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Current development of bovine
jugular vein conduit for right
ventricular outflow tract
reconstruction
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Right ventricular outflow tract (RVOT) reconstruction is a common surgical
method to treat congenital cardiac lesions, and bovine jugular vein conduit
(BJVC) has become a prevalent candidate of prosthetic material for this
procedure since 1999. Although many clinical studies have shown
encouraging results on BJVCs, complications such as stenosis, aneurysmal
dilatation, valve insufficiency, and infective endocarditis revealed in other
clinical outcomes still remain problematic. This review describes the
underlying mechanisms causing respective complications, and summarizes
the current technological development that may address those causative
factors. Novel crosslinking agents, decellularization techniques, conduit
coatings, and physical reinforcement materials have improved the
performances of BJVCs. The authors expect that the breakthroughs in the
clinical application of BJVC may come from new genetic research findings and
advanced characterization apparatuses and bioreactors, and are optimistic that
the BJVC will in the future provide sophisticated therapies for next-generation
RVOT reconstruction.
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Introduction

Reconstruction of right ventricular outflow tract (RVOT) is a common method of
surgical correction for various congenital cardiac lesions, including pulmonary atresia or
stenosis, truncus arteriosus, tetralogy of Fallot, transposition of great arteries, and double
outlet right ventricle (Ruzmetov et al., 2012). This type of surgery has been made possible
with a valved conduit, which was firstly an allograft aortic valve conduit in 1966 (Ross,
1966), and later took various forms such as porcine pulmonary valve conduit, bovine
jugular vein conduit, valved bovine/porcine pericardial tube, and valved synthetic tube
(Ruzmetov et al., 2012; Salem, 2016).
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TABLE 1 Clinical studies on bovine jugular vein conduits for right ventricular outflow tract reconstruction.

10.3389/fbioe.2022.920152

Choice of Center Data Time of Population Outcome General References
BJVC collected  follow-up Remarks On
between BJVC
Contegra James Whitcomb Riley ~ January 1999  Mean: 48.4 + 232 Early death: 4 An excellent immediate ~ Fiore et al.
Children’s Hospital at - August 2010 31 months Late death: 8 substitute for right (2011)
Indiana University, and Range: 1 month - 11 Explant: 24 ventricular outflow tract
Cardinal Glennon years reconstruction
Children’s Hospital at
Saint Louis University,
United States
Contegra Indiana University 1999-2016 Mean: 4.0 +4.2,49 + 276 Early death: 7 A useful option for right ~ Patel et al.
School of Medicine, 42,59 + 4.1 years ventricular outflow tract  (2018)
United States depending on age Late death: 7 reconstruction
group
10-years freedom from
explantation: 59%
Contegra Alder Hey Children’s October 1999  Mean: 4.6 + 2.3 years 198 Early death: 5 A reliable alternative to  Prior et al.
Hospital, UK - F : hs - 1 h 2011
ospital, U ebruary Range: 8 months Late death: 5 pulmonary homografts ~ (2011)
2009 10 years
10-years freedom from
conduit failure: 90%
Contegra Royal Children’s 2001-2011 Mean: 5 + 3.2 years 113 Early death: 5 Contegra conduits and ~ Yong et al.
Hospital, Australia Range: 1 month - homografts have (2015)
11.9 years Late death: 5 comparable mid-term
outcomes
5-years freedom from
conduit
replacement: 75%
Balance Children’s Hospital of ~ January 2002 ~ Median: 6.3 years 53 Early death: 2 The durability of BJVC ~ Zhang et al.
Medical Fudan University, - December Interquartile range: is suboptimal after a (2017)
BJVC China 2013 4.9-8.6 years Late death: 0 mlc'l—term follow-up
period
7-years freedom from
conduit failure: 62.1%
Balance Shanghai Children’s 2009-2018 Median: 33.3 months 102 Early death: 9 BJVCs have acceptable ~ Chen et al.
Medical Medical Center, China Range: 3.3 months mid-term Outcomes (2019)
Late death: 3
BJVC -10.1 years
5-years freedom from
reintervention: 60.9%
Contegra Texas Children’s 2001-2017 Median: 6 years 228 Early death: 2 This high incidence of ~ Beckerman
Hospital, United States Range: 5 months late endocarditis is et al. (2018)
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Late death: 4

5-years freedom fmm
replacement: 84%

10-years freedom from
replacement: 49%

concerning and
warrants intervention

(Continued on following page)
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TABLE 1 (Continued) Clinical studies on bovine jugular vein conduits for right ventricular outflow tract reconstruction.

