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ABSTRACT

The aim of the study was to conduct a hydrodynamic assessment of the efficiency of heart valve prostheses made 
of xenopericardium protected by polyvinyl alcohol. 

Materials and methods. Experimental prostheses based on the UniLine bioprosthesis model were manufactured 
for the study. The xenopericardium used for the valve cusps was modified with polyvinyl alcohol to improve 
its resistance to biological and mechanical effects. Hydrodynamic tests were performed on a Pulse Duplicator 
system, which simulates the function of the “left heart”. The key parameters of the prosthesis operation were 
estimated including average transprosthetic gradient, effective orifice area, locking volume, and regurgitant volume. 
Unmodified prostheses of similar size were used as a control.

Results. Hydrodynamic tests showed that the experimental prostheses demonstrate an increase in the average 
transprosthetic gradient to 6.59 mm Hg (compared to 5.29 mm Hg in the control group) and a decrease in the 
effective orifice area to 1.52 cm² (1.69 cm² in the control group). The regurgitant volume also increased to 23.3 ml 
per cycle, which is higher than the control value of 12.2 ml per cycle. Despite this, all indicators remain within the 
permissible values established by the state standard (GOST). 

Conclusion. The use of polyvinyl alcohol to protect the xenopericardium demonstrates potential advantages 
such as increased resistance of the material to biological effects, but is accompanied by some decrease in the 
hydrodynamics of the prosthesis. Nevertheless, the efficiency indicators remain within the standards, which opens 
up opportunities for further improvement of the technology. It is necessary to continue research in order to optimize 
the material and design to improve both the biocompatibility and functional characteristics of the prosthesis.
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Гидродинамическая эффективность композитного протеза клапана 
сердца

Клышников К.Ю., Костюнин А.Е., Онищенко П.С., Глушкова Т.В., Акентьева Т.Н.,  
Борисова Н.Н., Кутихин А.Г., Овчаренко Е.А.

Научно-исследовательский институт комплексных проблем сердечно-сосудистых заболеваний (НИИ КПССЗ) 
Россия, 650002, г. Кемерово, б-р имени академика Л.С. Барбараша, 6

РЕЗЮМЕ

Целью исследования стала гидродинамическая оценка эффективности работы протезов клапанов сердца, 
изготовленных из ксеноперикарда, защищенного поливиниловым спиртом.

Материалы и методы. Для исследования были изготовлены экспериментальные протезы на основе 
модели биопротеза «ЮниЛайн». Ксеноперикард, использованный для створок, был модифицирован по-
ливиниловым спиртом для улучшения его стойкости к биологическим и механическим воздействиям. Ги-
дродинамические испытания проводили на стенде Pulse Duplicator, который моделирует функцию «левого 
сердца». Оценивали ключевые параметры работы протеза: средний транспротезный градиент, эффективная 
площадь отверстия, запирающий объем и объем регургитации. В качестве контроля использовали немоди-
фицированные протезы аналогичного размера. 

Результаты. Гидродинамические испытания показали, что экспериментальные протезы демонстрируют 
увеличение среднего транспротезного градиента до 6,59 мм рт. ст. (по сравнению с 5,29 мм рт. ст. у 
контрольной группы) и уменьшение эффективной площади отверстия до 1,52 см² (в контрольной группе – 
1,69 см²). Объем регургитации также увеличился до 23,3 мл/цикл, что выше показателя контроля  
в 12,2 мл/цикл. Несмотря на это, все показатели остаются в пределах допустимых значений, установленных 
ГОСТом. 

Заключение. Использование поливинилового спирта для защиты ксеноперикарда демонстрирует 
потенциальные преимущества в повышении стойкости материала к биологическим воздействиям, однако 
сопровождается некоторым ухудшением гидродинамических характеристик протеза. Тем не менее 
показатели эффективности остаются в пределах нормативов, что открывает возможности для дальнейшего 
совершенствования технологии. Дальнейшая трансляция технологии в клиническую практику требует 
корректировки характеристик материала для улучшения функциональных показателей протеза.

