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Abstract 

Aim. The aim of this review was to analyze publications describing 

studies focusing on the pathophysiological mechanisms of calcification of 

bioprosthetic heart valves, and to substantiate new and promising 

methods of calcification prevention for the implantable medical devices. 

Material and methods. Databases and electronic libraries such as 

PubMed, Google Scholar and eLibrary were used for searching relevant 

articles. Search queries included the following word combinations: 

“bioprosthetic heart valves”, “structural valve degeneration”, 

“calcification”, “cyclic loading”, “inflammation”, “proteolysis”, 

“proteolytic enzymes”, “decellularization”, “anticalcification 

treatment”. The references in relevant articles were used for the search 

as well. Preference was given to works published from January 2013 to 

January 2023.  

Results. We have considered the key aspects of bioprosthetic heart valves 

calcification and the main strategies of calcification prevention. 

Calcification of bioprosthetic heart valves incorporates a complex set of 

mechanisms that includes, but is not limited to: 1) binding of calcium in 
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chemically stabilized biomaterial by free groups of the preservative; 2) 

precipitation of calcium on residual donor cells and cell debris; 3) pro-

calcifying changes in biological material due to proteolysis, mechanical 

and oxidative stress; 4) cell-mediated biomineralization. Despite modern 

advances in biopreservation, such as treatment with chemical agents that 

prevent the deposition of calcium, the problem of bioprosthetic heart 

valves calcification still prevails. The cause of it lies in the heterogeneity 

of the pathophysiological mechanisms behind the mineralization of 

biomaterial: currently developed methods of calcification prevention 

cannot block all ways of bioprosthetic heart valves calcification. 

Conclusion. Calcification of bioprosthetic heart valve leaflets is a 

complex process that underlies the main cause of dysfunction of the 

medical devices. Supposedly, a new innovative approach that involves 

polymer hydrogel filler in biomaterials can completely prevent its 

calcification. 
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BHVs, bioprosthetic heart valves 

SVD, structural valve degeneration  

 

Introduction 

The gold standard for the treatment of severe forms of acquired 

heart defects is the replacement of the affected valves [1]. As a rule, 

xenogeneic bioprosthetic heart valves (BHVs) made of chemically 

stabilized tissues of animal origin (porcine aortic valve, porcine or bovine 

pericardium), as well as mechanical substitutes produced of man-made 

materials (metal alloys and pyrolytic carbon) are used for this purpose 

[2]. Currently, most surgeons and patients prefer xenogeneic BHVs, since 

they compare favorably with their mechanical counterparts in their low 

thrombogenicity, avoiding the risks of lifelong anticoagulant therapy [2]. 

However, BHVs have short lifespan as they are prone to structural valve 

degeneration (SVD) [3]. In more than half of the cases, it is manifested by 

valve calcification, which leads to a limited mobility of leaflets, a 

decrease in the effective opening area, and valve obstruction [3]. 

According to statistics, from 20% to 50% of BHVs require replacement 

due to the development of SVD after 15 years of functioning [2]. Due to 

the significant risks associated with valve replacement and failure, the 

durability of the latter considerably limits the feasibility of bioprosthetics 

in people under 65 years of age, whose life expectancy exceeds the 

average life span of implants [1]. 

Since calcification is the main culprit in BHVs dysfunction, the 

main efforts of their manufacturers and researchers are aimed at 

developing methods to reduce the rate of calcification of biomaterials. 

Thus, the approaches introduced into the modern manufacturing of 



modern BHVs include: 1) anti-calcification treatment of biomaterial with 

chemical agents that mask the negatively charged free groups of 

preservative agents and thus prevent calcium precipitation (see below); 2) 

elimination of primary nuclei of hydroxyapatite crystal nucleation 

(residual tissue lipids, dead donor cells and cellular debris) through tissue 

delipidation and decellularization. However, despite certain advances in 

this area, the problem of BHVs calcification is still far from solved. 

Apparently, the cause of this is that the above methods, while allowing 

the exclusion of biomaterial factors from the mineralization process, do 

not eliminate the impact of pro-calcifying factors in the recipient’s blood 

on the implants. Consequently, failures in the development of resistant to 

calcification BHVs can be naturally explained: the methods used today 

only partially suppress the mechanisms responsible for the development 

of calcification. 

We should note that over the past 20 years, views on the 

mechanisms of BHVs calcification have been seriously revised. In 

particular, it was possible to identify the involvement of circulating 

recipient factors in this process, including a number of osteogenic 

calcium-binding proteins and matrix-degrading enzymes, as well as cells 

and molecular components of the immune system. And if earlier BHVs 

calcification was presented to researchers as a passive degenerative-

dystrophic process caused by suboptimal chemical stabilization of 

biological tissue and mechanical stress, today it is considered as a 

phenomenon behind which lies a complex of synergistically acting 

heterogeneous mechanisms [4]. Understanding this concept among 

researchers and manufacturers of BHVs is obviously a necessary 

condition for the development of new effective methods for suppressing 

valvular calcification. 

This review is focused on the analysis of current information on the 



triggers and pathophysiological mechanisms of BHVs calcification. We 

also reviewed the latest achievements in the development of anti-

calcification protection of biomaterials, highlighting the most promising 

trends in the search for a final solution to the problem of bioprosthetic 

valve calcification. 

 

Literature search strategy 

This review has analyzed relevant articles that describe the 

pathophysiological mechanisms of calcification of BHVs stabilized with 

glutaraldehyde or ethylene glycol diglycidyl ether. The reviewed studies 

are presented in the databases and electronic libraries PubMed, Google 

Scholar, and eLibrary. Search queries are based on combinations of the 

words "bioprosthetic heart valves", "structural valve degeneration", 

"calcification", "cyclic loading", "inflammation", "proteolysis", 

"proteolytic enzymes", "decellularization", "anti-calcium treatment" and 

their Russian-language analogues. In addition, the search for studies was 

carried out using the reference lists given in relevant articles. When 

analyzing the literature, preference was given to the articles published 

from January 2013 to January 2023. Earlier publication being the primary 

sources of the discussed concepts and containing important historical data 

have also been reviewed. 

