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Introduction

Unicuspid aortic valve disease (UAVD) in adult congenital 
heart disease centers remains a formidable and prolonged 
challenge, since UAV patients are young and surgical 

treatment strategies do not offer longtime durability. 

Unfortunately, neither the American nor the European 

guidelines for management of valvular heart disease elaborate 

on the surgical treatment strategy of UAV patients. The 
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Guidelines for management of adults with congenital heart disease, 
published by the American College of Cardiology (ACC) and 
American Heart Association (AHA) in 2018, give no specific 
treatment recommendations for UAV in their chapter of 
congenital valvular aortic stenosis and solely refer to the 
ACC/AHA Guidelines for management of patients with valvular 
heart disease published in 2014 (1,2). Here, in the chapter of 
“Evaluation and Selection of Prosthetic valves”, mechanical 
protheses are recommended for non-elderly patients  
(age <50 years) with severe aortic valve disease (Level 
IIa; Class B-NR) (2). For patients of every age with 
contraindication for oral anticoagulation, usage of 
bioprosthetic aortic valves is recommended (Class I; Level 
C) (2)—despite the high risk of structural valve deterioration 
(SVD) especially in young patients (3). As an alternative 
for aortic valve replacement in non-elderly patients with 
undesirable oral anticoagulation, pulmonary autografts 
(Ross procedure) are recommended when performed by an 
experienced surgeon (Level IIb; Class C) (2). In line with 
this, the Guidelines for the management of adult congenital 
heart disease, published 2020 by the European Society of 
Cardiology (ESC), mention the Ross procedure as surgical 
option for patients of childbearing age and for those wanting 
to avoid anticoagulation (4). Interestingly, there is no explicit 
recommendation for aortic valve repair in non-elderly 
patients. Though, the American and European Guidelines 
recommend a heart team discussion for selected patients in 
whom aortic valve repair may be a feasible alternative to valve 
replacement (Level 1, Class C) (2,5). Furthermore, aortic 
valve repair procedures should be concentrated in those 
centers with proven expertise in the procedure (2). 

Therefore, the evidence on surgical treatment of UAVD 
is currently sparse and an operative standard is missing. In 
this review, we highlight benefits and disadvantages of repair 
and replacement methods for one-cusped aortic valves in 
consideration of the unique anatomy and pathophysiology 
of these patients. We will focus on modern technical aspects 
of unicuspid aortic valve (UAV) repair in adults including 
the concept of bicuspidalization of native cusp tissue using 
patch augmentation and discuss current surgical principles 
of the Ross procedure. At the beginning, we briefly review 
anatomy, prevalence, pathophysiology and associated 
pathologies of UAVD. We present the following article in 
accordance with the Narrative Review reporting checklist 
(available at http://dx.doi.org/10.21037/cdt-20-814).

Anatomy and prevalence of UAVD 

The aortic valve consists of three components including 
valve cusps, commissures, and sinuses. The arrangement 
of these parts during embryogenesis is variable in humans 
and according to the number of cusps they are described 
as unicuspid, bicuspid, tricuspid, quadricuspid and 
pentacuspid aortic valves (6-8). Depending on the number 
of commissures, UAV are further divided into acommissural 
and unicommissural UAVs. An acommissural UAV is 
characterized by three underdeveloped, congenitally fused 
commissures and a “pin-hole” shaped orifice, while an 
unicommissural UAV presents with two underdeveloped 
and one normal commissure (usually located between the 
non-coronary and the left-coronary cusp), resulting in a 
slit-shaped or “fish-mouth” like orifice (Figure 1) (9). The 

A B

Figure 1 Intraoperative images of an unicommissural unicuspid aortic valve by transesophageal echocardiography (A) and by surgeon’s view 
(B). The valve shows normal cusp tissue in the area of the single commissure (red arrow) and severe calcification in the region of the fused 
cusps (red star) resulting in a mixed AV lesion (i.e., aortic valve stenosis with concomitant aortic valve regurgitation).
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genesis of UAV is not fully understood yet, whereby familiar 
inheritance patterns let assume genetic mechanisms. In 
a recent retrospective study examining 75 patients with 
UAV 11% of patients presented with a family history of 
congenital aortic valve disease (10). 

Overall, UAVD represents a rare cause of aortic valve 
disease in adults. Based on the data from an American 
single-center study that examined 113,552 transthoracic 
echocardiographic images, UAVD was found in 0.02% in 
the general adult population (11).

In adults undergoing aortic valve surgery, UAVD is 
more commonly diagnosed with an reported prevalence 
of 5% (12). However, true prevalence of UAVD may be 
underestimated, since echocardiographic sensitivity of aortic 
cuspidality is limited to 40–50% (13). Even by intraoperative 
surgical inspection, there is still a notable likelihood of 
confusion between unicuspid and bicuspid aortic valves due 
to calcified and acquired commissural fusion (13). 