Ключевые слова: гидродинамические испытания, протез клапана сердца, транспротезный градиент, эф-
фективная площадь отверстия, регургитация
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INTRODUCTION

Cardiovascular diseases remain the leading 
causes of death worldwide and a significant burden 
on the healthcare system [1]. Surgical (SAVR) and 
transcatheter aortic valve replacement (TAVR) are 
becoming common treatment modalities, providing 
patients with the opportunity to prolong their lifespan 
and improve quality of life. 

Thus, 2,526 SAVR (according to data for 2022) 
[2] and 1,467 TAVR (according to data for 2021) 
[3] procedures took place in the Russian Federation. 
Bioprosthetic heart valves used for these interventions 
are made using bovine or porcine xenopericardium 
stabilized with preservatives such as glutaraldehyde 
or ethylene glycol diglycidyl ether [4, 5]. These 
materials have good bio- and hemocompatibility 
properties and are used worldwide in manufacturing of 
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Fig. 1. The UniLine bioprosthesis, standard 26 mm in size, and its main components: a – isometric view, b – side view
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bioprostheses [6]. However, failure of such prostheses 
observed in clinical practice due to calcification of 
the xenopericardium, structural degeneration due to 
prolonged function in the bloodstream, exposure to 
immune cells and blood proteinases, prevent specialists 
from referring to this material as “ideal” [7]. Therefore, 
the field of materials science for implantable medical 
devices puts emphasis on the complete or partial 
replacement of xenopericardium with a synthetic 
polymer material that is more resistant to mechanical 
and biological influences during functioning and can 
withstand aggressive environment of the recipient`s 
body [8–10]. 

A number of authors propose the development of a 
fully polymeric heart valve, demonstrating successful 
in vitro, preclinical in vivo, and human trial results [8, 
11–13]. Other authors modify xenopericardium with 
additional agents that reduce the immunogenicity of the 
material or the tendency toward calcification [14, 15]. 
Our team has developed the concept of a “protected” 
material, it is centered around the idea of insulating the 
pericardium with layers of polymer – polyvinyl alcohol 
(PVA) [16]. The polymer covers and impregnates the 
pericardial base, thus preventing proteolytic blood 
enzymes, immune cells, albumin, and other factors from 
penetrating into the tissue and inducing calcification. 
Thus, PVA creates a protective layer. 

However, the introduction of a new component 
into xenopericardial material will affect the bio- and 
hemocompatibility of the device and mechanical 
properties of the cusps, and, consequently, the function 

of the bioprosthesis as a whole. The key indicators 
of the reliability and effectiveness of a heart valve 
prosthesis can be evaluated using hydrodynamic tests. 
Hydrodynamic tests performed with high-precision 
systems are highly informative due to qualitative 
and quantitative assessment of the key performance 
indicators of the prosthesis at all phases of its function – 
opening and closing [17]. The more accurately the 
system simulates the function of the heart, the more 
reliable the results of the study of the prosthesis will be. 

The aim of this study was to conduct a 
hydrodynamic assessment of the function of a novel 
heart valve prosthesis made of a polyvinyl alcohol-
protected xenopericardial tissue using a hydrodynamic 
tester system.

MATERIAL AND METHODS
Prosthetic Heart Valves

Experimental prostheses were made on the basis 
of the UniLine heart valve bioprosthesis for tricuspid 
heart valves replacement (NeoCor, Russia), which 
proved itself as an effective medical device for the 
treatment of acquired heart valve defects [18, 19]. The 
prosthesis consists of three cusps made from bovine 
xenopericardium stabilized with ethylene glycol 
diglycidyl ether. The cusps are mounted on a three-
pronged polypropylene support frame, covered inside 
and outside with synthetic woven lining. The sewing 
ring is located at the base of the prosthesis (Fig. 1). 
The device is designed for open implantation in the 
tricuspid position and suture fixation.