 

Biomaterial factors in calcification of bioprosthetic heart valves 

The biological component of xenogeneic BHVs is represented by 

tissue of animal origin, which has been treated with special preservative 

substances [5]. Preservative reagents stabilize collagen fibers, increasing 

the mechanical strength of the biomaterial and its resistance to enzymatic 

and oxidative degradation, and also contribute to the partial destruction of 

or shielding from immunoreactive animal antigens. The need to use 



preservative reagents is dictated by the rapid degeneration of biomaterial 

in the human body in the absence of its chemical fixation. In particular, 

the first attempts to replace heart valves with unstabilized porcine 

xenografts, performed by a team of surgeons led by Alain Carpentier in 

the mid-60s of the last century, showed extremely unsatisfactory results: 

40% of the xenografts developed dysfunction within 6 months after 

implantation and only about 30% of these continued to function normally 

after 3 years [6]. Histological analysis of the excised valves demonstrated 

that the main cause of their degeneration was an immune reaction, 

accompanied by the breakdown of the collagen base of the biomaterial 

and rupture of the leaflets [6]. 

The creation of full-fledged commercial BHVs became possible 

thanks to the method of preserving biomaterials with glutaraldehyde 

proposed by A. Carpentier [7]. The use of this chemical agent to stabilize 

biological tissues made it possible to slow down SVD and significantly 

increase durability of BHVs [7]. Thus, for the first bioprostheses, 

freedom from SVD after 5 years of functioning was equal to 77% when 

implanted in the mitral position and 89% when implanted in the aortic 

position [7]. However, over time it became clear that the treatment of 

BHVs with glutaraldehyde promotes the development of calcification of 

the leaflets [4]. This problem persists when stabilizing biological tissue 

with ethylene glycol diglycidyl ether, which was proposed as an 

alternative to glutaraldehyde in the mid-90s as a more calcification-

resistant type of preservative reagent [8]. 

The nature of the calcium-binding activity of glutaraldehyde and 

ethylene glycol diglycidyl ether is based on the structure of the molecules 

of these substances and the leading mechanism of their interaction with 

collagen fibers. The principle of biological tissue stabilization with the 

preservative reagents under consideration is the formation of covalent 



bonds between their molecules and the functional groups of amino acids 

that make up collagen [5]. The molecules of glutaraldehyde and ethylene 

glycol diglycidyl ether are bifunctional (that is, they have two identical 

binding sites at opposite ends of the carbon chain), due to which they can 

form chemical bridges between the polypeptide chains of collagen, 

ensuring their chemical cross-linking [5]. In this case, some preservative 

reagent molecules interact with collagen through only one binding site, as 

a result of which free aldehyde or epoxy groups are present in the 

chemically stabilized biomaterial. The latter carry a negative charge and 

trap calcium cations from the environment, promoting dystrophic 

calcification. In particular, a direct relationship between the number of 

free aldehyde groups and the degree of calcification of glutaraldehyde-

treated bovine pericardium was demonstrated in an experiment in vivo 

using a rabbit model of intramuscular implantation [9]. 

It should be noted that in addition to the formation of free 

preservative reagent groups, the chemical fixation of the biomaterial 

provokes procalcifying changes in its structure. In particular, the treatment 

causes the biological tissue to lose collagen-associated 

mucopolysaccharides, which are associated with collagen fibers through 

so-called "hole zones". It is well known that these areas are the main 

centers of nucleation and growth of hydroxyapatite crystals along collagen 

fibers during physiological mineralization of bone tissue [10]. It is logical 

to assume that the loss of mucopolysaccharides and the exposure of areas 

prone to calcification may be an important factor in the formation of 

calcium deposits in BHVs. We should add that glutaraldehyde and 

ethylene glycol diglycidyl ether do not stabilize elastic fibers, and therefore 

they remain vulnerable to the destructive effects of cyclic loads, proteolytic 

and oxidative enzymes. This precedes and predetermines the elastin-

oriented calcification of the biomaterial [11]. 



Another factor that plays a role in the process of chemically 

stabilized biological tissue calcification is the presence of residual donor 

cells and cellular debris in it. The results of in vitro studies have shown 

that when a culture of porcine aortic valve interstitial cells is fixed with 

glutaraldehyde, their gradual mineralization occurs, accompanied by a 

depletion of calcium ions in the culture medium [12]. Electron 

microscopy has been used to visualize deposits of hydroxyapatite crystals 

on the inner surface of plasma membranes of dead cells and apoptotic 

bodies [12]. Data obtained in a subcutaneous implantation rat models 

confirmed that donor cells act as the main nuclei of hydroxyapatite 

nucleation, while the stabilized matrix serves as a substrate for further 

growth of calcifications [13]. 

The mechanism of calcification of fixed cells appears to be based 

on the influx of calcium ions from the environment into phosphate-rich 

cytosol after their death. Living cells maintain lower calcium 

concentrations in the cytosol compared to the extracellular fluid. This 

ionic asymmetry is achieved thanks to the active transport system, 

represented by a calcium-dependent ATPase and a sodium-calcium ion 

exchanger, which transport calcium ions through the plasmalemma from 

the cell to the environment. Chemical treatment leads to cell death and 

cessation of ion pumps activity, resulting in a flow of calcium ions 

directed into the cell along a concentration gradient. In addition, calcium 

is released from its intracellular stores. 

It has been shown that in glutaraldehyde-treated porcine aortic 

valve fibroblasts, intracellular calcium concentrations can exceed those in 

living cells by approximately a million times [12]. Since cell membranes 

and other intracellular structures are rich in phosphates, calcium ions 

accumulating in the cell begin to concentrate on their surface, forming 

calcium-phosphate complexes. Thus, the influx of calcium into the 



phosphate-rich cytosol creates a special localized microenvironment with 

high concentrations of calcium-phosphate products sufficient to initiate 

precipitation of hydroxyapatite. 

Despite the existence of the methods for additional processing of 

biological tissue, which are used in the production of modern BHVs and 

are designed to neutralize the participation of biomaterial factors in 

calcification, the latter remains one of the main causes of prosthetic valve 

dysfunctions [14]. Also noteworthy is the relationship between the rate of 

BHVs calcification and the metabolic or immune status of recipients. In 

particular, taking calcium-containing drugs or the presence of diseases 

(for example, hyperparathyroidism and renal failure), accompanied by 

increased levels of circulating calcium-phosphate complexes in the blood, 

are associated with a more rapid progression of SVD [4]. A tendency 

towards accelerated calcification of BHVs is characteristic of young 

recipients compared to older ones, which can be explained by the greater 

reactivity of their immune system and higher intensity of calcium 

metabolism [4]. Based on the above, we should conclude that, in addition 

to biomaterial factors, recipient factors make a significant impact on 

calcification of BHVs. 