Choice of Center

BJVC

Homemade
BJVC

Contegra

Contegra

Contegra

Contegra

Contegra

National Center for
Cardiovascular
Diseases and Fuwai
Hospital, China

Heart and Diabetes
Center North- Rhine
Westphalia and
Hannover Medical
School, Germany

Colorado Children’s
Hospital, United States

Mazankowski Alberta
Heart Institute, Canada

National Cerebral and
Cardiovascular Center,
Japan

Okayama University
Hospital, Japan

Data
collected
between

December
2003 -
January 2016

1999-2012

January 2009
-December
2017

January 2000
- August 2012

April 2013 -
April 2014

January 2013
- December
2017

Frontiers in Bioengineering and Biotechnology

Time of
follow-up

Median: 37.2 months
Range:
0.4-129.2 months

Mean:4.3 + 3.8 years

Median: 3.6 years

Median: 3.2 years
Range: 2 days -
11.7 years

Mean: 10 months
Range: 5-18 months

Mean: 4.9 + 1.9 years

Population Outcome

03

444

109

244

20

Early death: 2

Late death: 0

None underwent
reoperation

5/10 had higher
gradients (over
40 mmHg)

Freedom from
explantation after
12 years: 75%

4 deaths at 0.1, 0.3, 0.4,
and 3.8 years post
implant. At 12months
28% of unsupported
BJVCs had moderate to
severe regurgitation
versus 4% of supported
BJVCs

Early death: 2

Late death: 15

7-years freedom from
conduit
replacement: 64.2%

10-years freedom from
conduit
replacement: 37.1%

2 deaths at 1.3 and
2months

10-months freedom
from
reintervention: 53%

Death: 0

Freedom from
replacement in follow-
up period: 80%

General
Remarks On
BJVC

The use of a BJVC was a
main reason for right
ventricle-pulmonary
artery restenosis

The use of bovine
jugular veins for RVOT
in patients younger than
25 years leads to
superior results
compared with
cryopreserved
homografts

There is a relatively high
incidence of
endocarditis

BJVC was associated
with a significantly
higher incidence of
bacterial endocarditis
and conduit
deterioration in older
children

Indication for using
BJVC should be
carefully considered

Outcomes of RVOT
reconstructions with
BJVCs were clinically
satisfactory

References

Wang et al.
(2018)

Sandica et al.
(2016)

Lueth et al.
(2019)

Ugaki et al.
(2015)

Kido et al.
(2016)

Hirai et al.
(2021)

(Continued on following page)

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.920152

Li et al.

10.3389/fbioe.2022.920152

TABLE 1 (Continued) Clinical studies on bovine jugular vein conduits for right ventricular outflow tract reconstruction.

Choice of Center Data Time of

BJVC collected  follow-up
between

Contegra A center in Jeddah, KSA  2002-2011 Mean: 19.8 months

Range: 8-78 months

Contegra 5 institutes in Japan April 2013 Median: 3.1 years
-December Range: 13-5.1 years
2019

Population Outcome

General
Remarks On
BJVC

References

22 Early death:1 A good conduit for Sersar et al.
RVOT reconstruction (2014)
Late death: 0
178 Death: 15 Mid-term outcomes of ~ Hoashi et al.
RVOT reconstruction (2021)

with BJVCs were
acceptable

5-years conduit
explantation-free
survival rate: 71.0%

*Early death is defined as a death in the hospital or within 30 days of discharge. All other events are considered late (Brown et al., 2006).

