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Abstract

Bicuspid aortic valve (BAV) is the most common heart valve malformation, and it may be associated with the development of long-term
complications, such as aortic stenosis (AS) secondary to valvular calcification and aortic insufficiency (Al), with or without ascending aortic
aneurysm (AAA). This study was performed at the Institute of Cardiovascular Diseases, Timisoara, Romania, from 2015 through 2018 and
included a total of 105 patients with BAV. Out of the 105 BAV patients, 14 displayed AAA, alongside either AS or Al, and were selected
undergo aortic valve replacement (AVR) alongside surgical replacement or aortoplasty of the ascending aorta, and the elastic fiber loss in
the ascending aortic wall was evaluated for each patient. Two surgical interventions used alongside AVR in BAV patients with AAA and AS or
Al were compared in this study: reduction ascending aortoplasty (RAA) and ascending aorta replacement (AAR). Postoperative follow-ups
have shown RAA is useful short-term but that, in contrast to AAR, it leads to aortic redilatation over time. These results can contribute to a

major future meta-analysis with the goal of improving the current clinical practice guidelines for BAV aortopathy.
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& Introduction

Bicuspid aortic valve (BAV) is the most frequent
congenital heart abnormality, with a prevalence of
approximately 1% in the general population [1]. The
associated pathologies can be aortic stenosis (AS), aortic
insufficiency (Al), ascending aortic aneurysm (AAA), and
infectious endocarditis [2-5]. A lot of disorders associated
with aortopathy have been observed in BAV patients [6, 7].
A BAV may develop progressive calcification similar to a
tricuspid aortic valve, but the calcification of the bicuspid
valve is more pronounced than that of the tricuspid valve
[8,9]. BAV appears to be a genetic disease, with data from
the literature suggesting a prevalence of 9% among first-
degree relatives [10]. According to other authors, among
patients who needed surgery, there were more cases of Al
in men and more cases of AS in women [11, 12].

BAV has a heterogeneous clinical appearance, and
the surgical approach should be adjusted according to its
different clinical forms [13].

Studies have shown that over 30% of BAV patients
will develop severe complications, BAV being the main
cause for AS in all age groups and for Al with or without
infection in young adults, and only 20% of BAV patients can

live a life free of cardiovascular complications secondary
to the disease [14, 15].

Aim

This study aims to compare two surgical treatments
of BAV patients with AAA, namely reduction ascending
aortoplasty (RAA) and ascending aorta replacement (AAR),
and at the same time find correlations between different
clinical characteristics, which can lead to the identification
of risk factors in BAV patients and therefore have an

impact on the clinical practice guidelines by offering new
therapeutic options.

= Patients, Materials, and Methods
Selection of patients

This study was conducted within the Institute of
Cardiovascular Diseases, Timisoara, which serves the
western region of Romania. The study included patients
hospitalized from January 2015 through January 2020.

Patients with Marfan syndrome, coronary artery disease,
congenital heart disease, coarctation of the aorta, and other
disorders that could be related to BAV and considerably
lower patient life expectancy, such as oncological diseases,
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were excluded from this study. Biological, clinical, and
imaging tests have been performed for comprehensively
evaluating the aorta and its different anatomic variations.

AVR was performed for all 105 BAV patients included
in this study. The 14 BAV patients that displayed AAA
additionally underwent AAR or RAA.

Both the morphology and function of the aortic valve
were evaluated by preoperative two-dimensional trans-
thoracic echocardiography (2D TTE) and three-dimensional
transesophageal echocardiography (3D TEE) in all 105
BAYV patients. Histological testing of the ascending aortic
wall was conducted for the 14 BAV patients with AAA
to evaluate elastic fiber loss compared to patients with
tricuspid aortic valves.

Patients from all groups underwent postoperative visits
at fixed time intervals after the intervention, namely at six
weeks, 12 weeks, and then yearly. All 14 BAV patients
with AAA were present at each postoperative follow-up,
while approximately 10% of BAV patients without AAA
have been excluded from the follow-up results, as they
had not been consistent in attending the postoperative
follow-ups on time.

This study was evaluated and approved by the Research
Ethics Committee of the Victor Babes University of
Medicine and Pharmacy, Timisoara, Romania.

Echography

Echocardiography was performed using a Philips
ultrasound machine (Philips Medical Systems). Preoperative
2D TTE and intraoperative 3D TEE have been used to
quantify left ventricular function, to measure the aortic
annulus, aortic lumen, and aortic arch diameters, examine
the aspect and regurgitation, and to assess aortic valve
function and BAV morphology, which can be either Type A,
representing the fusion of the right and left coronary
leaflets, Type B, representing the fusion of the right
coronary and non-coronary leaflets, and Type C, representing
the fusion of the left coronary and non-coronary leaflets.