 

Recipient factors and their contribution to calcification of 

bioprosthetic heart valves  

The impact of recipient factors on the mineralization of BHVs has 

been studied rather superficially, and many conclusions are based on 

indirect evidence. Nevertheless, based on the available information, it 

would be right to assert that some plasma proteins and cellular elements 

of blood are directly involved in calcification of bioprostheses. 

Back in the 80–90s of the last century, it was established that 

BHVs explanted due to calcification contain bone matrix proteins, such 



as osteopontin and osteocalcin, which are not seen in non-calcified valves 

[15–17]. Recent immunohistochemical studies have confirmed the earlier 

obtained results; besides, some other regulators of bone metabolism, 

including bone sialoprotein and alkaline phosphatase, have been 

identified in BHVs leaflets [18]. The sources of proteins turned out to be 

populations of osteoblast-like cells, although the diffuse pattern of sample 

staining with antibodies against osteopontin, osteocalcin, and bone 

sialoprotein demonstrated by the authors indicates the imbibition of these 

substances into the valve tissue from the blood plasma of recipients [18]. 

Bone matrix proteins have a high calcium-binding activity [19]. 

Being immobilized on the surface of collagen fibers, they can initiate the 

nucleation of hydroxyapatite crystals in BHVs leaflets, similar to what 

happens during the formation of bone tissue [19]. Moreover, these 

proteins act as signaling molecules that activate pro-osteogenic changes 

in smooth muscle cells and fibroblasts [20]. No studies in vivo have been 

performed so far aimed at testing the hypothesis about the participation of 

bone matrix proteins in the mineralization of prosthetic valves. 

Nevertheless, the coincidence of the expression patterns of such proteins 

in explanted BHVs with calcification of biological tissues, as well as the 

identification of a direct correlation between their concentration levels in 

the tissue and the extent of their calcification, suggests the stated 

hypothesis to be true [15–18]. 

In addition to bone matrix proteins, various proteases may be 

involved in the mineralization processes of BHVs. Numerous studies 

demonstrate that the leaflets of excised valves contain dense cellular 

infiltrates consisting of macrophages, giant multinucleated cells, 

neutrophils, T and B lymphocytes [21–24]. Immune cells are the source 

of a wide range of matrix-degrading enzymes, including aggressive 

collagenases and elastases from the group of cysteine cathepsins and 



matrix metalloproteinases [21]. Moreover, some proteolytic enzymes (for 

example, gelatinase B) abundantly enter the prosthetic biomaterial from 

the blood perfusing it [21]. Although the mechanism of enzyme 

interactions with biological tissue does not imply per se the formation of 

calcium deposits, the proteolytic cleavage of extracellular matrix fibers is 

responsible for procalcifying changes in its structure. 

Proteolytic degradation of collagen and elastin fibers helps 

exposing the areas vulnerable to calcification and accelerates 

mineralization, as demonstrated by studies conducted in vitro and in vivo 

[25, 26]. Apparently, this process can be intensified in the environment 

rich in oxidative enzymes and reactive oxygen species and also created by 

immune cells infiltrating the implants. 

It is worth noting that in addition to the production of osteogenic 

calcium-binding proteins, matrix-degrading enzymes and oxygen 

radicals, the recipient cells take part in forming the calcium deposits, 

undergoing mineralization after apoptosis [23]. This is confirmed by the 

results of electron microscopic studies of BHVs, which demonstrate the 

presence of crystalline structures on the surface membranes of apoptotic 

macrophages, which suggests their involvement in the processes of 

nucleation and growth of hydroxyapatite crystals [27]. 

Finally, blood lipid deposits accumulated in BHVs leaflets during 

their functioning can act as hydroxyapatite nucleation nuclei [28]. 

 

Mechanical stress as an intensifier of calcification of 

bioprosthetic heart valves  

Native heart valves and their substitutes function in an extremely 

aggressive mechanical environment. Each valve opens and closes about 

40 million times throughout the year, while valves go through 3 billion 

cycles over their lifetime [29]. During the cardiac cycle, the heart valve 



leaflets are subjected to variable mechanical loads caused by wall shear 

stress when the valve is open, bending deformations of the tissue that 

occur during its opening and closing, as well as the tension on the leaflets 

under the action of blood back pressure when they are closed [30]. 

It is generally accepted that the mechanical stress experienced by 

BHVs makes a significant impact on the intensification of their 

calcification process. In vivo, calcium deposits in BHVs tissues are 

formed predominantly in the areas that are subject to the greatest 

mechanical loads [31, 32]. Results of in vitro tests show that upon 

incubation in a calcinating solution and exposure to cyclic loads, the 

mineralization of the bovine pericardial plates begins at the bending sites 

[33]. Clinical observations also indicate a close relationship between 

mechanical stress and calcification. In particular, faster rates of 

calcification are observed in patients with hypertension and those 

receiving small-diameter BHVs whose effective opening area is not large 

enough relative to the body surface area (the so-called patient-prosthetic 

mismatch) [34]. Also, the significance of mechanical stress in the 

mineralization of prosthetic valves was demonstrated by the data obtained 

from studying the pairs of identical xenoaortic BHVs, which were 

included in the design of the Heart Mate XVE device (Thoratec 

Corporation, USA) used to assist the left ventricle heart functioning [35]. 

It was shown that inflow BHVs experiencing greater closure pressure 

compared to the outflow ones were calcified more often and had a larger 

extent of calcification [35]. 

The mechanism of intensification of hydroxyapatite deposition in 

BHVs under the impact of mechanical stress is based on the accumulation 

of fatigue damage in the structure of the biomaterial fibrous matrix. 

Molecular damage to collagen fibers in glutaraldehyde-treated bovine 

pericardial samples has been shown to occur after 20 million cycles, 



which is equivalent to only 6 months of valve operation in vivo [36]. 