To improve the stability of the biomaterial of this 
prosthesis, we have proposed an additional polymer 
modification of the xenopericardial tissue that is used 
to cut out and manufacture cusps. It is an experimental 
technology that has been described earlier [16]. For 

the modification we used a 15% modification solution 
of PVA, prepared by dissolving this polymer (Mw = 
89,000–98,000 99+% hydrolyzed, Sigma-Aldrich, 
USA) in deionized water at 100˚ ˚C for 2.5 hours 
and constantly stirred. After dissolution, the solution 
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was cooled to room temperature, and xenopericardial 
patches were immersed in this solution for 24 hours. 
Then, the samples were removed from the solution and 
placed between two glasses, the gap between which 
was fixed with metal plates. Next, the samples were 
subjected to three cryostructuring cycles, consisting of 
the following successive steps: the samples were kept 
at –40˚ C for 24 hours, then at –2˚ C for 12 hours, and 
finally at +8˚ C for 12 hours. After cryostructuring, the 
samples were washed in water for 24 hours to remove 
unbound PVA, the water was changed regularly.

After that, NeoCor manufactured a series of 
prototype prostheses using this protected material  
(n = 5), which we assessed in vitro. All devices in this 
study were of standard 26-mm size. 

Hydrodynamic Tests
The functional properties of experimental protected 

prostheses were evaluated using the Pulse Duplicator 
hydrodynamic testing system (Vivitro Labs, Canada). 
The system is a model of the “left heart”, simulating 
the work of the ventricle and atrium (Fig. 2). 

Fig. 2. Pulse Duplicator system and its main components
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The study was carried out by reproducing the 
physiological function of the “heart” as defined by state 
standards (GOST 31618.1-2012): stroke volume – 
70 ml; minute volume – 5 l/min; heart rate – 70 beats/
min; the mean back pressure on the prosthesis –  
120 mm Hg. Saline solution was used as the test 
medium. During the study, the following parameters 
were quantified: mean transprosthetic gradient, 
effective orifice area, locking volume, and regurgitant 
volume. All parameters were evaluated during 
10 steady “cardiac” cycles for each prosthesis. 
Moreover, these cardiac cycles were recorded using a 
FastVideo-250 video camera (NPO ASTEK, Russia).

Unmodified UniLine bioprostheses (n = 5) of the 
same standard size (26 mm) for the implantation in 
tricuspid position were used as controls. All tests on 
controls were carried out under the same conditions. 

Statistical data processing was performed using 
the Statistica 10.0 program (StatSoft, Russia). Given 
the small sample size, the presence of statistically 
significant differences in quantitative hydrodynamic 
parameters between the groups was assessed using 
the Mann–Whitney U-test, a nonparametric criterion 
for independent samples. The data are presented as 
the median and the interquartile range Me (Q1–Q3). 
The differences between the groups were considered 
statistically significant at p < 0.05.

RESULTS
The results of comparison of prosthesis quantitative 

characteristics are presented in Table 1. There was 
no statistically significant decrease in the parameters, 
however, the experimental samples tended to function 
less efficiently compared to controls. Their performance 
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worsened as the effective orifice area decreased while the 
mean transprosthetic gradient increased. The analysis of 
the video recordings confirmed these conclusions – the 

experimental samples opened with a small geometric 
orifice area, thus showing higher transprosthetic 
gradients and smaller effective orifice area (Fig. 3).

T a b l e  1

Hydrodynamic Performance of Experimental and Control Prostheses, Me (Q1–Q3)

Parameter Experimental samples Controls p
Mean transprosthetic gradient, mm Hg 6.59 [6.10–7.22] 5.29 [5.19–6.13] 0.143
Effective orifice area, cm2 1.52 [1.51–1.61] 1.69 [1.60–1.76] 0.296
Locking volume, ml/cycle 1.12 [1.22–1.055] 1.77 [1.405–1.92] 0.094
Regurgitant volume, ml/cycle 2.33 [1.93–2.465] 1.22 [1.115–1.45] 0.296

Regurgitant volume increased as well, however, it 
remained within the limits allowed by state standards 
(GOST 31618), there were no significant differences 
compared to controls.

DISCUSSION
Bioprosthetic heart valve dysfunction is a 

significant challenge for engineers and researchers 
developing these medical devices. The need to 
create an optimal geometry of cusps and support 
frame is complicated by the aggressive operating 
conditions of the device such as exposure to blood 
components (proteolytic enzymes and immune cells) 
and extremely long duration of loading (tens of years, 
200–400–600 million cycles). Therefore, the research 
and implementation of new materials resistant to such 
impacts are important aspects of the development of 
future bioprosthetic heart valve designs. 