Surgical procedures

Surgical procedures were conducted by an experienced
surgeon, median sternotomy was performed, and patients
were hypothermic at 30°C. Cardiopulmonary bypass was
established, and the ascending aorta was clamped at the
level of the emerging brachiocephalic trunk. St. Thomas
crystalloid cardioplegia was administered intermittently
at 20-minute intervals.

Figure 1 — Intraoperative aspect of the bicuspid valve.
The two leaflets (cusps) as well as massive calcifications
can be observed.

Histopathology exams

Samples were washed with saline and fixed in 10%
neutral buffered formalin for 48 hours. The samples were
dehydrated, cleared, and paraffin embedded. Five pm
thick sections were taken from each paraffin block and
mounted on salinized slides. Conventional microscopy
was employed for the morphological and histochemical
interpretation of the stained slides, using an AxioCam 506
camera (Zeiss, Jena, Germany). Images were generated by
scanning the slides using the Panoramic Viewer system
(3DHISTECH, Hungary).

& Results
Preoperative and intraoperative results

This study included 105 BAV patients with a mean
age of 54+15 years, out of which 64 (61%) patients were
men and 41 (39%) women. Approximately 2/3 of patients
came from rural areas. Of the 105 BAV patients included
in this study, 14 (13.3%) were diagnosed with AAA and
underwent AVR alongside either AAR or RAA, while the
remaining 91 (86.7%) patients underwent only AVR. The
14 BAV patients with AAA had a mean age of 53.8 years,
and this predisposition was found mostly in men (78.6% of
cases). Of these 14 BAV patients with AAA, nine (64.29%)
had severe AS and five (35.71%) had AI. BAV patients with
AAA that presented both AS and Al have been grouped
considering the pathology that was most dominant.

All BAYV patients underwent surgery to replace the aortic
valve, while those also presenting AAA additionally
underwent AAR or RAA. RAA was performed on the
ascending aorta in 50% of cases and AAR surgery was
performed in the remaining 50%.

Intraoperatively, the size of each graft was selected
based on echocardiographic measurements and the BAVs
were replaced with either mechanical or biological
prostheses. Figures 1 and 2 show the intraoperative bicuspid
valve aspect of the youngest patient enrolled in this study,
a 27-year-old male.

BAYV patients with AAA displaying an aortic lumen
diameter of 5-5.5 cm underwent RAA, which entailed
resecting an oval section of the ascending aortic wall and
performing aortorrhaphy using a 4-0 Prolene double-
armed suture. The aortic lumen was reduced to a maximum

of 4 cm.

Figure 2 — Intraoperative aspect of valvular replacement
using a mechanical prosthesis.
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For BAV patients with AAA displaying an aortic lumen
diameter >5.6 cm, the ascending aortas were replaced
with tubular prostheses made of synthetic material (Dacron).

The type of prosthesis was selected based on patient
age, i.e., biological prostheses for patients aged over 65
and mechanical prostheses for the rest, as described in
Figure 3. RAA was the type of surgical intervention used
in elderly patients with severe cardiovascular disease,
due to the high intraoperative risk, as well as in other
patients depending on the degree of aortic dilatation and
classification of the ascending aortic wall, intraoperatively

evaluated by the surgical team. The degree of dilatation
was directly correlated with aortic lumen diameter and a
high degree indicated an aortic wall unsuitable for RAA,
as shown in Figure 4. All AVR, RAA, and AAR procedures
performed in BAV patients with AAA have met the criteria
that the aortic lumen diameter was >50 mm.

These patients have been grouped accordingly, and a
detailed map showing the diagnosis, type of intervention,
and postoperative follow-up for each group can be seen
in Figure 5.

Age (years)

AVRb + AAR AVRb + RAA AVRm + AAR

Intervention

AVRm + RAA

Figure 3 — Type of intervention directly correlated with
age. AAR: Ascending aorta replacement; AVRb: Aortic
valve replacement using biological prosthesis; AVRm:
Aortic valve replacement using mechanical prosthesis;
RAA: Reduction ascending aortoplasty.