Bovine jugular vein conduit (BJVC) contains naturally
integrated valves, and is easily available in large quantities
with a range of sizes that can match the needs of both
pediatric and adult patients. Therefore, since its successful
(Contegra®, Medtronic
introduction into clinical practice in 1999, BJVC has become

commercialization Inc.) and
the favored alternative to allografts for RVOT reconstruction in
many hospitals (Rastan et al., 2006; Baslaim, 2008). To date, a
considerable amount of studies have reported on the BJVCs. It
appears that while some surgeons are satisfied with the conduits’
performances, others have certain concerns (Protopapas and
Athanasiou, 2008). The majority of the publications regarding
BJVCs, however, paid more attention to the clinical outcomes
than the underlying mechanisms of conduit failures and
complications, or the conduits’ innate properties. Therefore,
this review will take a biomaterials science point of view and
attempt to link clinical findings of BJVCs to relevant biochemical
and biophysical researches, so that potential aspects of
improvement could be made aware to peer researchers for
developing a more durable BJVC.

Current BJVCs and their clinical
outcomes

Table 1 lists representative clinical studies on BJVCs used for
RVOT reconstructions. First of all, by directly comparing the
researchers’ verdicts, we can see a lack of consensus on the
performances of the BJVCs. This is probably because there are a
myriad of contributing factors affecting the clinical outcomes,
such as demographic characteristics of patients, surgical
techniques, and batch difference of products, which could all
vary from center to center. Particularly, as more and more studies
reached the long-term phase in the past 5 years, many latent risk
factors (or the absence of them) truly started to show significant
influences on the outcomes. Additionally, the choice of BJVCs
was no longer limited to Contegra, the newly commercialized
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Balance Medical BJVCs, as well as individual centers’ homemade
BJVCs, could all add variables to the clinical studies. The
mortality rates in all the studies were deemed acceptable, and
in most of the cases deaths were not conduit-related. Therefore,
our current task is to improve the durability of the BJVC (i.e. to
reduce the rates of explantation, reintervention, infection, etc.),
and prolong the life of BJVC in RVOT reconstruction (Qian
et al., 2021a).

Complications and causes

Complications accounted for the majority of conduit failures.
By finding out the underlying mechanisms of each complication,
we may strive to eliminate risk factors in conduit design and
manufacture, and therefore increase the long-term rate of
freedom from conduit failure.

Stenosis

Conduit stenosis is the most common complication after
RVOT
reintervention (Fiore et al, 2011; Boethig et al, 2012). In

reconstruction with BJVC, and often requires
contrast to allografts and porcine xenografts where stenoses
are mainly resultant from conduit wall calcification (Hellberg
et al., 1981; Dittrich et al., 2000; Tweddell et al., 2000; Forbess
et al., 2001; Wells et al., 2002), BJVCs, although not totally free
from calcification, seem to be less susceptible to this risk (Meyns
et al., 2004; Fiore et al., 2011). Nonetheless, there has still been a
non-negligible incidence of reintervention for BJVCs, in order to
relieve stenoses caused by neointimal hyperplasia (Meyns et al.,
2004; Kido et al.,, 2016; Nichay et al.,, 2018).

Given its known cytotoxicity, the crosslinker glutaraldehyde
is again the usual suspect held responsible for neointimal
hyperplasia. Brown et al. and Boethig et al. believed residual
glutaraldehyde could trigger the development of neointimal
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fibrosis and subsequent stenosis, and therefore recommended
thorough rinsing of the BJVCs before implantation (Brown et al.,
2006; Boethig et al., 2012). Chang et al. reported in a canine
model that glutaraldehyde might hinder re-endothelialization of
the BJVC, which could contribute to inflammatory reaction and
neointimal proliferation (Chang et al., 2001). It has indeed been
established that there is an association between glutaraldehyde
treatment and tissue calcification (Tod and Dove, 2016), and the
cellular mechanisms are relatively well understood (calcium
influx into devitalized but phosphorus-rich cells) (Kim, 2001;
Schoen and Levy, 2005). However, as for the role that
glutaraldehyde may have played in inducing neointimal
hyperplasia, very little is known.

Unsatisfied with
ambiguous answer, researchers keep seeking for other

accepting glutaraldehyde as an
causal mechanisms of neointimal hyperplasia. It has been
reported in many studies that stenoses occur more frequently
at the distal conduit anastomosis than at the proximal
anastomosis (Kadner et al., 2004; Boethig et al., 2005; Kido
et al., 2016). Attentions are therefore paid to this particular
region. First of all, there exist discrepancies in the
circumference or diameter between the conduit and the
native pulmonary bifurcation, as well as conduit kinking at
the distal anastomosis due to its occasionally excessive length.
These are stenosis risk factors on their own as they lead to
crowding of the conduit wall tissue (Meyns et al., 2004; Kido
etal., 2016). But what is more important is that, the resultant
blood flow abnormality is believed to have induced repetitive
trauma to the neointima, causing an excessive neointimal
proliferation, shown as the stenotic fibrotic tissue at the distal
anastomosis (Kadner et al., 2004; Meyns et al., 2004; Peivandi
et al., 2019).