Pathophysiology

In comparison to tricuspid aortic valves, the mechanical 
features of UAVs are deficient from birth on with a 
variable extent of stenotic and regurgitant components. 
Acommissural UAVs show almost no cusp opening 
during systole and are therefore accompanied by severe 
aortic stenosis already in early infancy. In line with this, 
acommissural UAVs are one of the main causes for aortic 
valve surgery in early childhood (9). On the contrary, 
unicommissural UAVs show more cusp mobility with a 
larger valvular opening than the acommissural valves. 
However, the segment of the two thickened and fused 
rudimentary commissures in unicommissural UAVs are 
prone to early calcification, while the cusp tissue in the area 
of the “normal” commissure remains usually pliable and 
functionally intact. Hence, patients with unicommissural 
UAVs develop severe stenosis, often combined with valvular 
regurgitation, in the rapid growth phase, (i.e., during early 
adulthood) and require surgical treatment predominantly 
in their third to fifth decade of life (i.e., 20–30 years earlier 
than for a tricuspid aortic valve) (6,14). 

Associated pathologies

Patients with UAV show a predisposition for aortic dilation 
(10,15). In most cases, aortic dilation occurs at the level of 
ventriculo-aortic junction (VAJ) of the aortic valve, while 
dilation of aortic root is less commonly diagnosed (in 

comparison to BAV patients) (15). The exact mechanisms 
of aortic dilation in congenital aortic valve disease is not 
fully understood yet. However, post-stenotic turbulences in 
combination with genetic abnormalities of the aortic wall 
are probably the underlying cause (16). 

Patients with congenital heart disease show also an increased 
likelihood of abnormal pulmonary valve morphology and 
coronary anomalies (17,18). In line with this, we recommend 
assessment of both semilunar valves by transesophageal 
echocardiography, assessment of aortic dimensions by chest 
computed tomography and imaging of coronary arteries by 
coronary angiography or cardiac computed tomography before 
planning the surgical treatment strategy.

Methods

Until March 2020, a systematic literature search was 
performed on PubMed, Embase, Ovid and Google 
Scholar databases by using the following terms: aortic valve 
replacement, aortic valve repair, bicuspid aortic valve, UAV, 
aortic stenosis or regurgitation, adult congenital aortic valve 
disease, valve sparing aortic root replacement and aortic valve 
reconstruction. The search was limited to original adult human 
studies and papers which were published in English. The key 
inclusion criterion was that any kind aortic valve procedure was 
performed in UAVD associated with an aortic regurgitation  
or/and stenosis. After this preselection process, a manual search 
of the reference lists of all eligible articles was performed. Two 
authors (MVS and EG) assessed the methodological quality of 
the full-text articles prior to final inclusion in the manuscript.

Treatment strategies

Surgical UAV treatment strategies follow two basic principles: 
sparing the native valve and repairing it vs. resecting the native 
valve and replacing it. Since UAV patients represent a very 
young patients’ cohort, native cusp tissue preserving techniques 
(i.e., valve sparing techniques/usage of autologous tissue) are 
considered to be much better durable in comparison to the 
prosthetic material. In the next sections we discuss in detail each 
treatment option for UAV that is currently used or under active 
investigation. In Table 1 we summarized our findings. 

Mechanical valves 

The first “mechanical valve”, a caged ball-valve, was 
implanted into the aortic valve position in 1960 by Dr. 
Harken (19,20). Since then, mechanical valve prostheses 
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impress with their excellent durability profile. Though, 
mechanical heart valves interact with the human coagulation 
system and life-long anticoagulation is necessary to avoid 
valvular thrombosis and thromboembolic complications. 
On the other side, anticoagulation is associated with severe 
bleeding complications that have a major impact on long-
term survival in adults. Previously, Bouhout and coworkers 
published an observational study including non-elderly 

patients with congenital aortic valve disease who underwent 
an isolated mechanical aortic valve replacement (21). Their 
study cohort showed a twofold higher long-term mortality 
risk when compared to the general population (13% vs. 
6% at 10 years) (21). Cumulative risk of severe prosthesis-
related complications (i.e., death, prosthesis dysfunction, 
endocarditis, thrombosis of the mechanical prosthesis, 
thromboembolic events, severe bleeding requiring 

Table 1 Treatment strategies for UAV in nonelderly patients

Treatment option Advantage Disadvantage Estimated prevalence of complication

Mechanical valve Durability 	Lifelong need for anticoagulation At least one during lifetime

	Increased risk of bleeding & thrombosis

	Increased risk of fetal loss/maternal  
complication during pregnancy

	Reduced life expectancy >10 years

Biological tissue 
valve

No anticoagulation 	Increased risk of structural valve  
deterioration

At least one during lifetime

	Increased risk of re-intervention

	Reduced life expectancy >10 years

Ross procedure 	Native cusp tissue 	Technically demanding procedure 	1/2 of patients require autograft 
re-operation at lifetime

	Excellent long-term 
outcome & normal life 
expectancy

	Increased risk of re-intervention 	1/5 of patients require pulmonary 
conduit re-operation at lifetime (19)

