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Aortic valve repair has become an important treatment alternative to patients Tl
with aortic insufficiency. In this paper, we review refinements and advances A iass
in the understanding of core concepts of aortic valve anatomy and patho-
physiology which have enhanced our approach to aortic valve preservation
and repair. With these improvements in understanding and techniques, the
outcome for aortic valve repair continues to improve. We also review current
challenges in the field and explore potential areas of innovation and future Toemia
study including timing of surgical intervention for aortic insufficiency, com-
parisons between aortic valve repair and replacement in randomized trials,
and development of personalized surgical management plan based on
patient-specific pathologies. These advances will further establish the role
of aortic valve repair in the management of aortic valve and aortic disease.
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Updated repair-oriented functional classification of
aortic insufficiency with description of disease
mechanisms and repair techniques used.
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INTRODUCTION

Aortic valve (AV) repair has evolved to become an important
treatment alternative to AV replacement (AVR) for patients
with aortic insufficiency (AD). Patients with AVR incur cumula-
tive risks of bleeding and thromboembolic events for mechani-
cal valves, and valve deterioration for bioprosthetic valves.
Conceptually, by preserving native valve tissue, AV repair obvi-
ates the need for anticoagulation and prosthesis-related com-
plications. In this paper, we review the core concepts of AV
repair, new understanding of AV anatomy, mechanisms of AV
insufficiency, current evidence for AV repair, and areas for
future development.

FUNCTIONAL ANATOMY OF THE AV

Although the anatomy of the AV has been well known for
many decades, several recent investigations have highlighted
certain nuances that are particularly relevant for AV repair. The
normal function of the AV involves a complex interaction

between the AV cusps, and the functional aortic annulus
(FAA).'
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Central Message

Current opportunities include defining timing
of surgery, comparisons between repair and
replacement in trials, and development of per-
sonalized surgical plans based on specific
pathologies.

The anatomy and function of each AV cusp is defined by
3 important geometric characteristics: the free margin length, the
effective height, and the geometric height. The free margin is the
border of the aortic cusp that participates in coaptation and is
often elongated and prolapsed in chronic Al as a result of constant
stress from turbulent flow. The average normal free margin length
is approximately 32—34 mm.” While the length of the free mar-
gin has been difficult to measure intraoperatively, a free margin
length sizer is currently under development.

The effective height is the distance between the central free
margin and the aortic insertion line in diastole and is signifi-
cantly shortened in a prolapsed cusp. The normal effective
height has been shown to be approximately 7—12 mm.” The
development of a caliper for effective height measurement has
allowed for systematic intraoperative assessment of effective
height, which significantly decreased the incidence of AV rein-
tervention and recurrent Al after AV repair.” It has been pro-
posed in multiple studies that an effective height of <9 mm is a
risk factor for AV reintervention.” '

The geometric height is the largest distance between the nadir
of the cusp to the center of the free margin, and it is correlated
with the height of the patient. A shortened geometric height may
be due to cusp retraction. Based on 621 patients undergoing AV
preserving or repair procedures, Schafers et al defined cusp retrac-
tion as geometric height <16 mm for TAVs and <19 mm for
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Figure 1. (A) Images of a normal AV from multiple plan reconstruction of the AV; (B) trapezoidal shape of the AV coaptation surface

area."’ Reproduced with permission from the authors.

nonconjoint cusp of BAVs.” Although cusp restriction has been an
established risk factor for reduced repair durability, quantitative
parameters may assist in intraoperative decision-making.”

The FAA is further divided into 3 components: (1) the sino-
tubular junction (STJ), connecting the aortic root to the
ascending aorta; (2) the crown-shaped aortic annulus, which
serves as the insertion point for AV cusps; and (3) the ventri-
culo-aortic junction (VAJ), which connects the aortic root and
the left ventricle (LV) in a curvilinear fashion.'° Pathology at
every level of the aortic root may reduce cusp coaptation and
lead to AL There is increasing appreciation of the VAJ dilata-
tion, particularly in the muscular portion of the annulus, as the
primary cause of aortic insufficiency in a number of patients.
This is frequently associated with prolapse of the anterior cusp,
both in BAVs and TAVs.

Ultimately, a competent AV requires cusp surface area corre-
sponds appropriately to annular area and results in coaptation.
Recent investigations have demonstrated the ability to evaluate
this using 3D echocardiography to visualize and quantify cusp
coaptation area, which, if it can be reproducibly measured, may
emerge as an important predictor of repair durability (Fig. 1).""