Since the biological tissue of BHVs is not capable of regeneration, 

degenerative changes in the collagen network that occur due to cyclic 

loads are irreversible. In this case, a break of the material structural 

integrity facilitates the diffusion of calcium ions through voids and 

microcracks in its thickness, and also promotes the formation of 

hydroxyapatite crystals on damaged areas of collagen and elastic fibers 

[4]. Likewise, fatigue damage and delamination of the fibrous matrix of 

the valves facilitates the penetration of monocytes and other blood 

cellular elements into them. Noteworthy is that, according to microscopic 

studies, cellular infiltrates are located predominantly in the areas with a 

disorganized and fragmented matrix [21–24]. It should also be added that 

cyclic loads provoke the loss of chemical cross-links in stabilized 

biological tissue, gradually reducing its resistance to proteolytic 

degradation [37]. 

It is important to note that calcification of the leaflets and 

associated valve stenosis lead to increased mechanical stress. Initially, 

BHVs provides a physiological blood flow, but as calcification develops, 

the transprosthetic gradient increases and the flow velocity increases 

many times over. The high linear velocity of blood flow causes an 

excessive increase in the shear stress acting on the valve leaflets. Thus, a 

degeneration closed cycle is formed: an increase in the rigidity and 

thickness of the valves due to progressive calcification leads to a gradual 

decrease in their mobility and the formation of valve stenosis, causing an 

increasing deviation of the hydrodynamic transprosthetic flow parameters 

from normal values; this in turn contributes to additional damage to the 

biomaterial and accelerates its calcification. 

 



Preventing the calcification of xenogeneic bioprosthetic heart 

valves calcification: in search of new solutions 

In their search for solving the problem of calcification of biological 

tissues in BHVs, investigators work in several directions in accordance 

with theoretical ideas about the causes and mechanisms behind this 

phenomenon. In general, five main strategies can be distinguished: 1) the 

search for new calcification-resistant reagents; 2) the neutralization of 

free aldehyde and epoxy groups to reduce the calcium-binding potential 

of biological material fixed with standard preservation agents; 3) the 

removal of primary hydroxyapatite nucleation centers from the tissue 

structure; 4) fabricating the BHVs using low-immunogenic tissues of 

genetically modified animals; 5) creation of composites by combining 

biological tissue with polymer hydrogels. 

Back in 1987, a group of researchers led by Gershon Golomb 

studied the effect of glutaraldehyde treatment on the process of 

calcification of biological tissues and concluded that it would be possible 

to completely suppress the mineralization of BHVs only by substituting 

for another reagent [38]. Since that time, a number of alternative 

stabilizers have been identified that are less prone to binding calcium ions 

compared to glutaraldehyde. These include substances of plant origin 

(genipin and tannic acid) and bacterial origin (reuterin), methacrylic 

anhydride and carbodiimides [39–43]. However, despite promising 

results of preclinical trials based on the use of these compounds, methods 

for preserving biomaterials have not reached the stage of clinical trials. 

Probably, the low interest in further testing of such preservative reagents 

can be explained by the doubts from manufacturers of BHVs about their 

reliability due to poor knowledge in both fundamental and applied 

aspects. In addition, the stabilization of biomaterial using these reagents 

is difficult for implementation in mass production and is extremely 



expensive, which raises questions about its economic feasibility. Among 

alternative approaches to glutaraldehyde stabilization, only the epoxy 

preservation method based on the use of ethylene glycol diglycidyl ether 

has been introduced into the production of BHVs. Epoxy-treated 

biomaterial is considered more resistant to calcification; and 

bioprostheses fabricated of it show satisfactory durability even in young 

patients [44–46]. However, ethylene glycol diglycidyl ether-fixed valves 

have not been widely used and are currently commercially available only 

in the Russian Federation [8]. 

The advantages of glutaraldehyde and ethylene glycol diglycidyl 

ether (high rate of chemical interaction, reliability of cross-linking, 

solubility in water, and low cost) over other preservative reagents have 

prompted researchers and manufacturers of BHVs to search for a 

compromise solution. However, most of research works were devoted to 

methods for deactivating aldehyde and epoxy groups, which are largely 

responsible for dystrophic calcification. Thus, to date, several methods 

have been developed for additional treatment of stabilized biological 

tissue with various amino derivatives, such as aminodiphosphonates and 

2-amino oleic acid, which are used in manufacturing of the commercial 

BHVs [47]. Use of these approaches made it possible to shift the timing 

of the calcification development in modern BHVs by 5–7 years compared 

to earlier models, although they did not completely solve the problem of 

calcification. 

In addition to chemical deactivation of free preservative reagent 

groups to reduce the rate of calcification of BHVs, decellularization has 

been actively investigated in recent years. The principle of this method is 

based on the destruction and subsequent washing away of residual donor 

cells through physical and chemical action [48]. Decellularization makes 

it possible to eliminate part of the hydroxyapatite nuclei contained in the 



tissue (dead donor cells and their fragments), as well as reduce its 

immunogenicity due to the removal of xenoglycans associated with cell 

membranes. In vivo studies using a model of orthotopic implantation of 

BHVs in the mitral and pulmonary positions in sheep demonstrated a 

lower tendency of decellularized valves to calcification as compared to 

non-decellularized valves [49, 50], but this approach has received limited 

distribution in commercial production. Apparently, the reason for this is 

the lack of optimal protocols that make it possible both to remove donor 

cells from biological tissue, and also to preserve its original structure 

without loss of strength properties. 

Due to the growing popularity of the hypothesis on the 

participation of immune system cellular and molecular agents in the 

calcification of BHVs, researchers have begun to develop 

immunologically inert implant. It is known that the biological tissue 

stabilization with glutaraldehyde or ethylene glycol diglycidyl ether, and 

the decellularization are not enough to completely eliminate the 

immunogenicity [51]. Animal antigens associated with donor cells and 

the extracellular matrix, such as galactose-alpha-1,3-galactose and N-

glycolylneuraminic acid, remain in the structure of the chemically altered 

tissue, promoting the development of a humoral and cellular immune 

response to implants [51]. One solution to the described problem is the 

breeding of genetically modified pigs and bulls that do not express the 

most immunoreactive xenogeneic antigens and can act as donors of low-

immunogenic biomaterial [52]. 

