients has been shown to result in a significantly
higher incidence of neurological complications. This
necessitated early termination of the study in this group
[42, 43]. In the high-risk group (reduced left ventricular
ejection fraction, increased left atrial volume, presence
of atrial fibrillation), a reduced INR proved to be safe:

no difference in survival and major cardiac events after
5 years [43].

Results of a study of survival after aortic valve re-
placement with different mechanical heart valve models
are presented in Table.

The bicuspid aortic valve prosthesis design is used in
prosthetic heart valves like AT'S Medical Prosthesis, Sul-
zer CarboMedics, Sorin, MedlInj, and others. Since the
development of the bicuspid aortic valve, over 2.1 mil-
lion implantations have been performed worldwide [36,
40]. However, the development of prostheses with the
largest possible effective orifice to provide a hemody-
namics that is close to that of the native valve remains a
priority in PHV development. In our country, the impro-
ved PHV model is the domestic full-flow bicuspid valve
MedEng-ST (Fig. 5) [5, 54].

The main advantage of the MedEng-ST valve is its
design: the leaflets are fixed on hinge fasteners located
on opposite sides of the ring, which helps to eliminate
stagnant zones around the fasteners and reduces the like-
lihood of thromboembolic complications. A distinctive
feature is the obturative element made in the form of
two cylindrical segments, covering blood flow through
the valve from the outside and providing blood flow
centralization, minimal traumatization of formed ele-
ments, increasing the effective area of the valve orifice
and reducing transprosthetic pressure gradient [5, 54].

Ad
-—

Fig. 5. MedEng-ST mechanical heart valve model

Table
Actuarial survival after aortic valve replacement with different mechanical heart valve models
Literature Valve model Mean age, Survival (%)
years, M= SD | 1 year | 5 years | 10 years | 15 years | 25 years
Khan et al., 2001 [44] St. Jude Medical 64.5+12.9 |91-95| 71-87 | 39-73 | 17-61 N/A
Emery et al., 2005 [39] St. Jude Medical 64 +13 N/A | N/A N/A N/A <25
Toole et al., 2010 [45] St. Jude Medical 56+ 14 N/A 81 59 41 17
Tatsuishi W., 2015 [46] St. Jude Medical 583+ 11.7 N/A | 96.2 92.7 88.8 N/A
Tossios et al., 2007 [47] On-X 62.7 N/A | N/A 67.9 N/A N/A
Carrier et al., 2006 [48] CarboMedics 57+ 12 N/A 83 70 62 N/A
Butchart et al., 2001 [49] Medtronic-Hall 60+ 11 N/A | N/A 64 45 N/A
Svennevig et al., 2007 [50] Medtronic-Hall 543+ 13.6 N/A | 78.6 61.9 46.7 24.9
Ahn et al., 2007 [51] Bjork—Shiley Monostrut 34.5 96.8 | N/A 91.1 86.5 N/A
Dietrich et al., 1989 [52] Bjork—Shiley Monostrut 60.5 N/A 98 N/A N/A N/A
Kallewaard et al., 2000 [36, 53] Bjork-Shiley 535+139 | 921 | 837 | 687 | 550 | NA
convexo-concave
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Analysis of velocity distribution fields by finite ele-
ment method using COMSOL Multiphysics program
(Stockholm, Sweden) made it possible to clearly assess
the degree of adaptation of PHV models and the ability
to maintain laminar blood flow (Fig. 4 and 6). Unlike
predecessor models (St. Jude Medical, Bjork—Shiley),
the MedEng-ST full-flow valve demonstrates excellent
hemodynamic characteristics and flow laminarity of the
profile.

Hemodynamic factors of thrombosis include the local
hemodynamics features of the PHV, as well as individual
parameters of patient hemodynamics [56]. Blood flow
laminarity and the washability of all PHV components
are among the main conditions for the effectiveness and
safety of the PHV model. Reduced shear stress leads
to stasis and increased blood coagulation [57], just as
reduced cardiac output is a predictor of postoperative
prosthetic valve thrombosis [58, 59]. Because of this,
prosthetic valve thrombosis is almost 20 times more
common in tricuspid valve replacement than mitral valve
replacement. Similarly, PHV thrombosis in the mitral
position is 2—3 times more common than prosthetic aortic
valve thrombosis [60].

The flow characteristics of a prosthetic heart valve
is considered the most important factor on which the
safety and durability of a PHV model depend. However,
an equally important condition determining the risk of
thromboembolic complications is the surface proper-
ties of the materials from which the PHV components

are made [61, 62]. Today, the main material used for
manufacturing PHV locking elements is pyrocarbon.
Widespread clinical use of pyrolytic carbon components
for heart valve replacement began in October 1968, when
Dr. Michael DeBakey implanted an aortic valve with a
pyrolytic hollow-centered occlusion balloon with carbon
ball [63]. After the first experience with the pyrolytic
carbon component of PHVs, several million prosthetic
mechanical valves made of this material have been im-
planted. The use of pyrolytic carbon in the fabrication
of mechanical prosthetic heart valves was heralded as
an “exceptional event” because the excellent durabili-
ty, stability, and biocompatibility of pyrolytic carbon
allowed the valves to be used for the lifetime of the
patients [64]. Despite the modern pyrolytic carbon coa-
ting of prostheses, patients with implanted mechanical
heart valves require lifelong anticoagulant therapy with
vitamin K antagonists to prevent thromboembolic com-
plications [65].

