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Abstract Aortic valve replacement has traditionally been the
treatment of choice for patients with aortic valve insufficiency
with or without aortic root pathology. Aortic valve repair is
emerging as an attractive treatment alternative that avoids the
long-term risks associated with prosthetic valve implantation
including thromboembolism, endocarditis, prosthetic valve
deterioration, and anticoagulation related hemorrhage. Impor-
tant achievements in this discipline have occurred over the
past decade including development and refinement of valve
preserving aortic root replacement techniques, development
of a classification system for aortic insufficiency, surgical
approaches to cusp disease with varying cusp anatomy. As
surgical techniques for aortic valve repair continue to evolve,
clinical outcomes up to and beyond the first decade are prom-
ising with excellent survival and low risk of valve related
events.
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Introduction

Patients presenting with aortic valve insufficiency, with or
without aortic root aneurysms have traditionally been treated
with isolated aortic valve replacement or composite valve and
root replacement (Bentall procedure). While the early out-
comes following these procedures are excellent, patients incur
the cumulative long-term risk of prosthetic valve related com-
plications which include thromboembolism, prosthetic valve
endocarditis, structural and non-structural dysfunction requir-
ing reoperation, and in the case of mechanical valves, the
inconvenience and risks of anticoagulation related hemor-
rhage. Frequently, these procedures are performed in young
patients in their third, fourth, or fifth decades of life and
therefore, the cumulative risks accrued over several decades
can be substantial. Some studies have also demonstrated in-
creased risk of late mortality in patients treated with mechan-
ical aortic valves.

Preservation and repair of the aortic valve promises to
substantially reduce or eliminate these risks. In addition,
repaired aortic valves have the potential for growth, which is
important in the pediatric population, and are also more likely
to preserve normal hemodynamics and function of the aortic
valve and root complex. These advantages are expected to
reduce long-term morbidity and mortality and may also im-
prove quality of life for these patients.

Aortic Valve Anatomy and Function

Normal function of the aortic valve requires a complex inter-
action between the aortic valve cusps and the annulus [1]. The
functional aortic annulus (FAA) is not a single structure but is
made up of three distinct components. These include the
sinotubular junction, the ventriculo-aortic junction, and the
anatomic crown-shaped annulus which serves as the insertion
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point of the aortic valve leaflets termed the function aortic
annulus (FAA) [2]. In a normal AV, the cusps coapt at the
centre of the AV orifice with a coaptation height that is
approximately at the mid-level between the AVJ and the
STJ. A fundamental principle in AV repair is that lesions of
the cusps and the FAA should both be addressed at the time of
valve repair.

Indications for Aortic Valve Preservation and Repair

Decision making for surgical intervention for aortic valve
surgery needs to incorporate the natural history of medi-
cally managed disease, the risks associated with surgical
intervention, and longer term risks that may accrue related
to prosthetic valve implantation. Indications for aortic
valve repair for aortic insufficiency currently are similar
to those for aortic valve replacement. Patients with severe
Al and symptoms, or asymptomatic patients with left
ventricular dysfunction or significant left ventricular dila-
tation (LV end diastolic diameter>70 mm or LV end
systolic diameter>50 mm) are considered for surgical
intervention [3]. However, aortic valve repair carries a
similar, if not lower, risk of perioperative complication
with a low risk of valve related events over time. Similar
to mitral valve repair for mitral regurgitation[4], there is
some suggestions that aortic valve intervention should be
considered earlier in patients in whom AV repair is likely
[5]

Another broad category of patients who undergo AV pres-
ervation and repair are those with primary aortic pathology,
involving the aortic root and/or the ascending aorta, and
varying degrees of associated aortic valvular disease. In these
patients, the primary indication for intervention is driven by
aortic size [6, 7¢].

From a technical perspective, all patients with primary
aortic insufficiency are potentially candidates for repair.
However, the success of AV repair is determined largely
by the quality of cusp tissue available. Thus, patients
with significant leaflet calcification, destruction due to
active endocarditis, or rheumatic involvement are least
likely to undergo successful and durable AV repair [8].
In contrast, repair has been shown to have good results
in patients with bicuspid [9, 10] (and in smaller series,
unicuspid [11] and quadricuspid [12]) aortic valves, de-
spite the abnormalities in cusp anatomy.