Based on modern ideas about SVD, it can be assumed that the use 

of genetically modified animal tissues in the production of BHVs will 

help increase their durability due to a decreased effect of antibody 

binding and a decreased cellular infiltration. Although this hypothesis 

remains clinically untested, its correctness is indirectly confirmed by data 



from a number of in vitro and in vivo studies. In particular, the valves and 

pericardium of galactose-alpha-1,3-galactose and N-glycolylneuraminic 

acid knockout pigs do not bind human serum antibodies, unlike tissues 

from wild-type pigs [53, 54]. Baboons implanted with BHVs fabricated 

of the valves from genetically modified pigs did not develop a specific 

humoral response, unlike monkeys in the comparison group that received 

standard bioprostheses [55]. Finally, enzymatic removal of galactose-

alpha-1,3-galactose from the structure of bovine pericardium contributed 

to a twofold decrease in the level of calcification compared to unchanged 

pericardium when implanted subcutaneously into mice deficient in this 

saccharide [56]. It is important to note that the wear-resistance property 

of BHVs fabricated by using tissue from genetically modified pigs is 

comparable to that of modern commercially available models, as 

indicated by in vitro tests for 200 million cycles and the results of 

implantation in the mitral position in sheep for 90 days [57, 58]. 

It should be noted that the strategies described above, although they 

can reduce the passive deposition of hydroxyapatite in biological material 

and the inflammatory cellular response, do not prevent the imbibition of 

various procalcifying agents from the recipient’s blood into the biological 

tissue. Potentially, this problem can be solved by a recently proposed 

innovative approach based on the formation of composite materials by 

combining biological tissue with polymer hydrogels [59, 60]. The essence 

of this method is to fill the collagen matrix of the tissue with a biostable 

and biocompatible polymer hydrogel (for example, based on polyethylene 

glycol diacrylate or polyvinyl alcohol). The latter creates a physical 

barrier for cellular blood elements and substances circulating in the 

plasma, including ionized calcium, penetrating into the thickness of the 

biomaterial. Studying in vivo a modified with polyethylene glycol 

diacrylate bovine pericardium in a subcutaneous implantation model in 



rats demonstrated a three-fold decrease in calcium content in the tested 

samples compared to controls [59]. Similarly, fragments of epoxy-treated 

xenogeneic pericardium, additionally modified with cryostructured 

polyvinyl alcohol, compared to samples in the control group, contained 5 

and 3 times less calcium after incubation in a calcium-saturated solution 

for 3 and 6 weeks, respectively [60]. 

 

Conclusion 

This review provides evidence in favor of the statement that 

calcification of BHVs is a complex multifactorial process realized 

through several heterogeneous synergistically acting mechanisms, both 

passive degenerative-dystrophic, and active immunologically mediated. 

Currently noted success associated with a significant increase in the 

service life of modern BHVs compared to earlier models has been 

achieved by the improved valve design and approaches to anti-

calcification treatment of the biological component. The latter are aimed 

primarily at deactivating free chemical groups of preservative agents, as 

well as eliminating the primary nuclei of hydroxyapatite crystals, but 

these approaches do not affect the immunological pathways of 

calcification development. Many researchers express the opinion that the 

possibilities of these approaches for solving the problem of calcification 

are practically exhausted. 

Among the recently proposed strategies in the development of anti-

calcification protection of BHVs, the modification of biological tissue 

with polymer hydrogels deserves a close attention. Potentially, this 

approach can eliminate the impact of all the recipient pro-calcifying 

factors (ionized calcium, osteogenic proteins dissolved in plasma, 

proteases and other substances, as well as cellular elements of the blood) 

on the biological tissue, preventing calcification. However, there is 



currently no data on the cycle resistance of such composite materials and 

therefore it is not yet known whether hydrogels retain their insulating 

properties when subjected to cyclic loading. 

Based on the above, we can conclude that the method of filling the 

internal structure of a biomaterial with polymer gels is the most 

promising trend for future research, since, unlike other approaches, it has 

the potential to eliminate the effect of all mechanisms of calcification 

development. 

 

References 

1. Otto CM, Nishimura RA, Bonow RO, Carabello BA, Erwin JP, 

Gentile F, et al. 2020 ACC/AHA guideline for the management of 

patients with valvular heart disease: a report of the American College of 

Cardiology/American Heart Association Joint Committee on clinical 

practice guidelines. Circulation. 2021;143(5):e72–e227. PMID: 

33332149 https://doi.org/10.1161/CIR.0000000000000923 

2. Pibarot P, Dumesnil JG. Prosthetic heart valves: selection of the 

optimal prosthesis and long­term management. Circulation. 

2009;119(7):1034–1048. PMID: 19237674 

https://doi.org/10.1161/CIRCULATIONAHA.108.778886 

3. Marro M, Kossar AP, Xue Y, Frasca A, Levy RJ, Ferrari G. 

Noncalcific mechanisms of bioprosthetic structural valve degeneration. J 

Am Heart Assoc. 2021;10(3):e018921. PMID: 33494616 

https://doi.org/10.1161/JAHA.120.018921 

4. Barbarash LS, Rogulina NV, Rutkov­skaya NV, Ovcharenko 

EA. Mechanisms underlying bioprosthetic heart valve dysfunctions. 

Complex Issues of Cardiovascular Diseases. 2018;7(2):10–24. (In Russ.). 

https://doi.org/10.17802/2306­1278­2018­7­2­10­24  



5. Rezvova MA, Kudryavceva YuA. Mo­dern approaches to 

protein chemical modification in biological tissue, consequences and 

application. Bioorganicheskaia khimiia. 2017;44(1):1–16. (In Russ.). 

https://doi.org/10.7868/S0132342318010025  

6. Carpentier A, Lemaigre G, Robert L, Carpentier S, Dubost C. 

Biological factors affecting long­term results of valvular heterografts. J 

Thorac Cardiovasc Surg. 1969;58(4):467–483. PMID: 5344189 

https://doi.org/10.1016/S0022­5223(19)42561­0 

7. Carpentier A, Deloche A, Relland J, Fabiani JN, Forman J, 

Camilleri JP, et al. Six­year follow­up of glutaraldehyde­preserved 

heterografts. With particular reference to the treatment of congenital 

valve malformations. J Thorac Cardiovasc Surg. 1974;68(5):771–782. 

PMID: 4214526 https://doi.org/10.1016/S0022­5223(19)41639­5 

8. Barbarash LS, Zhuravleva IYu. Bioprosthetic heart valve 

evolution: two decades of advances and challenges. Complex Issues of 

Cardiovascular Diseases. 2012;(1):4–11. (In Russ.). 

https://doi.org/10.17802/2306­1278­2012­1­4­11 

9. Tod TJ, Dove JS. The association of bound aldehyde content with 

bioprosthetic tissue calcification. J Mater Sci Mater Med. 2016;27(1):8. 