Apart from the aforementioned causes of stenosis, the
potential host immunologic reaction to the BJVC should
never be overlooked. Lacour-Gayet pointed out that, as a
xenogenic tissue, despite the treatments in the manufacture
process, the BJVC may still contain active class I and II major
histocompatibility complex (MHC) residual antigens (Brown
et al., 2006). Wojtalik et al. were able to observe a significant
rise in B cells between the third and sixth month postoperatively.
The T-lymphocyte activation study also revealed higher number
of CD69" and CD71* cells 1 year after implantation (Wojtalik
et al, 2003). These immune responses may lead to not only
stenosis at the distal anastomosis but also intensive narrowing
along the whole length of the conduit (Géber et al., 2005).

What’s worth noticing is that, young age of patient, and the
associated small size (<14 mm in diameter) of the received
conduit are clinically considered an independent risk factor
for stenosis (Fiore et al., 2010; Gist et al., 2012; Zhang et al,,
2017). But in the authors’ opinion, small conduit size does not
intrinsically cause stenosis or other complications. Neither is
over-sizing the conduit necessarily advantageous (Karamlou
et al.,, 2005; Karamlou et al., 2006). It is more essentially the
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in vivo behaviours of the BJV material, for example the decreased
luminal size due to neointimal hyperplasia and lack of somatic
growth (Pennel and Zilla, 2020; Hoashi et al., 2021), that make it
more prone to cause problems in small conduits.

Aneurysmal dilatation and valve
insufficiency

Aneurysmal dilatation is considered to be associated with the
distal anastomotic stenosis, and is usually found at the proximal
anastomosis (Yoldas et al., 2019). The stenosis-induced high
right ventricle (RV) and intra-conduit pressure casts increased
stress to the conduit wall, and the venous tissue (expectedly not as
elastic as the arterial tissue) is irreversibly deformed and dilated
(Delmo-Walter et al., 2007). This is more likely to occur in
neonates and young infants, because the small size of the
conduits they receive are more conducive to the high RV and
intra-conduit pressure, and their hypoplastic pulmonary arteries
are also more susceptible (Boudjemline et al., 2003a).

The dilatation, if close to the valve section, will then
potentially result in valve insufficiency (Boudjemline et al,
2003b). As the leaflets in BJVC have excess tissue and can
tolerate  certain  dilatation  without competence loss
(Boudjemline et al., 2003a), in some patients the valve
insufficiency is mild or even not seen, and therefore clinical
reintervention is not required. If progressed, however, the
lead to

regurgitation, and these patients will then have to undergo

dilatation  will almost certainly significant
reoperations (Brown et al., 2006; Morales et al., 2006; Shebani
et al., 2006).

In some rare cases, dilatation could occur in the absence of
stenosis or raised pressure, and could not be explained by the
above-mentioned mechanism. Yoldas et al. reported this type of
“true aneurysmal dilatation”, in which the explanted conduit was
uniformly dilated from the proximal anastomosis to the distal
anastomosis, indeed different from common findings (Yoldas
et al,, 2019). Although further evidence should be drawn from
more conduits of this sort when they come up for replacement,
the authors speculate that the prevalent degeneration of elastic
fibers in the conduit may be responsible, as it has been reported to
have led to reduced tissue elasticity and flow abnormalities

(Peivandi et al., 2019).

Infective endocarditis

Infective endocarditis (IE) is another concerning postoperative
complication in BJVC implantation. It seems to have a tendency to
occur late (Albanesi et al., 2014; Mery et al., 2016), and therefore is
raising more awareness in recent years among the clinicians as the
long-term outcomes start to be revealed. What is of greater
importance, however, is that BJVCs are reported to have
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significantly higher risks of IE compared with other valved
conduits (Malekzadeh-Milani et al., 2014; Ugaki et al,, 2015),
the understanding of which may be critical in making future
surgical options (Haas et al., 2018).