	Good hemodynamics

	Reduced risk of  
endocarditis

UAV repair Native cusp tissue 	No standardized approach Unknown (missing long-term data in 
adult patients)

	Risk of reoperation

	due to patch degeneration, suture  
insufficiency, endocarditis

Ozaki procedure Low transvalvular gradient 	Technically demanding procedure Unknown (missing long-term data in 
adult patients)

	Increased risk of re-operation

Homograft Human tissue 	Early degeneration At least one during lifetime

	Challenging re-do procedure

TAVR 	No need for Sternotomy 	Increased risk of paravalvular leakage Unknown (missing long-term data in 
adult patients)

	No need for ECC 	increased pacemaker rate

	challenging coronary access following TAVR

UAV, unicuspid aortic valve; TAVR, transcatheter aortic valve replacement; ECC, extracorporeal circulation.
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hospitalization and transfusion) was 27% at 10 years (21). 
Furthermore, actuarial survival free from re-operation was 
82% at 10 years (21).

To overcome the disadvantage of bleeding complications, 
newer generation bileaflet mechanical valve prostheses (e.g., 
On-X valve) have been released over the last two decades, 
which allow a low-dose anticoagulant treatment (target INR 
1.5–2.0). However, an explicit advantage of the low-dose 
anticoagulant scheme could not be demonstrated in terms 
of bleeding and thromboembolic complications. In the 
Randomized On-X Anticoagulation Trail (PROACT Trail), 
the linearized rate of prosthesis-associated adverse events 
(i.e., major bleeding, thromboembolism and thrombosis) 
was 4.4% per patient-year in the low-dose warfarin group 
compared to 5.2% in the standard warfarin group (22). In 
the ongoing PROACT Xa trail, apixaban could be identified 
as efficient modern medication in patients with an On-X 
aortic heart valve, which is less prone to bleeding events in 
comparison to warfarin (23). 

With respect to the current evidence from the published 
literature, we conclude, that young patients with mechanical 
valves will suffer at least one major prosthesis-related 
complication during their lifetime (24). In line with this, a 
mechanical aortic valve substitute is a suboptimal surgical 
solution in patients aged <55 years. Especially in young 
patients with contraindications for oral anticoagulation (i.e., 
family planning women, athletes) other treatment choices 
should be preferred. 

Bioprosthetic valves 

In 1969, Marian Ionescu and Donald Ross reported 

their first experiences using autologous fascia-lata grafts 
mounted on a scallop-shaped titanium frame as a substitute 
for diseased heart valves (25). In 1971, Marian Ionescu 
improved the design and started to use glutaraldehyde-
treated, stent-mounted pericardial tricuspid valves for aortic 
valve replacement (26). The major advantage of such a 
“biological” valvular substitute was the avoidance of oral 
anticoagulation. However, there is some recent evidence 
on subclinical leaflet thrombosis with reduced valvular cusp 
motion in bioprosthetic valves and in such cases, therapeutic 
anticoagulation might be possibly required (27-29).  
Probably, the biggest drawback of bioprosthetic valves is 
SVD requiring surgical or catheter-based re-intervention 
(Figure 2). Recently, Dr Etnel and colleagues examined in 
a large-scaled meta-analysis with microsimulation long-
term results following bioprosthetic valve implantation in 
the non-elderly adults aged below 55 years (3). In total, 
the researcher investigated outcome data of 19 studies 
(n=2,686; mean age 51 years) with a pooled mean follow-
up of 8 years. The proportion of patients with congenital 
aortic valve disease was 10.7%. In their analysis, the median 
time to SVD was 17.3 years and the median time to all-
cause first reintervention was 16.9 years. Though, the study 
endpoints of SVD and re-intervention were calculated by 
univariate analysis without incorporating the survival status. 
Therefore, non-survivors were omitted in their calculation 
and actuarial SVD and re-intervention rates may be even 
worse in their study cohort. 

Using a microsimulation model, the authors calculated 
a cumulative reduction of life expectancy of 11 years for 
a 45-year-old adult patient undergoing bioprosthetic 
aortic valve replacement, as compared to age- and sex-

BA

Figure 2 Images of a degenerated aortic valve bioprosthesis shortly after intraoperative resection.
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matched general population. Furthermore, the younger the 
patients were, the lower was their estimated life expectancy 
following bioprosthetic valve implantation. In contrast 
to this, life expectancy of elderly patients (i.e., >65 years) 
who underwent bioprosthetic aortic valve replacement 
was comparable with the general population with a life-
time re-intervention rate of 9%. This were recently shown 
in a metanalysis and microsimulation from Huygens and 
colleagues including data of 42 studies (n=12,842; mean age 
76.5 years) (30). 