In contrast to healthy endothelium, which actively
resists thrombosis, artificial surfaces promote clotting
through a complex series of interrelated processes, in-
cluding protein adsorption, platelet, leukocyte, and ery-
throcyte adhesion, thrombin generation, and complement
activation. Rapid adsorption of plasma proteins onto
artificial surfaces is thought to be the initiating event in
thrombus formation because the protein layer modulates
subsequent reactions of the coagulation cascade [66].
In turn, the dynamics of this process are related to the
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Fig. 6. Numerical modeling showing the distribution of flow velocity through the MedEng-ST model at a cardiac output of

5 L/min [55]
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chemical and physical properties of the blood-contacting
surface. Adsorbed proteins can form a monolayer surface
with a 2—10 nm thickness, and their concentration on the
surface can be 1000 times higher than in plasma [16, 67].
This process is particularly active on negatively charged
surfaces [3] and appears to be flux independent [68]. At
the same time, hydrophilicity is a key factor determining
protein adsorption [67, 69]. The activation cascade is
largely initiated by fibrinogen. Fibrinogen is one of the
first plasma components to be adsorbed onto artificial
surfaces. Other adhesive proteins, including Willebrand
factor, also co-mediate platelet adhesion together with fi-
brinogen. Adsorbed fibrinogen is soon replaced by com-
ponents of the contact system, including factor XII, high-
molecular-weight kininogen, prekallikrein, and factor XI
[70]. Activation of factor XII not only triggers thrombin
generation through the intrinsic coagulation pathway, but
also activates the complement system, which enhances
thrombin generation [71-73]. Platelets adhered to the
artificial surface of PHV are activated and they release
thromboxane A2, ADP and other agonists of the hemos-
tasis system. Leukocytes, especially neutrophils, also
stimulate fibrinogen adsorption via CD11b/CD18 [74,
75]. In contrast to receptor-mediated adhesion of pla-
telets and leukocytes to the protein monolayer, erythro-
cyte adhesion occurs passively [76]. Cross mechanisms
between the complement and coagulation systems lead
to formation of a platelet-fibrin network on the surface
of prostheses [66].

Several studies have shown that platelet activation at
the blood-material interface is dependent on a high albu-
min/fibrinogen (A/F) adsorption ratio (>1.00). That is,
the higher the A/F ratio, the lower the number of adhered
platelets [77]. Although pyrolytic carbon adsorbs albu-
min, concentration of fibrinogen on its surface is much
higher and comparable to that in contact with silicone
rubber [77]. However, in addition to protein absorption,
the interaction energy and, consequently, the possibility
of conformational changes in the protein layer are im-
portant in the development of subsequent thrombogenic
reactions. Nyilas E. et. al, in the course of studying the
interaction of blood plasma with foreign surfaces by
measuring the heat of absorptions using the microcalori-
metric method, found that this parameter for fibrinogen
was significantly lower on pyrolytic carbon surfaces than
on the known thrombogenic control (glass) surface up
to completion of the formation of the first monolayer
coating [78]. Furthermore, the measured net heats of
adsorption of gamma globulin on pyrolytic carbon were
about 15 times smaller than those on glass. As a result,
the authors concluded that the low heat of adsorption on
the foreign surface implies small interaction forces wi-
thout conformational changes in the proteins that could
activate the coagulation cascade. Thus, the protective
protein layer formed after the first contact with blood
ensures continuous exchange of protein molecules in an

unchanged state, masking the pyrolytic carbon surface
as a non-native one [79]. Approximately 3 months after
implantation, the fibrin coating is replaced by a neoin-
timal layer consisting of smooth muscle cells, elastin
fibers, and endothelial cells. Over time, the neointimal
layer matures and becomes more fibrous [80].

Chemical and physical surface properties of materi-
als, such as hydrophobicity, hydrophilicity and surface
energetics, determine biological reactions at the inter-
face [81]. In addition, the topography of the biomaterial
surface plays an essential role in determining bioinert-
ness — it is this parameter that largely influences cell
behavior (cell adhesion, proliferation, differentiation,
and apoptosis). However, although this fact has long
been known, the mechanisms underlying this process
remain unexplored. It is known that cells can sense and
respond to the nano-relief of a material using the so-
called “contact guidance” [82, 83]. Superhydrophobic
surfaces may provide an alternative approach to minimi-
zing the thrombotic risk associated with blood-material
interactions [84, 85]. These surfaces are fabricated by
combining materials with low surface energy (typically
<15 mN - m) and texture [86]. It is known that the-
se materials can reach contact angles as high as 120°.
Microscopic air pockets existing in textured surfaces
result in a composite liquid-air-solid interface and thus
minimize the solid-liquid interface [86]. In addition to
minimizing blood contact, material surface responses
based on the Cassie-Baxter state can alter local hemo-
dynamics through fluid slippage, potentially reducing
the risk of hemolysis and platelet activation caused by
increased shear stress [87].

The search for new synthetic materials that most
closely mimic the properties of native endothelium has
led to the emergence of a number of technologies for
surface hypothrombogenic modification of implants.
The machining and grinding operations of PHV parts
do not exclude the appearance of cracks or surface de-
fects, which can subsequently affect the service life of
the product. Precise control of the surface modification
process provided the possibility of applying a coating
layer with the thickness necessary to eliminate surface
defects caused by mechanical grinding, the main method
of processing pyrolytic carbon [88, 89].