PMID: 26610931 https://doi.org/10.1007/s10856­015­5623­z 

10. Dedukh NV. Organization and functioning of bone tissue. In: 

Korzh NA, Povoroznyuk VV, Dedukh NV, Zupants IA. (eds.) 

Osteoporosis: epidemiology, clinic, diagnosis, prevention and treatment. 

Kharkiv: Golden Pages Publ.; 2002. p. 10–29. (In Russ.). 

11. Bailey MT, Pillarisetti S, Xiao H, Vyavahare NR. Role of 

elastin in pathologic calcification of xenograft heart valves. J Biomed 

Mater Res A. 2003;66(1):93–102. PMID: 12833435 

https://doi.org/10.1002/jbm.a.10543 



12. Kim KM, Herrera GA, Battarbee HD. Role of glutaraldehyde in 

calcification of porcine aortic valve fibroblasts. Am J Pathol. 

1999;154(3):843–852. PMID: 10079262 

https://doi.org/10.1016/S0002­9440(10)65331­X 

13. Kim KM. Cells, rather than extracellular matrix, nucleate 

apatite in glutaraldehyde­treated vascular tissue. J Biomed Mater Res. 

2002;59(4):639–645. PMID: 11774325 

https://doi.org/10.1002/jbm.10038 

14. Barbarash LS, Karaskov AM, Semenovskiy ML, Zhuravleva 

IYu, Odarenko YuN, Vavilov PA, et al. Bioprosthetic heart valves in 

Russia: the experience of three clinics. Circulatory pathology and cardiac 

surgery. 2011;2:21–26. (In Russ.). 

15. Levy RJ, Zenker JA, Bernhard WF. Porcine bioprosthetic valve 

calcification in bovine left ventricle­aorta shunts: studies of the 

deposition of vitamin K­dependent proteins. Ann Thorac Surg. 

1983;36(2):187–192. PMID: 6603825 

https://doi.org/10.1016/s0003­4975(10)60454­7 

16. Shen M, Marie P, Farge D, Carpentier S, De Pollak C, Hott M, 

et al. Osteopontin is associated with bioprosthetic heart valve 

calcification in humans. C R Acad Sci III. 1997;320(1):49–57. PMID: 

9099263 https://doi.org/10.1016/s0764­4469(99)80086­9 

17. Srivatsa SS, Harrity PJ, Maercklein PB, Kleppe L, Veinot J, 

Edwards WD, et al. Increased cellular expression of matrix proteins that 

regulate minerali­zation is associated with calcification of native human 

and porcine xenograft bioprosthetic heart valves. J Clin Invest. 

1997;99(5):996–1009. PMID: 9062358 https://doi.org/10.1172/JCI119265 

18. Lu F, Wu H, Bai Y, Gong D, Xia C, Li Q, et al. Evidence of 

osteogenic regulation in calcific porcine aortic valves. Heart Surg Forum. 

2018;21(5):E375–E381. PMID: 30311888 https://doi.org/10.1532/hsf.2033 



19. Fujisawa R, Tamura M. Acidic bone matrix proteins and their 

roles in calcification. Front Biosci (Landmark Ed). 2012;17(5):1891–

1903. PMID: 22201843 https://doi.org/10.2741/4026 

20. Carvalho MS, Cabral JMS, da Silva CL, Vashishth D. Bone 

matrix non­collagenous proteins in tissue engineering: creating new bone 

by mimicking the extracellular matrix. Polymers (Basel). 

2021;13(7):1095. PMID: 33808184 

https://doi.org/10.3390/polym13071095 

21. Kostyunin AE, Glushkova TV, Lobov AA, Ovcharenko EA, 

Zainullina BR, Bogdanov LA, et al. Proteolytic degradation is a major 

contributor to bioprosthetic heart valve failure. J Am Heart Assoc. 

2023;12(1):e028215. PMID: 36565196 

https://doi.org/10.1161/JAHA.122.028215 

22. Mukhamadiyarov RA, Rutkovskaya NV, Kokorin SG, Odarenko 

YuN, Milto IV, Barbarash LS. Cell typing of biological heart valves 

prosthesis explanated due to the development of calcium­associated 

dysfunctions. Bulletin of Siberian Medicine. 2018;17(4):94–102. (In Russ.). 

https://doi.org/10.20538/1682­0363­2018­4­94­102 

23. Sakaue T, Nakaoka H, Shikata F, Aono J, Kurata M, Uetani, T, 

et al. Biochemical and histological evidence of deteriorated bioprosthetic 

valve leaflets: the accumulation of fibrinogen and plasminogen. Biol 

Open. 2018;7(8):pii:bio034009. PMID: 30089611 

https://doi.org/10.1242/bio.034009 

24. Shetty R, Pibarot P, Audet A, Janvier R, Dagenais F, Perron J, 

et al. Lipid­mediated inflammation and degeneration of bioprosthetic 

heart valves. Eur J Clin Invest. 2009;39(6):471–480. PMID: 19490057 

https://doi.org/10.1111/j.1365­2362.2009.02132.x 

25. Andrault PM, Panwar P, Mackenzie NCW, Brömme D. 

Elastolytic activi­ty of cysteine cathepsins K, S, and V promotes vascular 



calcification. Sci Rep. 2019;9(1):9682. PMID: 31273243 

https://doi.org/10.1038/s41598­019­45918­1 

26. Vyavahare N, Jones PL, Tallapragada S, Levy RJ. Inhibition of 

matrix metalloproteinase activity attenuates tenascin­C production and 

calcification of implanted purified elastin in rats. Am J Pathol. 

2000;157(3):885–893. PMID: 10980128 

https://doi.org/10.1016/S0002­9440(10)64602­0 

27. Stein PD, Wang CH, Riddle JM, Magilligan DJ Jr. Leukocytes, 

platelets, and surface microstructure of spontaneously degenerated 

porcine bioprosthetic valves. J Card Surg. 1988;3(3):253–261. PMID: 

2980025 https://doi.org/10.1111/j.1540­8191.1988.tb00246.x 

28. Butany J, Collins MJ, Nair V, Leask RL, Scully HE, Williams 

WG, et al. Morphological findings in explanted Toronto stentless porcine 

valves. Cardiovasc Pathol. 2006;15(1):41–48. PMID: 16414456 

https://doi.org/10.1016/j.carpath.2005.08.010 

29. Kurapeev DI, Lavreshin AV, Anisimov SV. Heart valve tissue 

engineering: decellularization of allo­ and xenografts. Cellular 

Transplantation and Tissue Engineering. 2012;7(1):34–39. (In Russ.). 