Researchers have so far established that the infection is
unlikely to have resulted from procedural contamination or
tissue-borne bacteria (Malekzadeh-Milani et al., 2014), but is
associated with daily predisposing factors such as dental and skin
problems (Yoshinaga et al., 2008; Knirsch and Nadal, 2011; Bos
etal., 2021). As for the specific propensity of BJVCs to IE, altered
flow patterns, immune responses, and abnormal surface
(e.g. firstly
proposed to be the contributing factors (Ugaki et al., 2015;

conditions traumatized endothelium) were
Mery et al, 2016; Sharma et al, 2017). These causes were
plausible, because all of them could partially explain the
neointimal hyperplasia at the same time. However, more
detailed

remained unclear. Jalal et al. and Veloso et al. therefore made

and convincing pathophysiologic ~mechanisms
pioneering attempts to tackle this issue from the angle of tissue
surfaces’ susceptibility to bacterial adherence (Jalal et al., 2015;
Veloso et al., 2018a). The former research group reported a
higher bacterial adhesion on bovine jugular vein (BJV) tissue
than on bovine and porcine pericardium, while the latter
compared BJV tissue, bovine pericardium and cryopreserved
allograft, and found bacterial adhesion to be tissue-insensitive.
Both studies were conducted in vitro, and despite the somewhat
incongruous results, they provided valuable insights into a future
research direction on this specific topic, which was the
interaction between the BJV tissue and plasma proteins, and
the subsequent interaction with blood-borne bacteria (Jalal et al.,
2018; Mery, 2018). In fact, in a follow-up study by Veloso et al.,
BJV tissue did show greater absorption of fibrinogen (known to
facilitate the adhesion of IE-associated pathogens) than
cryopreserved allograft tissue (Veloso et al., 2018b).

Modified treatments and designs

To address the complications raised above, with either
confirmed or speculated causes, researchers have proposed
various modified treatments in conduit processing and new

conduit designs. These modifications focused on the
perspectives of mechanical properties, immunogenicity,
calcification resistance, infection resistance, and

endothelialization ability, respectively.

Crosslinking techniques

Ever since the clinical introduction of BJVCs, researchers
have been seeking for alternative crosslinking agents to the
conventional aldehyde-based agents, in order to minimize
biological risks.
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Noishiki et al. evaluated polyepoxy compound (ethylene
glycol diglycydyl ether, glycerol polyglycidyl ether, etc.) as the
crosslinker on vascular grafts in the 1980s and ‘90s, and found
that compared with glutaraldehyde, polyepoxy compound
reduced the level of calcification and retained the natural
elasticity appearance of the biological materials
(Tomizawa et al, 1988; Hata et al, 1992; Noishiki et al.,
1993). This series of studies has recently been furthered by
Nichay et al. in biochemical and biophysical settings
(Zhuravleva et al, 2018; Zhuravleva et al, 2022). They
quantitatively reported the calcium accumulation in the

and

polyepoxy-treated BJV, which was 25% of that in the
glutaraldehyde-treated experimental group, and 40% of that in
the commercially available Contegra (also glutaraldehyde-
treated). They also found that polyepoxy-treated samples had
a higher degree of hydration than both fresh BJV samples and
glutaraldehyde-treated samples. Hydration also lead to lower
mechanical properties (stiffness and failure strength) of the
with  their

mechanical

polyepoxy-treated samples compared
These

characteristics, however, as Nichay et al. pointed out, was not

glutaraldehyde-treated  counterparts.
necessarily inferior, because they were actually more close to the
mechanical properties of a native human pulmonary artery
(Zhuravleva et al., 2022).