An important limitation to the universal application of AV
repair techniques is the lack of surgical expertise and experi-
ence in this field. However, this is changing rapidly with
increasing interest in AV repair. Patients who are candidates
for repair should be referred to centres with appropriate
expertise.
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Key Developments in Aortic Valve Repair

Over the past two decades, there have been important devel-
opments that have been crucial to progress in AV repair. The
preservation of the normally functioning aortic valve in the
context of aortic root pathology was perhaps, the first impor-
tant milestone in aortic valve repair. The valve sparing tech-
niques of reimplantation and remodelling pioneered by David
[13] and Yacoub [14] were aimed at treating aortic root
pathology but were also the first annuloplasties of the aortic
valve, compelling surgeons to better understand the anatomic
and functional relationships of the aortic valve annulus and
cusps. In the last decade, we have seen the emergence of a
variety of leaflet repair techniques including free margin pli-
cation, free margin resuspension, triangular leaflet resection,
and pericardial patch augmentation [15, 16]. In recent years,
we have also seen the emergence of a classification system for
aortic insufficiency [8] that provides us with the vocabulary
with which to converse about aortic valve repair, much like
the Carpentier classification did for mitral valve repair [17].
Outcome data beyond the first decade is starting to emerge.
Published studies have already reported good repair durability
and a low rate of valve related complications with aortic valve
repair [18, 19+].

Classification of Aortic Insufficiency

Choice and application of the appropriate surgical techniques
requires an understanding of the mechanism of aortic insuffi-
ciency. The classification of aortic insufficiency [8] (Fig. 1)
provides a framework to help understand these mechanisms
and to choose the appropriate technique. This classification
centres around the idea that the aortic valve, much like the
mitral valve consists of two major components, namely the
aortic annulus and the valve leaflets. Contrary to the mitral
valve, however, the annulus of the aortic valve is not a single
anatomic structure. The functional aortic annulus, rather, con-
sists of two separate components, namely the ventriculo-aortic
junction and the sino-tubular junction. As in Carpentier’s
classification of mitral valve disease [17], regurgitation asso-
ciated with normal leaflet motion is designated as type 1. This
is largely due to lesions of the functional aortic annulus with
type la Al due to sino-tubular junction enlargement and
dilatation of the ascending aorta, type Ib due to dilatation of
the sinuses of Valsalva and the sino-tubular junction, type Ic
due to dilatation of the ventriculo-aortic junction, and lastly
type 1d due to cusp perforation without a primary functional
aortic annulus lesion. Type II Al is due to leaflet prolapse
secondary to excessive cusp tissue or due to commissural
disruption. Type III Al is due to leaflet restriction which
may be found in bicuspid, degenerative, or rheumatic valvular
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disease due to calcification, thickening, and fibrosis of the
aortic valve leaflets.

Patients can present with either single or multiple lesions
contributing to their aortic insufficiency. For example, patients
with isolated type Ib Al (due to dilatation of the sinuses of
Valsalva) are expected to have a central regurgitant jet. Thus,
the presence of a sinus of Valsalva aneurysm with an eccentric
Al jet suggests concomitant leaflet prolapse (type II) or re-
striction (type III). Further assessment of leaflet anatomy can
help to better delineate the different mechanisms contributing
to AL

Surgical Techniques

An exhaustive review of surgical techniques is beyond the
scope of this manuscript and the readers are referred to pub-
lished reviews on the subject [20]. Generally speaking, surgi-
cal techniques for AV repair can be divided into two catego-
ries, namely, techniques for the aortic root and annular remod-
elling, and cusp repair techniques.

Aortic Root and Annular Techniques

Aortic insufficiency resulting from the dilatation of any of the
components of the functional aortic annulus is classified as
type 1 lesions. These lesions can occur in isolation or in
conjunction with cusp disease. Type la aortic insufficiency
occurs due to a supracoronary ascending aortic aneurysm
which leads to dilatation of the STJ. This type of aortic
insufficiency is typically associated with a central jet of Al
Repair involves replacing the ascending aorta and reducing
the size of the STJ using an appropriately sized Dacron graft
sutured at the level of the STJ [21]. In the presence of signif-
icant associated Al, sub-commissural annuloplasty is added to
improve cusp coaptation [22]. Aortic root aneurysms (type 1b)

are frequently associated with dilatation of both the distal
(STJ) and proximal (VAJ) components of the functional aortic
annulus. These are also associated with a central regurgitant
jet and repair typically involves valve-sparing aortic root
replacement. The reimplantation technique is preferred as it
provides better stabilization and permits greater remodelling
of'the VAJ. The details of this procedure have been previously
described [23]. Valve sparing root replacement procedures
have been performed in trileaflet and bicuspid aortic valves,
with or without pre-existing aortic insufficiency with good
results [24]. In cases of bicuspid aortic valves, where the
sinotubular junction and aortic root are normal, and only the
VAl is dilated, a subcommissural annuloplasty may be per-
formed but has been associated with late repair failure [25]. In
these patients, in whom a valve-sparing root replacement is
not indicated and may seem excessive, other annuloplasty
techniques and devices, both internal and external, are cur-
rently in development and early clinical evaluation [26-28].