30. Soares JS, Feaver KR, Zhang W, Kamensky D, Aggarwal A, 

Sacks MS. Biomechanical behavior of bioprosthetic heart valve 

heterograft tissues: characterization, simulation, and performance. 

Cardiovasc Eng Technol. 2016;7(4):309–351. PMID: 27507280 

https://doi.org/10.1007/s13239­016­0276­8 

31. Thubrikar MJ, Deck JD, Aouad J, Nolan SP. Role of 

mechanical stress in calcification of aortic bioprosthe­tic valves. J Thorac 

Cardiovasc Surg. 1983;86(1):115–125. PMID: 6865456 

32. Sabbah HN, Hamid MS, Stein PD. Mechanical stresses on 

closed cusps of porcine bioprosthetic valves: correlation with sites of 



calcification. Ann Thorac Surg. 1986;42(1):93–96. PMID: 3729623 

https://doi.org/10.1016/s0003­4975(10)61845­0 

33. Kiesendahl N, Schmitz C, Menne M, Schmitz­Rode T, 

Steinseifer U. In vitro calcification of bioprosthetic heart valves: test fluid 

validation on prosthe­tic material samples. Ann Biomed Eng. 

2021;49(2):885–899. PMID: 32989592 

https://doi.org/10.1007/s10439­020­02618­6 

34. Nitsche C, Kammerlander AA, Knechtelsdorfer K, Kraiger JA, 

Goliasch G, Dona C, et al. Determinants of bioprosthetic aortic valve 

degeneration. JACC Cardiovasc Imaging. 2020;13(2Pt1):345–353. 

PMID: 30878425 https://doi.org/10.1016/j.jcmg.2019.01.027 

35. Liao KK, Li X, John R, Amatya DM, Joyce LD, Park SJ, et al. 

Mechanical stress: an independent determinant of early bioprosthetic 

calcification in humans. Ann Thorac Surg. 2008;86(2):491–495. PMID: 

18640322 https://doi.org/10.1016/j.athoracsur.2008.03.061 

36. Sellaro TL, Hildebrand D, Lu Q, Vyavahare N, Scott M, Sacks 

MS. Effects of collagen fiber orientation on the response of biologically 

derived soft tissue biomaterials to cyclic loading. J Biomed Mater Res A. 

2007;80(1):194–205. PMID: 17041913 

https://doi.org/10.1002/jbm.a.30871 

37. Margueratt SD, Lee JM. Stress state during fixation determines 

susceptibility to fatigue­linked biodegradation in bioprosthetic heart valve 

materials. Biomed Sci Instrum. 2002;38:145–150. PMID: 12085592 

38. Golomb G, Schoen FJ, Smith MS, Linden J, Dixon M, Levy 

RJ. The role of glutaraldehyde­induced cross­links in calcification of 

bovine pericardium used in cardiac valve bioprostheses. Am J Pathol. 

1987;127(1):122–130. PMID:3105321 

39. Everaerts F, Torrianni M, van Luyn M, van Wachem P, 

Feijen J, Hendriks M. Reduced calcification of bioprostheses, 



cross­linked via an improved carbodiimide based method. Biomaterials. 

2004;25(24):5523–5530. PMID: 15142734 

https://doi.org/10.1016/j.biomaterials.2003.12.054 

40. Guo G, Jin L, Jin W, Chen L, Lei Y, Wang Y. Radical 

polymerization­crosslinking method for improving extracellular matrix 

stability in bioprosthetic heart valves with reduced potential for 

calcification and inflammatory response. Acta Biomater. 2018;82:44–55. 

PMID: 30326277 https://doi.org/10.1016/j.actbio.2018.10.017 

41. Jin W, Guo G, Chen L, Lei Y, Wang Y. Elastin stabilization 

through polyphenol and ferric chloride combined treatment for the 

enhancement of bioprosthetic heart valve anticalcification. Artif Organs. 

2018;42(11):1062–1069. PMID: 30058211 

https://doi.org/10.1111/aor.13151 

42. Lim HG, Kim SH, Choi SY, Kim YJ. Anticalcification effects 

of decellularization, solvent, and detoxification treatment for genipin and 

glutaraldehyde fixation of bovine pericardium. Eur J Cardiothorac Surg. 

2012;41(2):383–390. PMID: 21683607 

https://doi.org/10.1016/j.ejcts.2011. 05.016 

43. Tam H, Zhang W, Infante D, Parchment N, Sacks M, 

Vyavahare N. Fixation of bovine pericardium­based tissue biomaterial 

with irreversible chemistry improves biochemical and biomechanical 

properties. J Cardiovasc Transl Res. 2017;10(2):194–205. PMID: 

28213846 https://doi.org/10.1007/s12265­017­9733­5 

44. Barbarash LS, Borisov VV, Rutkovskaia NV, Burago AIu, 

Odarenko IuN, Stasev AN, et al. Clinical and morphological study of 

epoxy­treated xenoaortic bioprostheses dysfunctions in mitral position. 

Cardiology and cardiovascular surgery. 2014;7(4):84–86. (In Russ.). 

45. Barbarash L, Rutkovskaya N, Barbarash O, Odarenko Y, 

Stasev A, Uchasova E. Prosthetic heart valve selection in women of 



childbearing age with acquired heart disease: a case report. J Med Case 

Rep. 2016;10:51. PMID: 26956734 

https://doi.org/10.1186/s13256­016­0821­y 

46. Karaskov A, Sharifulin R, Zheleznev S, Demin I, Lenko E, 

Bogachev­Prokophiev A. Results of the Ross procedure in adults: a 

single­centre experience of 741 operations. Eur J Cardiothorac Surg. 