Surface modification of PHVs with coatings of va-
rious compositions can be used to improve selective
properties (thromboresistance, anti-inflammatory effect)
without changing their volumetric properties [90]. Over
the past decade, diamond-like carbon (DLC) coating has
been actively investigated for its possible use to improve
the biocompatibility of synthetic materials, including
PHVs [91-93]. In 1993, Dion et al. reported pronounced
hypothrombogenic properties of DLC coatings during
a study of the hemocompatibility of DLC-treated pros-
thetic heart valves made of titanium alloy T16A14B
(SFERO-FII, St. Just Malmont, Frances) [94].
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Since the early 2000s, DLC films have been shown
to be bioinert, resistant to mechanical stress and cor-
rosion, and non-cytotoxic to monocytes/macrophages,
fibroblasts, and osteoblasts [95]. They have quite good
hemocompatibility due to the optimal ratio of sp’- and
sp>-hybridized carbon atoms [96]. In the last 5 years, due
to some dissatisfaction with the results of biomedical tes-
ting of DLC coatings, publications on their physicoche-
mical modification (in particular, with silicon and its oxi-
des) improving the consumer properties of a-C:H:SiOx
surface on medical materials and products have been
accumulating [95]. Over the past few years, the study
of cytotoxicity of a-C:H:SiOx coatings in relation to
blood leukocytes, platelet adhesion, proinflammatory
cytokine/chemokine production, as well as mechanical,
anticorrosion and tribological properties has delivered
impressive results. However, the safety and efficacy of
such surface modification remains a subject of debate
[91, 92, 97-99].

The study was conducted under a grant (No. 075-
15-2022-823) from the Russian Ministry of Science and
Higher Education.
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REFERENCES

1. Iung B, Vahanian A. Epidemiology of valvular heart
disease in the adult. Nat Rev Cardiol. 2011; 8 (3): 162—
172. https://doi.org/10.1038/nrcardio.2010.202.

2. Aluru JS, Barsouk A, Saginala K, Rawla P, Barsouk A.
Valvular Heart Disease Epidemiology. Med Sci (Basel).
2022; 10 (2): 32. doi: 10.3390/medscil 0020032.

3. Nishimura RA, Otto CM, Bonow RO, Carabello BA, Er-
win JP 3rd, Guyton RA et al. 2014 AHA/ACC Guideli-
ne for the Management of Patients With Valvular Heart
Disease: a report of the American College of Cardiolo-
gy/American Heart Association Task Force on Practi-
ce Guidelines. Circulation. 2014; 129 (23): €521-643.
https://doi.org/10.161/CIR.0000000000000029.

4. Ivanov VA, Evseev EP, Aydamirov YaA, Popov SO, Iva-
nova LN, Nikityuk TG. Evolution of mitral valve repla-
cement. Hirurgija. Zhurnal imeni N.I. Pirogova. 2018.
[In Russ]. https://doi.org/10.17116/hirurgia2018723.

5. Perekopskaya VS, Morova NA, Tsekhanovich VN. The
structural-geometric and functional parameters of the
heart in patients after mitral prosthetics with new full-
flow valves in the long-term period. Cardiosomatics.
2022; 13 (1): 4-10. [In Russ, English abstract]. https://
doi.org/10.17816/22217185.2022.1.2014609.

6.  Starr A, Edwards ML, Mccord C, Griswold HE. Aortic
replacement: clinical experience with a semirigid ball-
valve prosthesis. Circulation. 1963; 27 (4): 779-783.
PubMed [Internet]. Available from: https:/pubmed.
ncbi.nlm.nih.gov/?term=Starr+A.+et+al.+Aortic+re
placement%3A-+clinical+experience+with+a+semir
igid+ball-valve+prosthesis+%2F%2FCirculation.+—

149

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

+1963 +—+T.+27 +—+Ne.+4 +—+C.+779-783.
cessed: 05.11.2022).

Harken DE, Taylor WJ, Lefemine AA, Lunzer S, Low HB,
Cohen ML, Jacobey JA. Aortic valve replacement with
a gaged ball valve. Am J Cardiol. 1962; 9 (2): 292-299.
https://doi.org/10.1016/0002-9149(62)90047-4.
Floersch J, Evans MC, Midha PA. Ineffective Orifice
Area: Practical Limitations of Accurate EOA Assess-
ment for Low-Gradient Heart Valve Prostheses. Cardi-
ovasc Eng Technol. 2021; 12 (6): 598—605. https://doi.
org/10.1007/s13239-021-00548-5.

Ivanovic B, Trifunovic D, Matic S, Petrovic J, Sacic D,
Tadic M. Prosthetic valve endocarditis — A trouble or a
challenge? J Cardiol. 2019; 73 (2): 126-133. https://
doi.org/10.1016/j.jjcc.2018.08.007.

Aagaard J. The Carbomedics aortic heart valve pros-
thesis: a review. J Cardiovasc Surg (Torino). 2004; 45
(6): 531-534.

Kiyose AT, Suzumura EA, Laranjeira L, Buehler AM,
Santo JAE, Berwanger O et al. Comparison of Biologi-
cal and Mechanical Prostheses for Heart Valve Surgery:
A Systematic Review of Randomized Controlled Tri-
als. Arg Bras Cardiol. 2019; 112 (3): 292-301. https://
doi.org/10.5935/abc.20180272.

Bluestein D, Einav S, Slepian MJ. Device thromboge-
nicity emulation: A novel methodology for optimizing
the thromboresistance of cardiovascular devices. J Bio-
mech. 2013; 46 (2): 338-344. https://doi.org/10.1016/].
jbiomech.2012.11.033.

Dangas GD, Weitz JI, Giustino G, Makkar R, Mehran R.
Prosthetic Heart Valve Thrombosis. J Am Coll Cardiol.
2016; 68 (24): 2670-2689. https://doi.org/10.1016/].
jacc.2016.09.958.

Pibarot P, Dumesnil JG. Prosthetic heart valves: Selec-
tion of the optimal prosthesis and long-term manage-
ment. Circulation. 2009; 119 (7): 1034—1048. https://
doi.org/10.1161/circulationaha.108.778886.