Lately, modern concepts evolved to avoid high-risk redo 
surgery for SVD following bioprosthetic valve implantation 
using transcatheter approaches with valve-in-valve 
transcatheter aortic valve replacement (ViV TAVR) combined 
with an intentional fracturing of the surgical bioprosthesis. 
However, most of the evidence on VIV-TAVR is derived 
from small-numbered retrospective self-reported registries 
without long-term data (31,32). In general, ViV TAVR is 
considered to be safe, effective, and reproducible. Though, 
ViV TAVR has its own limitations including patient-
prothesis-mismatch (32%), risk of coronary obstruction (2%) 
and valve migration (4%). 

In summary, usage of bioprosthetic valves in the young 
and physically active patients should be considered as an 
absolute bail-out solution, when other surgical treatment 
strategies (e.g., Ross procedure) are not possible. On 
the other hand, in non-elderly patients with severe 
comorbidities a priori (i.e., cancer patients) or at very high 
bleeding risk, bioprosthetic valve implantation can be 
favored over mechanical valve implantation. Finally, VIV 
TAVR is a potential technique to overcome the limitations 
of SVD of bioprosthetic valves in high surgical risk scenarios, 
however, a (survival) benefit of this strategy has still to be 
proven. 

Bioprosthetic vs. mechanical valves 

In the literature, the qualities of bioprosthetic versus 
mechanical aortic valve substitutes were frequently 
analyzed. The existing evidence was previously summarized 
in a large-scaled meta-analysis by Zhao and other Australian 
researchers (33). A total of 12 studies (n=8,661; mean age 
64 years) were included to evaluate the outcome of non-
elderly patients with bioprosthetic or mechanical valves in 
the with a pooled mean follow-up duration of 7.5 years. 
Implantation of mechanical valves vs. bioprosthetic valves 
was associated with a significant survival benefit in patients 
aged less than 65 years (HR 1.47). Probably this was linked 

to the increased proportion of re-operations in the group 
of patients who had previously undergone bioprosthetic 
valve implantation (HR 2.19). With focus on risk of 
bleeding and anticoagulant-related events bioprosthetic 
valves were favored over mechanical valves (HR 0.54) (33). 
Recently, Goldstone and colleagues investigated the same 
question and examined long-term outcomes in patients who 
underwent primary aortic valve or mitral valve replacement 
with a bioprosthetic or mechanical valve in California (34).  
In the aortic replacement cohort (n=9,942), mean follow-
up times were 5.0 years for the bioprosthetic valve 
cohort (n=3,845; mean age 57 years) and 8.2 years for the 
mechanical valve cohort (n=6,097; mean age 56 years). In 
accordance to the previous findings, mechanical valves were 
associated with a lower long-term mortality as compared to 
bioprosthetic valves. However, this benefit ended at the age 
of 55 years. They drew similar conclusions and explained 
the differences in mortality by the increased proportion of 
re-operations in the bioprosthetic valve group (HR 2.6; age 
group 45–54 years) (34). 

Another serious issue of mechanical and bioprosthetic valve 
types is patient–prosthesis mismatch (PPM). In a previous 
meta-analysis (34 studies; n=27.186), almost every second 
patient (44.2%) was categorized as having moderate or severe 
PPM after mechanical or bioprosthetic valve implantation (35). 
Furthermore, PPM was identified as an adverse effect with 
an impact on the all-cause and cardiac-related mortality over 
long-term follow-up after aortic valve replacement. In the view 
of some studies, the impact of PPM on postoperative survival is 
probably more relevant in younger patients due to their higher 
metabolic rate and energy requirements when compared to the 
older ones (36,37).

In the end, bioprosthetic and mechanical valves are 
far away from perfect valve substitutes for the young and 
physically active non-elderly patients. Both valve types are 
equally associated with severe drawbacks and their usage 
should be cautiously reconsidered. 