Modern promising materials in this field are likely 
to be synthetic polymer and/or composite. The present 
study demonstrates the latter using a unique concept – 
a xenopericardial patch commonly used to create 
cusps for prostheses protected from the factors and 
blood cells by a biocompatible polymer material [16]. 
Such a concept can improve the biocompatibility and 
stability of prostheses, increase their durability, i.e. 

Fig. 3. Pairwise comparison of 
experimental and control prostheses in 
sped up video recording at maximum 

opening (several selected samples)

Control

Experiment

delay the onset of dysfunction and, as a result, the 
need for repeated surgical intervention. 

It is worth noting that the introduction of PVA 
into the composition of the material also affects the 
biomechanics of the final product in close-to-real 
conditions. This effect is expected, but its severity and 
potential significance should be carefully evaluated 
for further adjustment of the prosthesis design and 
balancing between the protective properties of PVA 
and efficiency, primarily in terms of hydrodynamic 
parameters. This effect was fully demonstrated in our 
study. 

To form the protective layer, we selected a 
standard 0.5 ± 0.01-mm-thick pericardial patch 
used in the actual manufacturing of bioprostheses. 
Modification with PVA changed its the physical and 
mechanical characteristics – increased the thickness. 
Despite the fact that PVA itself had an extremely 
low modulus of elasticity (less than 0.1 MPa) [20], 
even such small addition to the “xenopericardium 
+ PVA” composite material negatively affected its 
hydrodynamic characteristics compared to unmodified 
xenopericardium. It is worth mentioning that any 
prosthetic heart valves based on biological materials 
have some variability in their parameters, since the 
animal tissues themselves are variable. However, 

Klyshnikov K.Yu., Kostyunin A.E., Onishchenko P.S. et al. Hydrodynamic performance of a composite heart valve prosthesi
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we have noted a clear trend (albeit not statistically 
significant) towards a decrease in the effectiveness 
of experimental protected prostheses in vitro, which 
means that it was the introduction of PVA that affected 
the parameters, not the random variability. 

Given the negative experience with PVA-protected 
xenopericardium, the positive results of such 
modification. Firstly, despite the worse performance 
of the prosthesis, its parameters remain within 
acceptable limits allowed by state standards (GOST 
31618.1-2012 “Prosthetic heart valves. Part 1”). Thus, 
the effective orifice area for this standard size should 
not be less than 1.4 cm2, and the regurgitant volume 
should be 10 ml/cycle, i.e. experimental protected 
prostheses have an acceptable performance. 

Secondly, to make cusps based on such composite 
material, one can use a thinner xenopericardial patch. 
In this study, the baseline material had a thickness of 
0.5 ± 0.01 mm, which increased to 0.55 ± 0.01 mm 
after the modification with PVA, i.e. it thickened and 
changed the biomechanics of the device as a whole 
(its hydrodynamics). The use of a 0.45–0.475-mm- 
thick xenopericardial material, taking into account 
the subsequent modification with PVA, should result 
in better physical and mechanical properties of the 
composite, similar to the unmodified material used 
in the prosthesis. It will be difficult to find a thin 
xenopericardial material since the manufacturing 
process at NeoCor is already established. However, 
taking into account the advantages provided by 
the PVA protection like increased durability and 
reliability of the prosthesis, it is possible to justify the 
amendments to technical regulations and selection of 
new materials (thinner xenopericardium), including 
the costs. 

CONCLUSION
In conclusion, the use of the PVA-protected 

xenopericardium opens up new opportunities for 
the development of a new generation of prosthetic 
heart valves with longer lifespan and protection 
from aggressive factors of recipient`s body. The first 
experience of creating the material and a prosthetic 
heart valve based on it demonstrate the high potential 
of the technology, which, however, already requires 
prototyping adjustments. Further research in this area 
with a larger scope of tests is needed to assess the 
long-term effectiveness, safety, and duration of new 
designs.

In general, the relevance of developing a new 
prosthetic heart valve based on PVA-protected 

xenopericardium is scientifically and practically 
justified. The successful implementation of this 
type of prosthesis in clinical practice can change the 
treatment of cardiovascular diseases, improving the 
quality of life of patients and reducing the financial 
costs of treatment.
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