Wu and his team have been taking another crosslinking
approach, dye (methylene blue)-mediated photooxidation since
2004 (Feng et al, 2004). They compared photooxidatively
crosslinked BJVCs with glutaraldehyde-treated and polyepoxy-
treated ones, and suggested that, while all of the conduits were
cellular and humoral immunogenic, the photooxidatively
crosslinked BJVCs had of
immunogenicity (Wang et al., 2005). They have also recently

significantly lower level
reported positive midterm clinical outcomes of photooxidatively
crosslinked acellular BJVCs. It was shown that dye-mediated
photooxidation, combined with decellularization technique
(which will be discussed below), helped the BJVCs to achieve
and to exhibit

appropriate dilation with age (Qian et al., 2021b).

resistance to calcification and infection,

Other options of crosslinking agents include naturally
occuring chemicals, which are reasonably considered to be
more biocompatible. Xu et al. investigated proanthocyanidin
in vitro and found it to significantly reduce risk of hemolysis
in BJVCs while generating similar resistance to collagenase
degradation, compared with glutaraldehyde (Xu et al., 2012).
Chang et al. conducted an in vivo study of genipin-fixed BJVs,
and highlighted their superior endothelialization to the
glutaraldehyde-fixed BJVs, as well as minimal inflammatory
reaction and intact valvular leaflets after 6 months (Chang
et al., 2001).

Last but not least, the traditional glutaraldehyde never actually
went off researchers’ radar. Appropriate additives can suppress the
cytotoxicity of glutaraldehyde and re-expand its biomedical
applications. The most common co-crosslinking agents of
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glutaraldehyde are amino acids (e.g. glycine, glutamic acid, L-lysine,
and taurine), which react with and hence block free aldehyde groups
(Bezuidenhout et al., 2009; Braile et al., 2011; Park et al., 2017;
Meuris et al., 2018; Braile-Sternieri et al., 2020). Jiang et al. recently
investigated a tripeptide L-glutathione (composed of cysteine,
glutamic acid, and glycine) and found that it yields even more
outstanding cytocompatibility than glycine (Jiang et al., 2022). Apart
from amino acids and peptides, Zhuravleva et al. assessed
glutaraldehyde-treated BV modified with
bisphosphonates. Both of the two bisphosphonates (pamidronic

tissues

acid and 2-(2" -carboxyethylamino)ethylidene-1,1-bisphosphonic
acid) they studied were satisfactorily immobilized on the BJV
tissue, and exhibited calcification-inhibitory effects through their
ability to block nucleation and prevent the growth of hydroxyapatite
crystals (Zhuravleva et al, 2021). Ding et al. took an even more
sophisticated recipe, firstly introducing 2-amino-4-pentenoic acid as
a co-crosslinker with carbon-carbon double bonds and then grafting
on poly (ethylene glycol) diacrylate by radical polymerization, which
not only resulted in better cytocompatibility but also improved
hemodynamic property (Ding et al., 2022).

Decellularization

Decellularization, as a key technique to reduce the
immunogenicity of non-autologous biomaterials, was already
employed in vascular prostheses in the 1980s (Malone et al.,
1984), and it has also been incorporated into the conduit
preparation process in most of the recent studies on BJVCs.
The early decellularization approaches were based on detergents
(Triton  X-100,
deoxycholate, sodium cholate, etc.) and enzymes (trypsin,
DNase, RNase, etc.), which induced lysis and removal of cells
(Naso and Gandaglia, 2018). Lu et al. showed that the detergent-
enzymatic

Tween, sodium dodecylsulphate, sodium

decellularization ~ technique to some extent
compromised the extracellular matrix (ECM) microstructure of
the BJV tissue, as well as its thermal stability and mechanical
property (Lu et al, 2007). This would again suggest that the
appropriate crosslinking techniques discussed above were
indispensable, for counteracting the effects of decellularization.
At the same time, researchers were also endeavouring to
reduce the usage of chemical agents that could denature ECM
the

decellularization procedure (Keane et al.,, 2015). Sawada et al.

proteins (such as sodium dodecylsulphate) in
reported using supercritical carbon dioxide (scCO2) as an
extraction medium to remove the cells from porcine aorta.
The obtained acellular tissue showed no decrease in
mechanical strength (Sawada et al., 2008). Bakuleva and her
team have recently modified this technique and applied it to BJV
tissues (Chaschin et al, 2020; Chashchin et al, 2021). They
developed a “hybrid” treatment which consisted of a short
exposure to the standard detergent solution (1% v/v sodium

dodecylsulphate) followed by an exposure to the scCO2 with
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Tween-80, in order to achieve complete decellularization and to
preserve the ECM components (such as collagen and elastin) and
structures.