The Ross procedure

In 1967, Donald Ross introduced the subcoronary Ross 
procedure, consisting of the implantation of the autologous 
pulmonary valve into the aortic position (38). Later, he used 
the pulmonary autograft as an aortic root replacement (39). 
Following an initial enthusiasm for the Ross procedure and 
its worldwide adoption during the late 1980s, the procedure 
became increasingly uncommon and was only performed in 
a few high-volume centers. This skepticism arose primarily 
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due to heterogeneous results following the Ross procedure 
from the high vs. low-volume centers. In particular, early 
mortality was increased due to the technical complexity 
and a significant re-operation rate on neo-aortic valve and 
pulmonary conduit. Since the turn of the millennium, the 
growing experience in aortic valve sparing surgery and 
development of standardized techniques for aortic root 
stabilization (e.g., aortic valve annuloplasty in patients with an 
enlarged aortic annulus) stimulated a critical reappraisal of the 
Ross operation. Although, the Ross procedure accounts still 
for less than 0.5% of all aortic valve replacement procedures, 
which are registered by the STS National Database (40). 
Considering the benefits of using the patient’s own living 
tissue over other suboptimal alternatives for aortic valve 
replacement, these low numbers of Ross procedure worldwide 
are worrisome. The advantages of favorable hemodynamics, 
low thrombogenicity, avoidance of anticoagulation, and low 
risk of endocarditis lead all together to excellent long-term 
survival rates, which have been demonstrated in several high-
quality studies with large sample sizes including prospective 
cohort studies and randomized controlled trials (41). The 
existing evidence on the Ross procedure was recently 
summarized and concentrated by the research group of 
Dr. Takkenberg in a meta-analysis with micro-simulation  
model (41). Their meta-analysis included 99 studies (n=13,129) 
reporting about Ross procedure in children (mean age  
9.4 years) and adults (mean age 41.9 years) with a pooled mean 
follow-up of 8 years. In their pooled cohort of adults, early 
mortality was 2% and late mortality was 0.6% per patient-year 
following Ross procedure. Calculated by a microsimulation 
model, the lifetime risk of pulmonary autograft and right 
ventricular outflow tract reintervention for a 45-year-old 
patient were 49% and 19%, respectively. However, the amount 
of re-intervention showed no influence on the estimated 
life expectancy of patients, which was almost similar for a 
45-years-old adult following the Ross procedure (30 years) in 
comparison to the general population (31 years). Furthermore, 
the estimated life expectancy following Ross procedure was 
superior to all available alternatives. There is a sound clinical 
evidence, that the Ross procedure provides significantly 
better long-term results in the non-elderly patients than 
mechanical and bioprosthetic aortic valve replacements (42).  
Just recently, the group of Dr. Takkenberg published an 
additional micro-simulation model comparing outcomes 
following the Ross procedure, mechanical and bioprosthetic 
aortic valve replacement (42). For their calculation, they used 
recent data from three large-scaled systematic reviews (3,41,43). 
By estimation of the lifetime event risk in a 45-year-old  

patient, micro-simulation revealed that late mortality rates 
were the highest after bioprosthetic aortic valve replacement, 
followed by mechanical aortic valve replacement. The 
mortality rate following Ross procedure was significant lower. 
Those patients who undergo bioprosthetic or mechanical 
aortic valve replacement at the age of 45 years, lose 10 years of 
their estimated life expectancy in comparison to Ross patients. 
In addition, valve-related reintervention rate was the highest 
after bioprosthetic aortic valve replacement and slightly lower 
after the Ross procedure. Valve-related reintervention rate 
after mechanical aortic valve replacement was significantly 
lower compared to bioprosthetic aortic valve replacement and 
Ross, however, still considerable (mechanical valves 10% vs. 
Ross procedure 63% vs. bioprosthetic valves 78%). Despite an 
increased rate of re-operation/re-intervention following the 
Ross procedure, these patients show only a minimal decline in 
their long-term life expectancy. 

Of note, center volume has a significant influence on 
outcome following the Ross procedure. In the literature, 
Charitos et al. and Tam et al. investigated the impact of 
high-volume hospitals on perioperative and long-term 
results after the Ross procedure (44,45). Based on a Markov 
micro-simulation model using data from a single-center 
study of 208 propensity score matched patients (Ross 
procedure vs. MAVR) (46). Dr. Tam suggested that the Ross 
procedure should be only offered by high-volume centers 
that are able to perform the operation with an operative 
mortality <2.5% (45). Beyond that, Charitos et al. examined 
the rate of reinterventions following the Ross procedure 
using data from the German-Dutch Ross Registry. They 
assessed surgical results from 13 different departments of 
cardiac surgery (n=1,760) with a mean follow up of 7.1 years.  
In their analysis, center volume showed a significant influence 
on long-term outcomes following the Ross procedure (44). 
However, it remains unclear, how many Ross procedures/
year are required in a single center to achieve excellent long-
term outcomes in the non-elderly patients. In our opinion, 
there should be at least 15 procedures/year per surgeon. 

Insights into the biomechanical properties of pulmonary 
autografts 

Over  the  l a s t  two decades ,  many  phys io log ica l , 
biomechanical, and cellular aspects of pulmonary valves 
and pulmonary autograft deterioration were analyzed 
in the literature. In general, the native pulmonary valve 
differs in morphology and structure from the aortic valve 
and is implanted into a mechanically more demanding 
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environment. Stradins et al. examined pathologically 
unchanged pulmonary and aortic valves of 11 cadaveric 
hearts (47). They demonstrated, that the native pulmonary 
valve cusps are thinner (0.4 mm) than aortic valve cusps  
(0.6 mm). However, ultimate tensile stress (i.e., maximum 
stress that a material can withstand) on pulmonary and 
aortic cusps in radial direction was practically the same. 
Soares and colleagues compared the performance of five 
cadaveric native pulmonary and aortic valves by biaxial 
tensile tests and by simulation of mechanical response of 
both valves to transvalvular aortic pressure load (48). They 
found that pulmonary valves are more extensible and less 
anisotropic due to greater collagen fibers dispersion as 
compared to the native aortic valves. Furthermore, due 
to radial deflection, there is limited coaptation area in 
the pulmonary valves. The limited coaptation surface of 
pulmonary cusps might explain the fact, that even little 
annulus dilatation of the pulmonary autografts leads to 
significant valve regurgitation. 