Salamon J, Munoz-Mendoza J, Liebelt JJ, Taub CC.
Mechanical valve obstruction: Review of diagnostic
and treatment strategies. World J Cardiol. 2015; 7 (12):
875. doi: 10.4330/wjc.v7.i12.875.

Shatov DV, Zakharyam EA. Thrombosis of prosthetic
heart valve: epidemiology, etiology and pathogenesis.
2017; 7 (2): 155-159. Cyberleninka [Internet]. Availa-
ble from: https://cyberleninka.ru/article/n/tromboz-
protezov-klapanov-serdtsa-epidemiologiya-etiologiya-
i-patogenez/viewer (accessed: 20.10.2023).

Turpie A, Gent M, Laupacis A, Latour Y, Gunstensen J,
Basile F et al. A Comparison of Aspirin with Placebo
in Patients Treated with Warfarin after Heart-Valve
Replacement. N Engl J Med. 1993; 329 (8): 524-529.
https://doi.org/10.1056/nejm199308193290802.

Roy RK, Lee KR. Biomedical applications of diamond-
like carbon coatings: A review. J Biomed Mater Res
B Appl Biomater. 2007; 83 (1): 72—84. https://doi.
org/10.1002/jbm.b.30768.

The development of the Starr—Edwards heart valve —
PubMed [Electronic resource]. URL: https://pubmed.
ncbi.nlm.nih.gov/9885105/ (accessed: 21.12.2022).

(ac-



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXV N2 1-2024

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Starr A, Grunkemeier GL. Durability of the Starr—Ed-
wards Heart Valve: Early Decisions Led to Successful
Results. Tex Heart Inst J. 2016; 43 (1): 1-3. https://doi.
org/10.14503/thij-15-5640.

Best JF, Hassanein KM, Pugh DM, Dunn M. Starr—Ed-
wards aortic prosthesis: a 20-year retrospective stu-
dy. Am Heart J. 1986; 111 (1): 136—142. https://doi.
org/10.1016/0002-8703(86)90565-x.

Akins CW. Results with mechanical cardiac valvular
prostheses. Ann Thorac Surg. 1995; 60 (6): 1836—1844.
https://doi.org/10.1016/0003-4975(95)00766-0.

Isom OW, Glassman SE, Teiko P, Boyd AD, Cunning-
ham JN, Reed GE. Long-term results in 1375 patients
undergoing valve replacement with the Starr—Edwards
cloth-covered steel ball prosthesis. Ann Surg. 1977,
186 (3): 310-323. https://doi.org/10.1097/00000658-
197709000-00009.

Shiono M, Sezai A, Hata M, lida M, Negishi N, Sezai Y.
Valve dysfunction of the cloth-covered Starr—Edwards
ball valve. Circ J. 2005; 69 (7): 844—849. https://doi.
org/10.1253/circj.69.844.

Miller DC, Oyer PE, Mitchell RS, Stinson EB, Jamie-
son SW, Baldwin JC, Shumway NE. Performance cha-
racteristics of the Starr-Edwards Model 1260 aortic
valve prosthesis beyond ten years. J Thorac Cardiova-
sc Surg. 1984 Aug; 88 (2): 193-207. PubMed [Elec-
tronic resource]. URL: https://pubmed.ncbi.nlm.nih.
gov/6748713/ (accessed: 21.12.2022).

Orszulak TA, Schaff HV, Puga FJ, Danielson GK, Mul-
lany CJ, Anderson BJ, Ilstrup DM. Event status of the
Starr—-Edwards aortic valve to 20 years: A benchmark
for comparison. Ann Thorac Surg. 1997; 63 (3): 620-
626. https://doi.org/10.1016/s0003-4975(97)00060-x.
Wieting DW. The Bjork—Shiley Delrin tilting disc heart
valve: historical perspective, design and need for scien-
tific analyses after 25 years. J Heart Valve Dis. 1996; 5
Suppl 2: S157-S168.

Cortina JM, Martinell J, Artiz V, Fraile J, Raba-
go G. Comparative clinical results with Omniscience
(STM1), Medtronic-Hall, and Bjoérk—Shiley convexo-
concave (70 degrees) prostheses in mitral valve repla-
cement. J Thorac Cardiovasc Surg. 1986; 91 (2): 174—
183. https://doi.org/10.1016/s0022-5223(19)36076-3.
Falk RH, Mackinnon J, Wainscoat J, Melikian V, Big-
nell AH. Intravascular haemolysis after valve replace-
ment: comparative study between Starr—Edwards (ball
valve) and Bjork—Shiley (disc valve) prosthesis. Tho-
rax. 1979; 34 (6): 746-748. https://doi.org/10.1136/
thx.34.6.746.

Bjérk VO. Development of an artificial heart valve.
Ann Thorac Surg. 1990; 50 (1): 151-154. https://doi.
org/10.1016/0003-4975(90)90114-1.

Gunn JM, Malmberg M, Vihdsilta T, Lahti Al, Kut-
tila KT. Thirty-year results after implantation of the
Bjork—Shiley Convexo-Concave Heart valve prosthe-
sis. Ann Thorac Surg. 2014; 97 (2): 552-556. https://
doi.org/10.1016/j.athoracsur.2013.09.032.

Oxenham H, Bloomfield P, Wheatley DJ, Lee RJ, Cun-
ningham J, Prescott RJ, Miller HC. Twenty year com-
parison of a Bjork—Shiley mechanical heart valve with

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

150

porcine bioprostheses. Heart. 2003; 89 (7): 715-721.
https://doi.org/10.1136/heart.89.7.715.