Cusp Repair Techniques

Cusp prolapse is the most frequent cusp pathology encoun-
tered and is caused by excess free margin length. Correction of
cusp prolapse can be performed using either central free
margin plication [29] or free margin resuspension [16] with
a PTFE suture. When a single cusp is prolapsing, the two non-
prolapsing cusps can be used as the reference to determine the
amount of reduction required in the free margin. When two
cusps appear to be prolapsing, the third non-prolapsing cusp
serves as a reference. If all the cusps are prolapsing, the aim is
to achieve a cusp coaptation height at the mid-level of the
sinuses of Valsalva. Alternative techniques for adjusting cusp
height using calliper based references have been advocated by
some.

Free margin plication is performed using a small caliber
Prolene suture placed in the centre of the free margin to
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plicate, shorten and reduce its length thus raising its height.
Free margin resuspension accomplishes the same objective by
passing a PTFE suture over and over the free margin, an-
chored at the commissures. Pulling on this suture has the effect
of performing multiple plications along the free margin, thus
shortening and raising it.

Bicuspid aortic valve (BAV) disease not only affects the
valve cusps, but also various components of the functional
aortic annulus. The STJ, sinuses of Valsalva and the VAJ
may be dilated in these patients, in isolation or all together.
According to a classification proposed by Sievers and
adapted to AV repair, bicuspid AV can be divided into
two general types [10, 30]. The more infrequently encoun-
tered type 0 bicuspid AV (10-20 % of repaired BAVs) does
not contain a median raphe, has two symmetric aortic
sinuses, two commissures, and a symmetric base of leaflet
implantation of the two cusps. Al in these valves is usually
due to cusp prolapse.

Type 1 bicuspid AVs are significantly more prevalent (over
80 % of repaired BAVs) and have a median raphe on the
conjoint cusp and an asymmetric distribution of the aortic
sinuses, which can be quite variable. Most commonly, the
conjoint cusp is a fusion of the left and right coronary cusps.
The raphe attaches to the cusp base as a ‘pseudo-commissure’,
and has a height lower than that of the true commissures. The
quality of the raphe is an important determinant of the type of
repair. The raphe may be restrictive, calcified and have re-
duced mobility or may simply be fibrous and be associated
with excess cusp tissue and prolapse. In addition, the base of
leaflet implantation is typically larger (i.e. occupying a greater
proportion of valve circumference) and higher on the conjoint
cusp compared to the non-conjoint cusp. Al in type 1 BAVs
may be due to cusp restriction, typically seen with a rigid and
calcified raphe or due to prolapse of the conjoint cusp in the
setting of a short raphe and well developed cusps. Bicuspid
valve anatomy can lie anywhere along a spectrum between
type 0 and type 1.

While the techniques of free margin plication and resus-
pension can be applied to bicuspid aortic valves, management
of the raphe and the pseudo-commissure is an important step
in BAVs. Techniques for managing the raphe include shaving
and preservation, when it is fibrous, resection with primary
reapproximation, or resection and cusp restoration with patch
material. Patch material has also been used to facilitate
tricuspidization of BAVs and for the repair of more complex
cusp anatomy as observed in unicuspid and quadricuspid
aortic valves. The use of extrinsic material for cusp augmen-
tation is associated with increased late repair failure compared
to repair using native cusp tissue alone [10]. This may repre-
sent inherent limitations of patch materials available or may be
a marker for more severe disease. Innovations in the materials
available for cusp repair may result in improved valve repair
durability.
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Outcomes

The driving force behind aortic valve repair is the absence of
an ideal prosthetic aortic valve. An ideal prosthetic valve
would be easy to implant, be readily available, have excellent
hemodynamics, no risk of thromboembolism or endocarditis,
not require anticoagulation, and be durable in the long-term.
Unfortunately, currently available aortic valve substitutes
have limitations in all these areas. In the typically younger
aortic valve repair population, bioprosthetic valves have lim-
ited durability and a median time to explants of less than 8 to
10 years [31]. Mechanical valves carry a risk of thromboem-
bolism and require the inconvenience, burden and annual risk
of 1-2 % of serious hemorrhage due to lifelong
anticoagulation. Furthermore, mechanical valves do not guar-
antee lifelong durability and the cumulative risks of valve
related events (up to 4-5 %/patient-year) over time can be
substantial for the young patient. Lastly, prosthetic valve
endocarditis is a devastating disease with high morbidity and
mortality.