Remodeling of the pulmonary autografts was also previously 
investigated. Histological assessment of explanted pulmonary 
autografts (range of duration since implantation from 2 weeks 
to 6 years) demonstrated that the structure of pulmonary valve 
cusps remodels toward that of the normal aortic valve (49). 
Moreover, pulmonary cusps maintain their functional collagen 
architecture and cell viability. On the contrary, histological 
examination of the pulmonary autograft wall revealed extensive 
structural tissue disruption and scarring, which was associated 
with a focal loss of normal smooth muscle cells, elastin, and 
collagen (49). In addition, Mookhoek et al. showed, that 
autograft walls reveal a decreased wall stiffness which results in 
autograft root dilatation over time (50). Potential explanation 
for progressive pulmonary autograft root dilatation could be 
iatrogenic disruption of the vasa vasorum during the surgery. 
They nourish the autograft wall and, therefore, may lead 
to scarring of the autograft wall after their disruption. Of 
note, the nourishment of the pulmonary valve cusps remains 
intact following the Ross procedure, as they are nourished by 
hemodynamic convection and diffusion (51,52). The well-
nourished cusps are one of the key elements which lead to the 
excellent hemodynamic flow profile of pulmonary autograft, 
which was recently demonstrated by Um and coworkers. The 
authors evaluated hemodynamic parameters following Ross vs. 
other (mechanical or bioprosthetic) aortic valve replacement 
in a meta-analysis including two randomized controlled trials 
and 13 observational studies (n=1,412) (53). Following the 
Ross procedure, the mean transvalvular gradient at discharge 
(mean difference: −9 mmHg) and at the latest follow-up 

(mean difference: −5 mmHg) were significantly lower when 
compared to mechanical and bioprosthetic aortic valves. 
Subgroup-analysis of the two randomized controlled trials 
revealed an even lower mean gradient after the Ross procedure 
at the latest-follow-up (mean difference of −15 mmHg). 

Despite the growing knowledge about the qualities 
and properties of pulmonary autografts, many questions 
remain still unanswered. The exact mechanism of long-
term pulmonary autograft failure (i.e., autograft dilatation) 
needs to be further investigated. Some of these problems 
can already be addressed intraoperatively during the initial 
implantation of the pulmonary autograft. These surgical 
techniques are discussed in the next section. 

Surgical considerations of pulmonary autograft 
implantation

Currently, there are two implantation techniques used: the 
subcoronary vs. the full-root implantation technique. A recently 
published meta-analysis including 24 studies (subcoronary 
technique: n=1,355 vs. root replacement: n=2,146) compared 
both techniques and demonstrated similar rates of survival and 
freedom of re-operation (54). Contradicting these findings, 
in a previous analysis of the German-Dutch Ross Registry 
(n=1,760), the subcoronary technique was associated with 
superior pulmonary autograft durability when compared to the 
full-root technique (44). Today, the full-root technique is more 
often used, and represents surgically less complex option (54). 
The long-term problem of annular dilatation of the pulmonary 
autograft should be already addressed during the index surgery 
in terms of surgical aortic annular stabilization similar to 
patients undergoing aortic valve repair (55). Several techniques 
of aortic annuloplasty have been published including external 
suture annuloplasty using polytetrafluoroethylene (56) or ring 
annuloplasty using a Dacron ring (57) or Coronéo ring (58) 
implantation. In addition, concepts of external pulmonary 
autograft support using external mesh graft (59) or Dacron (60) 
were recently published. In our patients (unpublished data), 
we perform an external Dacron ring annuloplasty. Usually, we 
adapt VAJ size to the pulmonary autograft ring size using a  
30 or 32 mm Dacron prosthesis strip (5 mm width) (Figure 3).

Summarizing the available evidence, the Ross procedure 
should currently be considered the most appropriate option 
for aortic valve replacement in the otherwise healthy 
nonelderly patients. Nonetheless, the Ross procedure 
is a technically demanding operation which needs to be 
performed in expert centers and in well-selected patients. 
In the UAV cohort, patients with severe stenotic, severe 
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regurgitant or mixed type valvular pathologies are suitable 
to undergo the Ross procedure. Further selection criteria 
are lack of severe comorbidities and normal estimated 
life expectancy. Preoperatively, appropriate morphology 
and functionality of the native pulmonary valve should be 
reassured. Last, to avoid dilation of the pulmonary autograft 
on the long term, VAJ and sinotubular junction (STJ) 
stabilization should be routinely performed during the 
surgery. 

UAV repair 

While patients  with acommissural  UAVs become 
symptomatic in early childhood, adult patients with 
UAV present usually with unicommissural UAVs. In 

approximately every fifth case of unicommissural UAV, 
only the anterior portion of the valve (i.e., fused cusps) is 
calcified and degenerated (15). In such cases, UAV repair 
can be attempted by excision of the degenerated cusp tissue 
and subsequent cusp augmentation using autologous or 
xenogenic pericardium (15,61-63). Of note, unicuspid valve 
repair without cusp augmentation or usage of additional 
material is only occasionally possible in a few selective 
cases. When UAV degeneration is more extensive and 
cusp calcification exceeds more than 40%, aortic valve 
replacement including the Ross procedure should be 
favoured (15).