Patients with BAV
(n = 105)

BAV patients without
AAA BAV patients with AAA

n=91) (n=14)
BAV BAV
patients patients
with AAA + || with AAA +
AS Al
(n=9) (n=5)

BAV
patients
displayed
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(n=0)

BAV BAV BAV BAV
patients patients patients patients
displayed displayed displayed displayed
Aortic Aortic Aortic Aortic
(n=1) (n=0) (n=3) (n=0)

Diagnosis including ecocardiography
Diagnosis including ecocardiography
and histological testing

Intarvention

Postoperative follow up
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Figure 5 — Schematic showing diagnosis, type of
intervention, and postoperative follow-up for each
group of patients. AAA: Ascending aortic aneurysm;
AAR: Ascending aorta replacement; Al: Aortic
insufficiency; AS: Aortic stenosis; AVR: Aortic valve
replacement; BAV: Bicuspid aortic valve; RAA:
Reduction ascending aortoplasty.
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Figure 4 — Type of intervention directly correlated with
aortic lumen diameter. AAR: Ascending aorta replacement;
AVRDb: Aortic valve replacement using biological prosthesis;
AVRm: Aortic valve replacement using mechanical
prosthesis; RAA: Reduction ascending aortoplasty.

No surgical re-interventions have been performed nor
did any subsequent aortic complications, such as dissection
or rupture, occur.

Histopathological study

Macroscopic examination of the heart valves showed
their uneven deformation and thickening, with irregular
edges, areas of calcification and intense sclerosis (Figure 6).

A

Figure 6 — Macroscopic aspect of the bicuspid valves
showing degenerations.

The heart valves and areas of the excised aortic artery
wall were fixed in 10% neutral buffered formalin solution
for 72 hours, embedded in paraffin, and then examined
under an optical microscope. In our study, we used two
classical stainings: Hematoxylin—Eosin (HE) and Goldner—
Szekely (GS) light green trichrome.

For the immunohistochemical (IHC) study, we used
anti-cluster of differentiation 34 (CD34) antibodies
(monoclonal mouse anti-human CD34 Class II, clone
QBEnd-10, 1/50 dilution, Dako) to highlight the micro-
vascularization of the heart valves, anti-alpha-smooth
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muscle actin (a-SMA) (monoclonal mouse anti-human
SMA, clone 1A4, 1/100 dilution, Dako) to highlight the
myofibroblasts in the valve structure and anti-cluster of
differentiation 68 (CD68) (monoclonal anti-human CD68,
clone KP1, 1/100 dilution, Dako) to highlight the macrophage
cells participating in the heart valve remodeling processes.

Microscopic examination revealed at the level of the
heart valves the presence of a dense connective tissue,
with thick collagen fibers, arranged disorderly and with
numerous fibroblastic type connective cells. In some areas,
inhomogeneous calcifications of the valve structure have
been highlighted (Figures 7 and 8). Calcium deposits were
of various sizes and shapes and were identified throughout
the valve area (Figures 9 and 10). In the structure of the
heart valves, small areas rich in loose connective tissue
were identified, with numerous inflammatory cells and
blood vessels (capillaries, arterioles, and venules) with a
disordered arrangement, similar to those in a granulation
tissue.

THC examination showed extremely low vascularization
of the valves in areas with sclerotic tissue, but in areas
with lax connective tissue, vascularization was intense

Figure 7 — Microscopic image of an area of the heart
valve, rich in fibroblast collagen fibers, and calcium salt
deposits (HE staining, x100). HE: Hematoxylin—Eosin.
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Figure 9 — The area of the heart valve consists of dense
connective tissue, partially calcified (HE staining, x100).

(Figures 11 and 12). Myofibroblasts and macrophage
cells were absent in areas with sclerotic tissue of the heart
valves but were present in large numbers in areas with
lax connective tissue (Figures 13 and 14).

Histological examination of excised aortic wall samples
showed interlamellar degeneration with mucoid replacement,
loss and fragmentation of elastic fibers (Figures 15 and 16).

Postoperative monitoring

Each postoperative follow-up consisted of clinical
assessment, chest X-ray, electrocardiogram (ECG), TTE,
and blood testing aimed at detecting complications, i.e.,
prosthetic thrombosis, bioprosthetic failure, paravalvular
leaks, hemolysis, and heart failure. Antithrombic therapy,
personalized based on the prosthesis used and patient-
related risk factors, was prescribed lifelong for all mechanical
prostheses or during the first three post-operative months
for biological prostheses.

The mean follow-up time was 39+12 months and it
included both BAV patients that underwent AVR only and
those who also benefited from RAA or AAR alongside AVR.