In contrast, aortic valve repair has been shown in multiple
studies to have a lower risk of valve-related events. In a cohort
of 475 consecutive patients, AV repair was associated with a
risk of thromboembolism, bleeding and endocarditis of
1.1 %, 0.23 % and 0.19 % respectively [19¢]. Another
large cohort study of 640 patients demonstrated a low
incidence of thromboembolism (0.2 %/year) and endocar-
ditis (0.16 %/year) with a 10 year freedom from all valve-
related complications of 88 % [18]. In a consecutive
cohort of bicuspid AV repair patients, the 8-year freedom
from bleeding, thromboembolism and endocarditis was
96 % [10]. In all the above studies, early mortality for
elective aortic valve repair procedures was<1 %. These
findings have validated the potential for AV repair to
provide patients with a life free of potentially disabling
complications and from lifelong oral anticoagulation. Giv-
en this profile of low risk of valve-related events, it is
interesting to examine whether this intervention should be
offered to patients early, i.e. prior to the development of
significant LV dilatation and dysfunction. To date, there
are no comparative studies of early versus late AV repair
and its impact on outcome and this is likely to be an
important focus for future investigations.

Despite the low risk of valve related events, durability of
the repaired valve remains both an important limitation and
also an opportunity for improvement in patients undergoing
aortic valve repair. Overall, freedom from reoperation at
10 years is typically in the range of 80-90 %. However, this
number does not tell the complete story. Several studies have
highlighted important predictors of repair failure. The earliest
AV repairs consisted of valve sparing aortic root replacement
in patients with largely normal quality leaflets and the long-
term data in these patients has shown a 77 % survival and
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89 % freedom from significant aortic insufficiency at 15 years
[32-].

With increasing experience, aortic valve preservation and
repair techniques have been extended to patients presenting
with significant cusp pathology. According to the classifica-
tion of Al, type III disease, due to cusp restriction, is a risk
factor for recurrent Al and reduced repair durability. Patients
with cusp restriction have a 5-year reoperation risk of 15 %,
compared to ~5 % in patients with type I and II disease [8].

Important insights have also been obtained in patients with
bicuspid aortic valve disease undergoing repair. It has become
increasingly apparent that the reduction and stabilization of
the functional aortic annulus is an important component of
valve repair. BAV patients presenting with Al have signifi-
cantly larger aortic annuli compared to patients with aortic
stenosis and successful repair requires a 4-5 mm reduction in
annular diameter. As such, patients who are left with a dilated
aortic annulus post-repair have increased risk of failure [33].
Furthermore, the use of more robust annuloplasty techniques
(e.g. valve-sparing aortic root replacement with the reimplan-
tation technique) are associated with improved repair durabil-
ity [25]. Development of devices that facilitate AV
annuloplasty may further improve outcomes. BAV patients
are also more likely to require cusp repair. Cusp and commis-
sural configuration post-repair has also been found to be an
important predictor of repair failure and in patients undergoing
primarily root remodelling, commissural angle<160° is asso-
ciated with repair failure [9]. Lastly, the use of patch material
for cusp restoration or augmentation is associated with late
repair failure. Improvements in biomaterials available for cusp
reconstruction may address this limitation.

Conclusions and Future Directions

Over the past two decades, aortic valve repair has matured
from a discipline practiced by a few pioneering surgeons to an
increasingly accepted alternative to valve replacement in se-
lected patients with AV disease. Much like mitral valve repair,
improvements in the understanding of the mechanisms of
disease, advances in surgical techniques and longitudinal
follow-up studies have all helped to improve outcomes. Im-
provements in devices and materials currently being evaluated
to facilitate AV repair is expected to further improve repair
durability. Perhaps the most important challenge in its more
widespread use is the dissemination of the tacit and sometimes
complex skills required. Innovative approaches using ad-
vanced, patient-specific, modelling of valve anatomy using
3-dimensional echocardiography and virtual surgery to correct
valve defects within these models prior to operative interven-
tion may facilitate dissemination of AV repair techniques to a
broader population.
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