Already in 1963, Donald N. Ross treated aortic valve 
incompetence using cusp augmentation (64). In tricuspid 
aortic valves with cusp prolapse, he extended the cusp with 

A B

C

Figure 3 Intraoperative images of a Ross procedure. (A) Inspection of pulmonary valve before excision of the pulmonary autograft. (B) 
External annuloplasty using a Dacron graft strip and a 25 mm Hegar dilator. (C) Implantation of the pulmonary autograft using a single 
suture technique.
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a teflon felt tongue with acceptable short-term outcomes. A 
modern concept of aortic valve repair in one-cusped aortic 
valves was introduced by Schäfers et al. in 2008 (61). Their 
main principle of their repair was to construct a bicuspid 
valve with two normal commissures and unrestricted cusp 
motion. Just recently, they published mid-term outcomes 
of 137 patients (median follow-up 9 years) who underwent 
UAV repair between 2003 and 2014 at their institution. 
In 2009, Schäfers et al. modified their operative strategy 
with additional external suture annuloplasty in cases of VAJ 
dilatation. In their published cohort, freedom from aortic 
regurgitation ≥ moderate was 72% and 40% at 5 and 10 
years, respectively. Freedom from aortic valve reoperation 
was 77% and 59% at 5 and 10 years, respectively. Aortic 
valve reoperation was necessary in 34% patients (in 
numbers: 47/137) due to patch degeneration (n=20), 
suture dehiscence of patch (n=17), subaortic stenosis 
(n=3), infective endocarditis (n=3), tissue erosion with a 
braided polyester suture for annuloplasty (n=2), aortic root 
dilatation (n=1), or unknown (n=1). 

Interestingly, Kolesar et al., who also performed 
UAV repair using bicuspidization technique with equine 
pericardium in 17 patients, did not report any aortic valve 
reoperations (62). Furthermore, in their cohort, mean grade 
of aortic insufficiency was 0.8 at the 1-year follow-up. 

Many aspects of UAV repair are still unknown. First, it 
remains unclear, which patch material (i.e., autologous/bovine/
equine pericardium; synthetic material) is the most suitable 
for cusp augmentation. Recently, the group of El Khoury 
reported an unfavorable outcome in a 12-year-old boy, who 
underwent bicuspidalization of an UAV using a CorMatrix 
patch (CorMatrix Cardiovascular, Roswell, USA) (65). Already 
four years after AV repair, the patch was severely calcified. AV 
reintervention was required, and the patient underwent a Ross 
procedure. 

Secondly, the best position and the optimal height for 
the newly created commissure is not defined yet. Due to 
differences in the biomechanical properties between native 
cusp tissue and patch material, suture dehiscence will remain 
an unpredictable problem of UAV repair. Third, surgical 
techniques of aortic annuloplasty vary widely and VAJ 
reduction strategies differ significantly between operating 
centers (62,63,66). Since UAV repair may not be considered 
as a standardized technique so far, outcomes cannot be 
generalized. Currently, UAV repair is only performed at 
a few cardiac centers worldwide. In line with this, data on 
UAV repair consists only on single-center studies with 
retrospective study design and limited sample size. 

In summary, there is no sufficient evidence to recommend 
UAV repair. Therefore, other surgical options for aortic 
valve replacement should be favored. 

Aortic valve cusp replacement

During the 1960s few surgeons attempted single AV cusp 
replacement and triple cusp extension using fresh autologous 
pericardium in patients with aortic valve pathologies (67). 
However, these initial series were limited to a small number of 
patients and showed ambiguous results. In 1995, Duran et al.  
modified the technique of aortic tri-cusp replacement and 
published his initial experience with promising outcomes (67).  
Finally, in 2011, Ozaki et al. revived and standardized 
the surgical approach of cusp replacement, which is now 
called aortic valve neocuspidalisation (68). Basically, all native 
aortic cusps are excised and three new equally sized cusps, 
which are created from glutaraldehyde-treated autologous 
pericardium or other patch-material, are sutured directly 
to the aortic annulus. This technique applies to all aortic 
valve pathologies including aortic valve stenosis, aortic valve 
regurgitation and endocarditis of the aortic valve. In 2018, 
the group of Ozaki published his midterm results of 850 
patients (including 28 patients with UAV) who underwent 
aortic valve neo-cuspidalisation using glutaraldehyde-treated 
autologous pericardium (69). Over a mean follow-up period 
of 4.4 years, cumulative rate of reoperation was 4.2% (in 
numbers 15/850 patients). Indication for reoperation was 
predominantly infective endocarditis (13/850). Over the last 
years, some heart centers in Europe and US adopted the 
Ozaki technique and reported acceptable short-term results 
(70-73). However, none of these studies exceeded follow-up 
times of two years or included more than a hundred patients. 
Despite the relatively short follow-up period, re-operations 
were reported in all published studies, most commonly due 
to recurrent aortic valve regurgitation and/or endocarditis. 