Lindblom D, Rodriguez L, Bjérk VO. Mechanical fai-
lure of the Bjork-Shiley valve. Updated follow-up and
considerations on prophylactic rereplacement. J Tho-
rac Cardiovasc Surg. 1989 Jan; 97 (1): 95-97. PubMed
[Electronic resource]. URL: https://pubmed.ncbi.nlm.
nih.gov/2911201/ (accessed: 21.12.2022).

Omar RZ, Morton LS, Halliday DA, Danns EM, Beir-
ne MT, Blot WJ, Taylor KM. Outlet strut fracture of
Bjork—Shiley convexo concave heart valves: the UK
cohort study. Heart. 2001; 86 (1): 57-62. https://doi.
org/10.1136/heart.86.1.57.

Gott VL, Alejo DE, Cameron DE. Mechanical Heart
Valves: 50 Years of Evolution. Ann Thorac Surg. 2003;
76 (6): S2230-S2239. https://doi.org/10.1016/j.atho-
racsur.2003.09.002.

Pavlov AV, Chernov II, Urtaev RA, Kondratiev DA, Ru-
ban DV, Baysugurov ST, Tarasov DG. Our experience
of aortic valve replacement. Clin Experiment Surg. Pe-
trovsky J. 2014; (4): 26-30. [In Russ, English abstract].
[Electronic resource]. URL: https://scardio.ru/ratings/
uploads/2198.pdf?553299954 (accessed: 20.10.2023).
Walther T, Falk V, Tigges R, Kriiger M, Langebartels G,
Diegeler A et al. Comparison of On-X and SJM HP
bileaflet aortic valves. J Heart Valve Dis. 2000 May;
9 (3): 403-407. PubMed [Electronic resource]. URL:
https://pubmed.ncbi.nlm.nih.gov/10888098/ (accessed:
05.11.2022).

Nygaard H, Paulsen PK, Hasenkam JM, Kromann-
Hansen O, Pedersen EM, Rovsing PE. Quantitation of
the turbulent stress distribution downstream of normal,
diseased and artificial aortic valves in humans. Eur J
Cardiothorac Surg. 1992; 6 (11): 609—617. https://doi.
org/10.1016/1010-7940(92)90135-k.

Emery RW, Krogh CC, Arom KV, Emery AM, Benyo-
Albrecht K, Joyce LD, Nicoloff DM. The St. Jude Me-
dical cardiac valve prosthesis: a 25-year experience
with single valve replacement. Ann Thorac Surg. 2005;
79 (3): 776-782. https://doi.org/10.1016/j.athorac-
sur.2004.08.047.

Volkova NA. Nadezhnost’ 1 harakteristiki iskusstvennyh
mehanicheskih klapanov serdca. Trudy Mezhdunarod-
nogo simpoziuma “Nadezhnost’ i kachestvo”. 2011; 2:
304-308. [In Russ]. Cyberleninka [Electronic resour-
ce]. URL: https://cyberleninka.ru/article/n/nadezhnost-
i-harakteristiki-iskusstvennyh-mehanicheskih-klapa-
nov-serdtsa/viewer (accessed: 20.10.2023).

Rodrigues AJ, Evora PR, Bassetto S, Alves L Jr, Scorzo-
ni Filho A, Vicente WV. Isolated mitral and aortic valve
replacement with the St. Jude Medical valve: a midterm
follow-up. Arq Bras Cardiol. 2009; 93 (3): 290-298.
doi: 10.1590/s0066-782x2009000900014.

Jawitz OK, Wang TY, Lopes RD, Chavez A, Boyer B,
Kim H et al. Rationale and design of PROACT Xa:
A randomized, multicenter, open-label, clinical trial
to evaluate the efficacy and safety of apixaban versus
warfarin in patients with a mechanical On-X Aortic
Heart Valve. Am Heart J. 2020; 227: 91-99. https://doi.
org/10.1016/j.ahj.2020.06.014.



RELATED DISCIPLINES

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Huang DT, Yealy DM, Angus DC; ProACT Investiga-
tors. Longer-Term Outcomes of the ProACT Trial. N
Engl J Med. 2020 Jan 30; 382 (5): 485-486. PubMed
[Internet]. Available from: https:/pubmed.ncbi.nlm.
nih.gov/31995699/ (accessed: 15.11.2022).

Khan SS, Trento A, DeRobertis M, Kass RM, Sandhu M,
Czer LS et al. Twenty-year comparison of tissue and
mechanical valve replacement. J Thorac Cardiovasc
Surg. 2001; 122 (2): 257-269. https://doi.org/10.1067/
mtc.2001.115238.

Toole JM, Stroud MR, Kratz JM, Crumbley AJ 3rd,
Bradley SM, Crawford FA Jr, lTkonomidis JS. Twenty-
five year experience with the St. Jude medical me-
chanical valve prosthesis. Ann Thorac Surg. 2010;
89 (5): 1402-1409. https://doi.org/10.1016/j.athorac-
sur.2010.01.045.

Tatsuishi W, Nakano K. Long-term outcomes after
St. Jude Medical mechanical valve implantation. Circ
J. 2015; 79 (11): 2320-2321. https://doi.org/10.1253/
circj.cj-15-1018.

Tossios P, Reber D, Oustria M, Holland-Letz T, Ger-
ming A, Buchwald D, Laczkovics A. Single-center
experience with the On-X prosthetic heart valve bet-
ween 1996 and 2005. J Heart Valve Dis. 2007 Sep;
16 (5): 551-557. PubMed [Internet]. Available from:
https://pubmed.ncbi.nlm.nih.gov/17944128/ (accessed:
21.12.2022).

Carrier M, Pellerin M, Basmadjian A, Bouchard D,
Perrault LP, Cartier R et al. Fifteen years of clinical
and echocardiographic follow up with the carbomedics
heart valve. J Heart Valve Dis. 2006 Jan; 15 (1): 67—
72; discussion 72. PubMed [Internet]. Available from:
https://pubmed.ncbi.nlm.nih.gov/16480014/ (accessed:
21.12.2022).