A decellularized allograft pulmonary valve - CryoValve” SG
by CryoLife Inc., was introduced to clinical use in 2000, whereas
the decellularized BJVC, as a xenograft counterpart, is still
seeking FDA approval. In the mid-to long-term studies by
Ruzmetov et al. and Bibevski et al, CryoValve® SG
demostrated in the RVOT reconstruction less insufficiency
and stenosis, and hence better durability than the standard
cryopreserved allograft (Ruzmetov et al.,, 2012; Bibevski et al.,
2017). One would therefore analogically expect a superior
performance from a decellularized BJVC than a standard
BJVC (e.g. Contegra®). Yaxin Medical Technology Co., Ltd.,
(Wuhan, China.) is currently trialing its decellularized BJVC
(in collaboration with Wu’s team) (Qian et al., 2021b), which has
shown satisfactory durability and functionality so far, and bears
the potential of becoming commercially available.

Other modifications

In addition to the widely adopted crosslinking and
tried
various bespoke coatings to optimize the performance of

decellularization techniques, researchers have also
BJVCs in one or more aspects.

Chitosan was one of the favourable coating materials, in light
of its known antimicrobial properties (Gallyamov et al., 2014).
Chashchin et al. deposited chitosan from carbonic acid solution
to decellularized BJVC, endowing the conduit a smooth intima
surface and resistance to calcification. Meanwhile, the coating
was also found to have significantly improved the strength and
the elasticity of the decellularized conduit (Chaschin et al., 2020;
Chashchin et al,, 2021). Krasilnikova et al. applied globular
chitosan, which had better diffusion and tissue-penetration
characteristics than linear chitosan, to both cellular and
acellular BJVCs. Subcutaneous implantation also demonstrated
resistance to calcification. Mechanically, the treated acellular
samples turned out to have greater strength and stiffness than
the treated cellular samples, due to a higher level of impregnation
of chitosan in the ECM (Krasilnikova et al., 2018). Moreover, Liu
et al. trialed coatings of fibronectin, collagen IV and gelatin (Liu
et al., 2009), while Tao et al. investigated nano-assemblies of
heparin and dihydroxy-iron (Tao et al., 2012). Both treatments
were for enhanced endothelialization in decellularized BJVCs,
and they both generated positive results.

Guhathakurta et al. made particular efforts to counteract the
by
circumferentially oriented nanofibres onto the external surface

aforementioned risks of dilatation, electrospinning
of decellularized BJVC. The polymeric nanofibres (poly-
caprolactone, poly-lactic acid and collagen type I) gave the
BJVC extra resistance to dilatation while still keeping it

biocompatible (Guhathakurta et al, 2011). In terms of
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physical reinforcement, the conduit manufacturers actually have
more pragmatic solutions. The Contegra has been available in a
ring-supported model, which has two external polypropylene
rings sutured to the adventitial layer of the conduit intended for
limiting dilatation at the valvular section (Boudjemline et al,
2003b; Morray et al,, 2017), although no clinically significant
echocardiographic or outcome differences seemed to have been
found between the ring-supported and unsupported Contegras
(Lueth et al,, 2019). The Balance Medical BJVC also has a
polyester film covering the outer wall of the vein to prevent
dilatation, and the device has been preferred for older children
with hypoplastic pulmonary arteries (Zou et al.,, 2021).

Future prospects

The BJVC has undoubtedly become an important means of
RVOT reconstruction, and will continue to be one in the future.
Studies that compare BJVCs with allografts and synthetic
polymer conduits will also be ongoing, and so is the debate as
to which one of them is better. In the authors’ opinion, however,
atleast in the coming few years the focuses of research should still
be placed on how to perfect each one of the treatment regimes,
rather than conclusively making a choice from them.

Hence for BJVC, the goal of future research should include
finding more biocompatible crosslinking agents, optimizing
decellularization ~ protocols and storage strategies, and
developing more delicate conduit designs (Xiling et al., 2022).
At the same time, the manufacturers of the commercialized BJVCs
should strive to achieve the highest level of standardization in their
products (which indeed is always a challenge for animal-derived
biomaterials), and help clinical centers set up comprehensive
databases. By plotting conduit-, patient-, and center-related
variables against the outcomes, researchers can then better
elucidate the causative factors of the occurring complications
(Herrmann and Brown, 2020; Rapetto et al., 2021).