2016;49(5):e97–e104. PMID: 27130952 

https://doi.org/10.1093/ejcts/ezw047 

47. Shang H, Claessens SM, Tian B, Wright GA. Aldehyde 

reduction in a novel pericardial tissue reduces calcification using rabbit 

intramuscular model. J Mater Sci Mater Med. 2017;28(1):16. PMID: 

28000112 https://doi.org/10.1007/s10856­016­5829­8 

48. Iablonskii PP, Cebotari S., Tudorache I, Haverich A. Heart 

valve matrices: state of art and perspectives. Saint Petersburg University 

Bulletin. 2016;11(2):51–61. (In Russ.). 

https://doi.org/10.21638/11701/spbu11.2016.206 

49. Collatusso C, Roderjan JG, de Noronha L, Klosowski A, Suss 

PH, Guarita­Souza LC, et al. Decellularization as a method to reduce 

calcification in bovine pericardium bioprosthetic valves. Interact 

Cardiovasc Thorac Surg. 2019;29(2):302–311ivz041. PMID: 30848795 

https://doi.org/10.1093/icvts/ivz041 

50. Collatusso C, Roderjan JG, Vieira ED, Myague NI, de Noronha 

L, Costa FD. Decellularization as an anticalcification method in stentless 

bovine pericardium valve prosthesis: a study in sheep. Rev Bras Cir 

Cardiovasc. 2011;26(3):419–426. PMID: 22086579 

https://doi.org/10.5935/1678­9741.20110017 

51. Human P, Bezuidenhout D, Aikawa E, Zilla P. Residual 

bioprosthe­tic valve immunogenicity: forgotten, not lost. Front 



Cardiovasc Med. 2022;8:760635. PMID: 35059444 

https://doi.org/10.3389/fcvm.2021.760635 

52. Manji RA, Ekser B, Menkis AH, Cooper DKC. Bioprosthetic 

heart valves of the future. Xenotransplantation. 2014; 21(1):1–10. PMID: 

24444036 https://doi.org/10.1111/xen.12080 

53. Lee W, Long C, Ramsoondar J, Ayares D, Cooper DK, Manji 

RA, et al. Human antibody recognition of xenogeneic antigens (NeuGc 

and Gal) on porcine heart valves: could genetically modified pig heart 

valves reduce structural valve deterioration? Xenotransplantation. 

2016;23(5):370–380. PMID: 27511593 https://doi.org/10.1111/xen.12254 

54. Zhang R, Wang Y, Chen L, Wang R, Li C, Li X, et al. 

Reducing immunoreacti­vity of porcine bioprosthetic heart valves by 

genetically­deleting three major glycan antigens, 

GGTA1/ 4GalNT2/CMAH. Acta Biomater. 2018;72:196–205. PMID: 

29631050 https://doi.org/10.1016/j.actbio.2018.03.055 

55. McGregor CG, Kogelberg H, Vlasin M, Byrne GW. 

Gal­knockout bioprostheses exhibit less immune stimulation compared to 

standard biological heart valves. J Heart Valve Dis. 2013;22(3):383–390. 

PMID: 24151765 

56. Kim MS, Lim HG, Kim YJ. Calcification of decellularized and 

alpha­galactosidase­treated bovine pericardial tissue in an alpha­Gal 

knock­out mouse implantation model: comparison with primate 

pericardial tissue. Eur J Cardiothorac Surg. 2016;49(3):894–900. PMID: 

25994817 https://doi.org/10.1093/ejcts/ezv189 

57. Rahmani B, McGregor C, Byrne G, Burriesci G. A durable 

porcine pericardial surgical bioprosthetic heart valve: a proof of concept. 

J Cardiovasc Transl Res. 2019;12(4):331–337. PMID: 30756359 

https://doi.org/10.1007/s12265­019­09868­3 



58. McGregor C, Salmonsmith J, Burriesci G, Byrne G. Biological 

equivalence of GGTA­1 glycosyltransferase knockout and standard 

porcine pericardial tissue using 90­day mitral valve implantation in 

adolescent sheep. Cardiovasc Eng Technol. 2022;13(3):363–372. PMID: 

34820778 https://doi.org/10.1007/s13239­021­00585­0 

59. Ding K, Zheng C, Huang X, Zhang S, Li M, Lei Y, et al. A 

PEGylation metho­d of fabricating bioprosthetic heart valves based on 

glutaraldehyde and 2­amino­4­pentenoic acid co­crosslinking with 

improved antithrombogenicity and cytocompatibility. Acta Biomater. 

2022;144:279–291. PMID: 35365404 

https://doi.org/10.1016/j.actbio.2022.03.026 

60. Kostyunin AE, Rezvova MA, Glushkova TV, Shishkova DK, 

Kutikhin AG, Akentieva TN, et al. Polyvinyl alcohol improves resistance 

of epoxy­treated bovine pericardium to calcification in vitro. The Russian 

Journal of Transplantation. 2023;15(1):34–45. (In Russ.). 

https://doi.org/10.23873/2074­0506­2023­15­1­34­45 

 

Information about the authors 

Alexander E. Kostyunin, Cand. Sci. (Biol.), Researcher at the 

Laboratory of New Biomaterials, Research Institute for Complex Issues 

of Cardiovascular Diseases, https://orcid.org/0000-0001-6099-0315, 

rhabdophis_tigrina@mail.ru 

60%, literature analysis, writing the draft version of the article 

manuscript 

Tatyana V. Glushkova, Cand. Sci. (Biol.), Senior Researcher at the 

Laboratory of New Biomaterials, Research Institute for Complex Issues 

of Cardiovascular Diseases, https://orcid.org/0000-0003-4890-0393, 

bio.tvg@mail.ru  

20%, editing the text of the article 

https://orcid.org/0000-0001-6099-0315
mailto:rhabdophis_tigrina@mail.ru
https://orcid.org/0000-0003-4890-0393
mailto:bio.tvg@mail.ru


Alexander N. Stasev, Cand. Sci. (Med.) Researcher at the 

Laboratory of Heart Diseases, Research Institute for Complex Issues of 

Cardiovascular Diseases, https://orcid.org/0000-0003-1341-204X, 

StasAN@kemcardio.ru 

10%, editing the text of the article 

Evgeny A. Ovcharenko, Cand. Sci. (Tech.), Head of the Laboratory 

of New Biomaterials, Research Institute for Complex Issues of 

Cardiovascular Diseases, https://orcid.org/0000-0001-7477-3979, 

ov.eugene@gmail.com 

10%, editing and the final approval of the article text 

 

The article was received on July 10, 2023; 

approved after reviewing July 10 2023; 

accepted for publication September 27, 2023 

https://orcid.org/0000-0003-1341-204X
mailto:StasAN@kemcardio.ru
https://orcid.org/0000-0001-7477-3979
mailto:ov.eugene@gmail.com