In summary, there is currently no sound evidence, that 
the Ozaki procedure will result in comparable outcomes of 
the Ross procedure or other well-known surgical options 
for aortic valve replacement. Long-term results following 
the Ozaki procedure in the non-elderly patients should be 
awaited, before one can advocate the generalization of this 
technique in young adult patients with congenital heart 
disease.

Homograft

Gordon Murray implanted the first homograft in the 
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descending aorta to treat severe aortic regurgitation in  
1956 (74). Six years later, in 1962, Donald Ross used for the 
first time a homograft as aortic valve substitute in a patient 
with severe aortic valve stenosis (75). Since then, homografts 
were exponentially used as a viable alternative for aortic valve 
replacement. However, quite similar to bioprosthetic valve, 
homograft tissue degenerates exponentially, and the long-
term durability is suboptimal. Previously, Dr El-Hamamsy 
and coworkers investigated this issue and compared long-
term durability of homograft vs. pulmonary autograft 
aortic root replacement (i.e., Ross procedure) in adults with 
congenital aortic valve disease in a randomized controlled 
trial (n=228) (76). The pulmonary autograft group showed 
significantly better rates of 10-year actuarial survival and 
freedom of reoperations when compared to the homograft 
group (97% and 95% vs. 83% and 82%), respectively (76). 
Moreover, if homograft degenerates and re-operation is 
required, reoperations are technically challenging due to 
extensive calcification of the homograft wall (77). 

In summary, homograft implantation are suboptimal 
substitutes for aortic valve replacement in young patients 
with congenital aortic valve disease and, therefore, should 
be avoided. The possibility of a Ross procedure should be 
strongly considered. 

Transcatheter aortic valve replacement

In 2002, the first successful transcatheter aortic valve 
replacement (TAVR) was performed by Alain Cribier for 
a calcified aortic stenosis in a 57-years old male patient, 
who presented in a cardiogenic shock and suffered 
from significant comorbidities with an extremely high 
perioperative risk (78). Since then, TAVR developed towards 
an effective procedure to treat aortic valve stenosis in high- 
and intermediate surgical risk elderly patients. TAVR in BAV 
disease is still very controversial (79,80), while experience 
with TAVR in UAV patients is limited to a few case reports 
in inoperable patients (i.e., re-do scenarios) with short-term 
follow-up (81,82). Despite accidental success of catheter-
based approach in UAV, the biomechanical characteristics 
of UAV do not favor transcatheter approach in general. The 
slit-shaped valvular orifice, asymmetrical cusp calcification 
and frequent anomalies of coronary artery distribution may 
complicate deployment of the transcatheter prothesis. The 
anatomical features of UAV could lead to an incomplete 
asymmetrical TAVR prosthesis expansion in respect to 
the annular line causing severe paravalvular leakage and 
early prosthesis degeneration (80). Use of TAVR in UAV is 

further limited by frequent coronary anomalies in patients 
with congenital aortic valve disease (18). There might be an 
increased risk of coronary occlusion during TAVR in UAV, 
since right coronary ostium is often located in the proximity 
of rudimentary commissure between right and noncoronary 
cusp. Finally, concomitant aortopathy, which are common in 
UAV disease, cannot be addressed during TAVR procedure.

One further aspect should be kept in mind, when 
considering TAVR in non-elderly patients with a congenital 
aortic valve stenosis. More than half of such patients will 
develop coronary artery disease later on and will require 
coronary access for diagnostic or treatment reasons 
following TAVR (83). Though, a selective intubation 
of coronary ostia after TAVR can be very challenging 
(depending on the prosthesis used) and straightforward 
intervention may be thereby impeded (84,85). Moreover, 
there is still no reliable way to orientate the transcatheter 
valve according to the native commissures which would 
facilitate the coronary access in the future (85). 

Besides the anatomical obstacles of TAVR in UAV 
disease, long-term data of durability and outcome of TAVR 
in nonelderly patients with congenital aortic valve disease 
are currently missing. In summary, TAVR has currently no 
valuable place in the treatment of congenital aortic valve 
disease, which is stated in the same manner in the current 
edition of the ESC Guidelines for the management of adult 
congenital heart disease (4). 

Conclusions

In summary, the choice of surgical treatment strategy 
must be discussed extensively with the patient and tailored 
to its individual needs, according to the relative or 
absolute contraindications for oral anticoagulation, taking 
into account family planning, elite athletes and other 
professionals with increased risk of bleeding injuries (i.e., 
firefighters, military personnel). As a general rule, normal 
life expectancy, freedom of symptoms and good quality of 
life should be aimed when planning the surgical treatment 
strategy.
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