W Y W SE AN ‘i B Sl &
Figure 8 — Image of heart valve with intensely calcified
areas (GS trichrome staining, x100). GS: Goldner-Szekely.
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Figure 10 — Cardiac valve area, rich in loose connective
tissue, with numerous blood vessels and small deposits
of calcium salts (GS trichrome staining, x100).
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Figure 11 — Image of heart valve with a sclerotic area, Figure 12 — Cardiac valve area, rich in lax connective
poor in blood vessels, and a lax connective tissue area, tissue, with numerous blood vessels (Immunostaining
well vascularized (Immunostaining with anti-CD34 with anti-CD34 antibody, *x40).

antibody, x100). CD34: Cluster of differentiation.
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Figure 13 — Microscopic image of a heart valve area, rich

in lax connective tissue with numerous myofibroblasts connective tissue, blood vessels and macrophages
(Immunostaining with anti-a-SMA antibody, *100). (Immunostaining with anti-CD68 antibody, x100). CD68:
a-SMA: Alpha-smooth muscle actin. Cluster of differentiation 68.
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Figure 15 — Ascending aortic wall including intima and Figure 16 — Ascending aortic wall showing changes of
media. Note the presence of interlamellar degeneration the elastic lamellae with partial and focal loss of the
with mucoid replacement (HE staining, x100). elastic component and the persistence of chromophobic

spaces located at irregular intervals between the elastic
lamellae (Orcein staining, x100).




868 Ciprian Nicugor Dima et al.

At three years post-operation, there was no need for
surgical re-interventions. BAV patients with AAA and AS
who underwent AVR and RAA developed aortic redilatation
over time, in contrast to BAV patients with AAA and AS
who underwent AVR and AAR. Aortic redilatation occurred
in four out of seven BAV patients with AAA that underwent
AVR and RAA, namely three out of three patients with
Al and one out of four patients with AS. Postoperatively,
their aortic lumen mean diameter was 33.8+5 mm, while
at three years after surgery it was 34.6+5 mm, therefore

showing an approximately 0.24% increase over the three-
year period. None of the BAV patients with AAA that
underwent AVR and AAR suffered aortic redilatation during
the same three-year period. Table 1 encompasses the pre-
operative, postoperative, and follow-up echocardiographic
measurements of aortic lumen diameter for the 14 BAV
patients with AAA. These results show that, although
RAA can be useful short-term, it causes aortic redilatation
and therefore requires more thorough monitoring than
AAR, which does not cause aortic redilatation.

Table 1 — Preoperative, postoperative, and follow-up echocardiographic measurements of aortic lumen diameter for the

14 BAYV patients with AAA
Patient Age  Preoperative aortic - Postoperative aortic  Aortic lumen diameter at

No. Gender [years] lumen diameter [mm] AS Al Interventions lumen diameter [nm] three years follow-up [mm]
1. M 27 55 *  AVRm + RAA 36 37.9

2. M 72 62.5 * AVRb + AAR 28 28

3. M 42 59 *  AVRm + AAR 28 28

4. M 74 58 * AVRb + AAR 28 28

5. F 51 52 * AVRm + RAA 35.5 38.8

6. M 52 56 * AVRm + AAR 28 28

7. M 37 51 *  AVRm + RAA 37.2 39.5

8. M 59 65 * AVRm + AAR 32 32

9. M 42 52 * AVRm + RAA 38.4 39.4

10. M 29 57 *  AVRm + AAR 34 34

11. M 64 55 *  AVRm + RAA 40 42.3

12. M 62 55 * AVRm + RAA 39 39.8

13. F 69 51 * AVRb + RAA 38.5 38.9

14. F 74 59 * AVRm + AAR 30 30

AAA: Ascending aortic aneurysm; AAR: Ascending aorta replacement; Al: Aortic insufficiency; AS: Aortic stenosis; AVRb: Aortic valve replacement
using biological prosthesis; AVRm: Aortic valve replacement using mechanical prosthesis; BAV: Bicuspid aortic valve; F: Female; M: Male;

RAA: Reduction ascending aortoplasty.

The results also show that BAV patients with AAA
and Al that underwent AVR and RAA developed aortic
redilatation much faster and, therefore, will require surgical
re-intervention much sooner than BAV patients with AAA
and AS that underwent the same procedures.

For the 91 BAV patients without AAA that underwent
AVR, no significant aortic modifications have been reported
at three years post-operation and, therefore, these patients
did not require a yearly follow-up.