Apart from those, the authors expect that the breakthroughs
in the clinical application of BJVC may come from two specific
areas. The first one is genetic research, which identifies the
patients’ predispositions to certain complications, or the
bovine tissue’s susceptibility to certain immunologic reactions
(Boudjemline et al., 2003c). For example, Senage et al. have very
recently demonstrated that antibodies against the xenoantigens
galactose-al,3-galactose (aGal) and N-glycolylneuraminic acid
(Neu5Ge) could mediate the deterioration of bioprosthetic heart
valves through calcification, which was indeed a remarkable step
forward (Senage et al., 2022). Furthermore, with the help of
genetic engineering technologies, one may even achieve conduits
that are deficient in certain antigen-expressing genes, or conduits
that can produce human thrombo-regulatory and anti-
inflammatory proteins (Yamamoto et al., 2015).

The other area is the development of in vitro characterization

apparatuses and bioreactors. The biaxial tester might be considered

Frontiers in Bioengineering and Biotechnology

08

10.3389/fbioe.2022.920152

one of the first few apparatuses that brought the research on BJV
tissues to a higher level of sophistication. By linking the radial and
circumferential mechanical properties of the BJV leaflets to their
structural and compositional changes, the biaxial tests performed
could provide insights into the pathogenesis of valve distension
and incompetence (Huang and Lu, 2017; Benson and Huang,
2019). Rittgers et al. and Dur et al. constructed in vitro models
simulating the physiological flows and pressures, and proposed
certain parameters to measure (systolic-to-diastolic pressure drop
(AP), resistance (R), effective orifice area (EOA), etc.) when testing
the valves (Rittgers et al., 2007; Dur et al, 2010). Easson et al.
developed a more straightforward testing system with a high-speed
camera and an image analysis software. The captured valve
behaviours (e.g. opening time and geometric orifice area) were
able to reflect the property difference between various BJV tissues
(such as fresh and glutaraldehyde-treated) (Easson et al.,, 2019).
Fatigue property is one of the key indicators of the durability of a
BJVC, and the ISO 5840 (2021) standard prescribes guidelines on
fatigue assessment of heart valves (ISO, 2021). However, it does not
specify the test methods or the test equipment. Numerous
apparatuses have been built to test various forms of heart
valves (Vesely et al,, 1995; Butterfield and Fisher, 2000; Iwasaki
et al,, 2002; Arokiaraj et al., 2016; Raghav et al., 2016), but none of
them is specifically designed for RVOT reconstruction conduits. A
research group at University of Arkansas has recently been
developing an accelerated valve fatigue apparatus for BJV
tissues, and when completed it is going to offer quick
assessment of the durability of a valved RVOT conduit
(Brazhkina, 2019; Kueh, 2020). Bioreactors are generally the
above dynamic perfusion systems supplemented with biological
elements (such as cells, media with growth factors, or even
bacteria) (Teebken et al., 2003; Ditkowski et al., 2019; Leeten
et al, 2021). Compared with the characterization apparatuses,
bioreactors hold even greater potentials. Ditkowski et al. and
Leeten et al. used bioreactors to model BJVC behaviours -
bacterial ~adherence and endothelialization, respectively
(Ditkowski et al., 2019; Leeten et al, 2021), whereas many
other researchers attempted to achieve cell repopulation of
decellularized conduits with bioreactors (Teebken et al., 2003;
Lichtenberg et al.,, 2006; Yuan et al.,, 2016; Tacobazzi et al., 2021;
Rapetto et al, 2022). Although the development of an ideal
bioreactor and a standard conduit-engineering protocol is still
in it is infancy, a decellularized BJVC repopulated with autologous
cells offering a close-to-autograft operation choice may well be
where the future lies (Cleuziou, 2018).

Summary

BJVC found an important place in reconstruction of RVOT,
and clinical outcomes showed its competency as well as room for
improvement. Complications such as stenosis, aneurysmal
dilatation, valve insufficiency, and infective endocarditis still
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remain to be addressed. The BJVC can be modified by
crosslinking, decellularization, coating, and various physical
reinforcement techniques. Future researches may be pointed
towards genetic studies and bioreactor designs. The authors
optimistically expect that the BJVC will achieve significant
improvement and provide sophisticated therapies for next-
generation RVOT reconstruction.
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