Butchart EG, Li HH, Payne N, Buchan K, Grunkemei-
er GL. Twenty years’ experience with the Medtronic
Hall valve. J Thorac Cardiovasc Surg. 2001; 121 (6):
1090-1100. https://doi.org/10.1067/mtc.2001.113754.

Svennevig JL, Abdelnoor M, Nitter-Hauge S. Twenty-
five-year experience with the Medtronic-Hall valve
prosthesis in the aortic position: a follow-up cohort
study of 816 consecutive patients. Circulation. 2007,
116 (16): 1795-1800. https://doi.org/10.1161/circulati-
onaha.106.677773.

Ahn H, Kim KH, Kim DJ, Jeong DS. Long-term experi-
ence with the Bjork—Shiley Monostrut tilting disc val-
ve. J Korean Med Sci. 2007; 22 (6): 1060—1064. https://
doi.org/10.3346/jkms.2007.22.6.1060.

Deitrich MS, Nashef SAM, Bain WH. Heart valve
replacement with the Bjork—Shiley monostrut val-
ve in patients over 60 years of age. Thorac Car-
diovasc Surg. 1989; 37 (3): 131-134. https://doi.
org/10.1055/s-2007-1020304.

Kallewaard M, Algra A, Defauw J, Grobbee D, van
der Graaf Y. Long-term survival after valve repla-
cement with Bjork—Shiley CC valves. Am J Cardiol.
2000; 85 (5): 598-603. https://doi.org/10.1016/s0002-
9149(99)00818-8.

Abdulyanov IV, Vagizov II, Kaipov AE. Clinical results
of cardiac valve repair with bicuspid full-flow mecha-

151

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

nical prosthesis “MedEng-ST”. Angiologija i sosudis-
taja hirurgija. 2020; 26 (4): 141-148. [In Russ]. https://
doi.org/10.33529/ANGI02020419.

Evdokimov SV, Evdokimov AS, Muyzemnek AYu. Hemo-
dynamics of the “MeEng-ST” full-flow heart valve. /z-
vestija vysshih uchebnyh zavedenij. Povolzhskij region.
Medicinskie nauki. 2020; 4: 119—132. [In Russ, English
abstract]. https://doi.org/10.21685/2072-3032-2020-4-
11.

Cdceres-Loriga FM, Pérez-Lopez H, Santos-Gracia J,
Morlans-Hernandez K. Prosthetic heart valve throm-
bosis: pathogenesis, diagnosis and management. Int J
Cardiol. 2006; 110 (1): 1-6. https://doi.org/10.1016/j.
ijcard.2005.06.051.

Wolberg AS, Aleman MM, Leiderman K, Mach-
lus KR. Procoagulant activity in hemostasis and
thrombosis: Virchow’s triad revisited. Anesth An-
alg. 2012; 114 (2): 275-285. https://doi.org/10.1213/
ane.0b013e31823a088c.

Makkar RR, Fontana G, Jilaihawi H, Chakravarty T,
Kofoed KF, De Backer O et al. Possible Subclinical
Leaflet Thrombosis in Bioprosthetic Aortic Valves. N
Engl J Med. 2015; 373 (21): 2015-2024. https://doi.
org/10.1056/NEJMoal509233.

Freudenberger RS, Hellkamp AS, Halperin JL, Poole J,
Anderson J, Johnson G et al. Risk of thromboembolism
in heart failure: An analysis from the Sudden Cardiac
Death in Heart Failure Trial (SCD-HeFT). Circulation.
2007; 115 (20): 2637-2641. https://doi.org/10.1161/
circulationaha.106.661397.

Roudaut R, Serri K, Lafitte S. Thrombosis of prosthetic
heart valves: Diagnosis and therapeutic considerations.
Heart. 2007; 93 (1): 137-142. https://doi.org/10.1136/
hrt.2005.071183.

Bluestein D, Niu L, Schoephoerster RT, Dewanjee MK.
Fluid mechanics of arterial stenosis: relationship to the
development of mural thrombus. Ann Biomed Eng.
1997; 25 (2): 344-356.

Morshed KN, Bark D Jr, Forleo M, Dasi LP. The-
ory to predict shear stress on cells in turbulent blood
flow. PLoS One. 2014; 9 (8): e105357. https://doi.
org/10.1007/bf02648048.

Beiras-Fernandez A, Oberhoffer M, Kur F, Kaczma-
rek I, Vicol C, Reichart B. 34-year durability of a De-
Bakey Surgitool mechanical aortic valve prosthesis. /n-
teract Cardiovasc Thorac Surg. 2006; 5 (5): 637—639.
https://doi.org/10.1510/icvts.2006.135087.

Sadeghi H. Dysfunctions of heart valve prostheses and
their surgical treatment. Schweiz Med Wochenschr.
1987 Oct 24; 117 (43): 1665-1670. PubMed [Inter-
net]. Available from: https:/pubmed.ncbi.nlm.nih.
gov/3321421/ (accessed: 06.11.2022).

Zaidi M, Premkumar G, Naqvi R, Khashkhusha A,
Aslam Z, Ali A et al. Aortic valve surgery: manage-
ment and outcomes in the paediatric population. Eur
J Pediatr. 2021; 180 (10): 3129-3139. https://doi.
org/10.1007/s00431-021-04092-1.

Schaff HV. Progress in Management of Mechanical
Valve Thrombosis. J Am Coll Cardiol. 2022; 79 (10):
990-992. https://doi.org/10.1016/j.jacc.2022.01.008.