=& Discussions

In BAV patients with AAA, surgical treatment is
challenging and there is currently controversy related to
the therapeutic act [16, 17]. There is a large phenotypic
variety in BAV [6, 7, 18]. Therefore, the surgical method
needs to be adapted to the pathogenic mechanisms of the
different BAV phenotypes [19]. A review published in
2017, following the collection of clinical/scientific data
from literature published over the course of a year, shows
that clinical studies that compared results of BAV patients
after the sole replacement of the aortic valve agree
regarding the existence of an increased risk for severe
aortic complications in patients with Al compared to those
with AS [13].

Surgical guidelines for AAR in BAV patients are
supported by the argument that BAV aortopathy is more
similar to Marfan syndrome aortopathy that to the aortopathy
secondary to tricuspid valve degenerative diseases [14].
Multiple international clinical practice guidelines from
1998-2014 take a stance either for RAA or the more
aggressive technique of AAR [20-22].

The results in this study show most BAV patients
with AAA that underwent AVR and RAA (four out of
seven) have suffered aortic redilatation over time, while
none of the same group of patients that underwent AVR
and AAR displayed redilatation.

A study from 2016 has shown that pathogenic
mechanisms at the level of the proximal aorta are similar
in BAV patients with AS and patients with tricuspid
valvulopathy [23]. BAV accompanied by Al has been
found to develop aortic complications at some point up
to 15 years from the AVR intervention [24]. In this study,
echocardiographic results up to three years post-operation
have not shown any considerable modifications prompting
reoperation for any of the 105 patients, but the indication
of echocardiographic monitoring has stayed in place, with
more thorough follow-ups for patients that underwent RAA.

The RAA method is an alternative to AAR and is
chosen as a surgical treatment for patients with high
perioperative risk or those with cases of borderline
ascending aorta dilatation [25, 26].

AAR has been associated with increased perioperative
mortality and morbidity rates [27, 28]. Moreover, RAA
requires a shorter aortic clamping time, duration of
cardiopulmonary bypass time, and intensive care stay
[29, 30].

In BAV patients with AAA that had both AS and Al,
the behavior of the disease was influenced by the dominant
component, either stenosis or insufficiency, and the
impairment was more severe in patients with dominant
insufficiency. Therefore, in cases where patients presented
both AS and Al, the most dominant pathology was
considered.
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BAV patients with Al are known to present aortic
aneurysms much sooner than BAV patients with AS or
tricuspid valvulopathy [13]. Accordingly, there were
differences between BAV patients enrolled in this study
with AAA and AS versus AAA and Al, i.e., BAV patients
with AAA and Al have shown redilatation of the ascending
aorta sooner than the BAV patients with AAA and AS
following the RAA intervention.

Recent studies also support the idea that BAV patients
with Al may develop a more severe form of dilatation of
the ascending aorta compared to BAV patients with AS
[31, 32]. There are also new studies that have analyzed
mutations of the gene encoding fibrillin-1 (FBNI) and
made comparisons between aortic dilatations in young
adults [33]. Histological studies have correlated aortic
aneurysm/dilatation to potential risk factors, and BAV
has been identified as a risk factor in 13% of cases [34].
Recent studies have shown the analysis of structural
changes require a consensus in establishing a surgical
management plan for aortic pathology with inflammatory
or non-inflammatory etiology [35].

Furthermore, studies have reported a significant loss of
elastic fibers in the ascending aortic wall in approximately
half of BAV patients with AAA and Al, compared to just
10% of BAV patients with AAA and AS [36].

Although it is generally believed that elder patients
are more susceptible to mid ascending aortic dilatation,
while younger patients are more likely to show dilatation
of the annulus and aortic root, there is not a consensus
regarding the correlation of age and dilatation, with some
studies recommending a customized surgical intervention
for each patient [37, 38].

According to a recent study, postoperative monitoring
of up to 15 years is required in order to see aortic affections
following AVR and RAA or AVR only [39].

There are potential limitations of this study, such as
the limited number of patients (only 13% of all patients
with BAV underwent AAR or RAA) or the lack of genetic
data and testing.

& Conclusions

For patients with BAV and AAA, RAA is efficient
for the short-term but redilatation occurs over time,
which provides a rationale for the necessity of long-term
monitoring. None of the BAV patients with AAA and either
Al or AS developed redilatation subsequent to AAR
during the three-year monitoring period; however, most
of them have developed redilatation subsequent to RAA
during the same period. Following RAA, redilatation is
faster in BAV patients with AAA and Al compared to
BAYV patients with AAA and AS and, therefore, AAR has
better long-term results in BAV patients with AAA and
Al This study can have long-term implications and can
contribute to a major international meta-analysis focused
on improving the clinical practice guidelines currently
used in BAV aortopathy.
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