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXV N2 1-2024

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

Wilson CJ, Clegg RE, Leavesley DI, Pearcy MJ. Me-
diation of biomaterial-cell interactions by adsorbed
proteins: A review. Tissue Eng. 2005; 11 (1-2): 1-18.
https://doi.org/10.1089/ten.2005.11.1.

Ortega-Vinuesa JL, Tengvall P, Wilivaara B, Lund-
strom 1. Stagnant versus dynamic conditions: A com-
parative adsorption study of blood proteins. Biomateri-
als. 1998; 19 (1-3): 251-262. https://doi.org/10.1016/
s0142-9612(97)00206-8.

Krishnan A, Liu YH, Cha P, Allara D, Vogler EA. Scaled
interfacial activity of proteins at a hydrophobic solid/
aqueous-buffer interface. J Biomed Mater Res A. 2005;
75 (2): 445-457. https://doi.org/10.1002/jbm.a.30444.
Turbill P, Beugeling T, Poot AA. Proteins involved in
the Vroman effect during exposure of human blood
plasma to glass and polyethylene. Biomaterials. 1996
Jul; 17 (13): 1279-1287. PubMed [Internet]. Available
from: https://pubmed.ncbi.nlm.nih.gov/8805975/ (ac-
cessed: 20.01.2021).

Gorbet MB, Sefton MV. Biomaterial-associated throm-
bosis: Roles of coagulation factors, complement, pla-
telets and leukocytes. Biomaterials. 2004; 25 (26):
5681-5703. https://doi.org/10.1016/b978-008045154-
1.50025-3.

Tsai WB, Grunkemeier JM, Horbett TA. Human
plasma fibrinogen adsorption and platelet adhesi-
on to polystyrene. J Biomed Mater Res. 1999; 44
(2):  130-139.  https://doi.org/10.1002/(sici)1097-
4636(199902)44:2<130::aid-jbm2>3.0.c0;2-9.

Tsai WB, Grunkemeier JM, McFarland CD, Hor-
bett TA. Platelet adhesion to polystyrene-based surfaces
preadsorbed with plasmas selectively depleted in fib-
rinogen, fibronectin, vitronectin, or von Willebrand’s
factor. J Biomed Mater Res. 2002; 60 (3): 348-359.
https://doi.org/10.1002/jbm.10048.

Loike JD, Sodeik B, Cao L, Leucona S, Weitz JI, Det-
mers PA et al. CD11c¢/CD18 on neutrophils recogni-
zes a domain at the N terminus of the A alpha chain
of fibrinogen. Proc Natl Acad Sci U S A. 1991; 88 (3):
1044-1048. doi: 10.1073/pnas.88.3.1044.

Wright SD, Weitz JI, Huang AJ, Levin SM, Silver-
stein SC, Loike JD. Complement receptor type three
(CD11b/CD18) of human polymorphonuclear leukocy-
tes recognizes fibrinogen. Proc Natl Acad Sci U S A.
1988; 85 (20): 7734-7738. https://doi.org/10.1073/
pnas.85.20.7734.

Bowers VM, Fisher LR, Francis GW, Williams KL.
A micromechanical technique for monitoring cell-sub-
strate adhesiveness: Measurements of the strength of
red blood cell adhesion to glass and polymer test sur-
faces. J Biomed Mater Res. 1989; 23 (12): 1453-1473.
https://doi.org/10.1002/jbm.820231208.

Bender M, Haferkorn K, Tajmiri-Gondai S, Uhl E,
Stein M. Fibrinogen to Albumin Ratio as Early Serum
Biomarker for Prediction of Intra-Hospital Mortality in
Neurosurgical Intensive Care Unit Patients with Spon-
taneous Intracerebral Hemorrhage. J Clin Med. 2022;
11 (14): 4214. https://doi.org/10.3390/jcm11144214.
Wannop J, Kowalchuk S, Esposito M, Stefanyshyn D.
Influence of Artificial Turf Surface Stiffness on Athlete

152

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Performance. Life (Basel). 2020; 10 (12): 340. https://
doi.org/10.3390/1ife10120340.

Huang G, Schaff HV, Sundt TM, Rahimtoola SH. Treat-
ment of obstructive thrombosed prosthetic heart valve.
J Am Coll Cardiol. 2013; 62 (19): 1731-1736. https://
doi.org/10.1016/j.jacc.2013.07.075.

Basmadjian D, Sefton MV, Baldwin SA. Coagulation on
biomaterials in flowing blood: some theoretical con-
siderations. Biomaterials. 1997; 18 (23): 1511-1522.
https://doi.org/10.1016/s0142-9612(97)80002-6.

De Mel A, Jell G, Stevens MM, Seifalian AM. Biofunc-
tionalization of biomaterials for accelerated in situ en-
dothelialization: A review. Biomacromolecules. 2008; 9
(11): 2969-2979. https://doi.org/10.1021/bm800681k.

Meng J, Zhu G, Xu H. Effects of nanotopography for
biomaterials on cell behaviors. Sheng Wu Yi Xue Gong
Cheng Xue Za Zhi. 2007 Jun; 24 (3): 685—689. PubMed
[Internet]. Available from: https://pubmed.ncbi.nlm.
nih.gov/17713289/ (accessed: 20.01.2021).

Milner KR, Siedlecki CA. Fibroblast response is en-
hanced by poly(L-lactic acid) nanotopography edge
density and proximity. Int J Nanomedicine. 2007;
2 (2): 201-211. PubMed [Internet]. Available from:
https://pubmed.ncbi.nlm.nih.gov/17722548/ (accessed:
20.01.2021).

Leslie DC, Waterhouse A, Berthet JB, Valentin TM,
Watters AL, Jain A et al. A bioinspired omniphobic sur-
face coating on medical devices prevents thrombosis
and biofouling. Nat Biotechnol. 2014; 32 (11): 1134—
1140. https://doi.org/10.1038/nbt.3020.

Sun T, Tan H, Han D, Fu Q, Jiang L. No platelet can
adhere — largely improved blood compatibility on

nanostructured superhydrophobic surfaces. Small.
2005; 1 (10): 959-963. https://doi.org/10.1002/
smll.200500095.

Wang W, Vahabi H, Movafaghi S, Kota AK. Superomni-
phobic Surfaces with Improved Mechanical Durability:
Synergy of Hierarchical Texture and Mechanical Inter-
locking. Adv Mater Interfaces. 2019; 6 (18): 1900538.
https://doi.org/10.1002/admi.201900538.

Lee C, Kim CJ. Maximizing the giant liquid slip on
superhydrophobic microstructures by nanostructu-
ring their sidewalls. Langmuir. 2009; 25 (21): 12812-
12818. https://doi.org/10.1021/1a901824d.

Wu Y, Butchart EG, Borer JS, Yoganathan A, Grunke-
meier GL. Clinical evaluation of new heart valve pros-
theses: update of objective performance criteria. Ann
Thorac Surg. 2014; 98 (5): 1865-1874. https://doi.
org/10.1016/j.athoracsur.2014.05.006.

Chaudhary R, Garg J, Krishnamoorthy P, Shah N,
Feldman BA, Martinez MW, Freudenberger R. On-X
Valve: The Next Generation Aortic Valve. Cardi-
ol Rev. 2017; 25 (2): 77-83. https://doi.org/10.1097/
crd.0000000000000105.

Kondyurin A, Pecheva E, Pramatarova L. Calcium
phosphate formation on plasma immersion ion im-
planted low density polyethylene and polytetrafluor-
ethylene surfaces. J Mater Sci Mater Med. 2008; 19
(3): 1145-1153. https://doi.org/10.1007/s10856-007-
3231-2.



RELATED DISCIPLINES

91.

92.

93.

94.

95.

Grenadyorov AS, Solovyev AA, Oskomov KV, Onischen-
ko SA, Chernyavskiy AM, Zhulkov MO, Kaichev VV.
Modifying the surface of a titanium alloy with an elec-
tron beam and a-C:H:SiO, coating deposition to redu-
ce hemolysis in cardiac assist devices. Surf Coatings
Technol. 2020; 381: 125113. https://doi.org/10.1016/j.
surfcoat.2019.125113.

Grenadyorov AS, Solovyev AA, Ivanova NM, Zhul-
kov MO, Chernyavskiy AM, Malashchenko VV, Khlu-
sov 14. Enhancement of the adhesive strength of an-
tithrombogenic and hemocompatible a-C:H:SiO,
films to polypropylene. Surf Coatings Technol.
2020; 399: 126132. https://doi.org/10.1016/j.surf-
co0at.2020.126132.

Zhulkov MO, Grenadyorov AS, Korneev DS, Agaeva
HA, Chernyavsky AM, Khlusov IA. The study of plate-
let reaction on a-C:H:SiO, coatings obtained via plas-
ma enhanced chemical vapor deposition with bipolar
bias voltage. Bull Sib Med. 2020; 19 (3): 15-21. https://
doi.org/10.20538/1682-0363-2020-3-15-21.

Dion I, Roques X, Baquey C, Baudet E, Basse Catha-
linat B, More N. Hemocompatibility of diamond-like
carbon coating. Biomed Mater Eng. 1993 Spring;
3 (1): 51-55. PubMed [Internet]. Available from:
https://pubmed.ncbi.nlm.nih.gov/8490535/ (accessed:
15.11.2022).

Bociaga D, Sobczyk-Guzenda A, Komorowski P, Bal-
cerzak J, Jastrzebski K, Przybyszewska K, Kaczma-
rek A. Surface characteristics and biological evaluation

153

96.

97.

98.

99.

of Si-DLC coatings fabricated using magnetron sput-
tering method on Ti6Al7Nb substrate. Nanomateri-
als (Basel). 2019; 9 (6): 812. https://doi.org/10.3390/
nano9060812.

Khandwekar AP, Patil DP, Shouche Y, Doble M.
Surface engineering of polycaprolactone by bioma-
cromolecules and their blood compatibility. J Bio-
mater Appl. 2011; 26 (2): 227-252. https://doi.
org/10.1177/0885328210367442.

Grenadyorov AS, Solovyev AA, Oskomov KV, Seme-
nov VA, Zhulkov MO, Sirota DA et al. Morphofunc-
tional reaction of leukocytes and platelets in in vitro
contact with a-C:H:SiO,-coated Ti-6Al-4V substrate.
J Biomed Mater Res A. 2023 Mar; 111 (3): 309-321.
https://doi.org/10.1002/jbm.a.37470.

Grenadyorov AS, Solovyev AA, Oskomov KV, Yakov-
lev EV, Zhulkov MO. AISI 316L stainless steel modifica-
tion by surface alloy and aC:H:SiO, coating synthesis.
Vacuum. 2022; 204: 111369. https://doi.org/10.1016/j.
vacuum.2022.111369.

Grenadyorov AS, Zhulkov MO, Solovyev AA, Osko-
mov KV, Semenov VA, Chernyavskiy AM et al. Surface
characterization and biological assessment of corrosi-
on-resistant a-C:H:SiO, PACVD coating for Ti-6Al-4V
alloy. Mater Sci Eng C Mater Biol Appl. 2021; 123:
112002. https://doi.org/10.1016/j.msec.2021.112002.

The article was submitted to the journal on 20.10.2023