CLASSIFICATION OF MECHANISMS OF AORTIC
INSUFFICIENCY

A repaired-oriented classification of Al based on pathologies of
the FAA and the aortic cusp has provided a framework for a sys-
tematic approach for Al (Fig. 2). Pathologies of the FAA, including

dilatation of isolated STJ (Type 1a), STJ and VAJ (Type 1b), or iso-
lated VAJ (Type 1c¢) are managed with valve-sparing root replace-
ment (VSRR) with either the reimplantation technique or
remodeling technique.'””'* For Type 1b and lc where VA]J is
dilated, a circumferential annuloplasty is indicated for further sta-
bilization of the subvalvular apparatus.” '

Pathologies of the aortic cusps are divided into those with
perforation and normal leaflet motion (Type 1d), cusp prolapse
(Type 11), or cusp restriction from calcification, thickening, or
fibrosis (Type III). Type 1d is managed with primary repair or
repair with pericardial patch, Type I is repaired with free mar-
gin plication or free margin reﬂ,lspension,12 and Type III can
be managed with shaving/decalcification.”

In addition to understanding the mechanism of Al, there
is increasing appreciation of the impact of commissural ori-
entation on the repair techniques used for bicuspid AVs.
Building on the system above, we propose the addition of
commissural orientation to the repair-oriented classification
of Al. The commissural angle would be classified into 4
categories: TAV at 120°/120°/120°, <140°/220° BAV, >140°
220° BAV, and symmetrical BAV at 180°/180°. The incor-
poration of commissural orientation allows for the integra-
tion of BAV into the current classification of Al and has
important implication in repair strategy. For patients with a
commissural orientation of <140°220° BAV, the repair
should aim at restoring the commissural angle toward
120°/120°/120°, on the other hand, for patients with
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Figure 2. Updated repair-oriented functional classification of aortic insufficiency with description of disease mechanisms and
repair techniques used; the main update involves the replacement of SCA with VAJ annuloplasty due to the superior stability of the
latter.® FAA, functional aortic annulus; SCA, subcommissural annuloplasty; STJ, sinotubular junction; VAJ, ventriculo-aortic junc-

tion. Reproduced and modified with permission from the authors.

commissural angle >140%220°, a postrepair commissural
orientation of 180°/180° is often targeted.'"'”

PREDICTORS OF AV REPAIR FAILURE

Multiple studies have identified risk factors that increase the
risk of early and late valve repair failure. Based on the current
best available evidence, the surgeon should aim for a repair
with the following characteristics to minimize recurrent Al and
need for AV reintervention:

1. Minimal residual AI; particularly avoid any eccentric AT'

2. Alevel of coaptation above the aortic annulus (ie, no leaf-

let prolapse)"”

. A coaptation length of >4 mm"’

. An effective height of 20 mm” *

5. VAJ <25 mm (achieved using reimplantation technique or
other methods of circumferential annuloplasty if preoper-
ative VAJ >25 mm) ™' *’

6. Avoid leaflet augmentation with pericardial patches’ '

> W

FUTURE DIRECTIONS
A number of important challenges and opportunities lie
ahead of the field of AV repair.

Define Optimal Timing for Intervention

The optimal timing for intervention for patients with Al is
not well established. The current indication for surgery for Al
is determined by symptoms, reduced LV ejection fraction
(LVEF), and dilated LV end-diastolic and end-systolic dimen-
sions (LVEDD and LVESD).”* However, decrease in LVEF and
dilatation of LVESD may already represent advanced sequelae
of Al, and evidence from large retrospective studies have sug-
gested that patients with normal LVEF and smaller than cur-
rently indicated LVESD also experienced a survival benefit
from AVR or AV repair.”” °’ When Al was managed with
AVR, delayed intervention may be beneficial to delay prosthetic
valve-related complications. However, as AV repair techniques
continue to evolve and produce favorable short- and long-term
outcomes, there may be a role for an earlier surgical threshold
to achieve maximal LV preservation. In an institutional series
of 331 patients, Sharma et al found that at 15 years, patients
with preoperative LVEF of <50% had 3.5-fold greater risk of
late mortality (hazard ratio [HR] 3.46; 95% confidence interval
[CI] 2.05—5.82), and patients with a preoperative LVESD of
>50 mm had 2-fold greater risk of late mortality (HR 2.08;
95% CI 1.05—4.12). In addition, compared to an age- and
gender-matched control cohort, the survival of patients with
LVESD >50 mm and LVEF <50% was significantly worse
(P< 0.01).”® Further investigation in the impact of earlier

652

Seminars in Thoracic and Cardiovascular Surgery ¢ Volume 31, Number 4



repair for patients with chronic Al is therefore supported and
needed.

In recent years, biomarkers such as N-terminal pro B-type
natriuretic peptide and new methods to assess myocardial
function such as speckle tracking or tissue Doppler involving the
measurement of global longitudinal strain have shown promising
results as markers to be used to predict early LV remodeling from
aortic regurgitation.”” ' Further studies using novel diagnostic
techniques could identify early LV changes in Al and refine the
optimal stage for surgical intervention.

Lack of Randomized Controlled Studies Comparing AV
Repair to AVR

The short- and long-term outcome of AV repair has been well
described in the literature; however, there is a lack of studies com-
paring AV repair to replacement for the management of Al
Saczkowski et al conducted a meta-analysis of studies on AV
repair prior to 2013 and looked at 17 studies with a total of 2891
patients and a median age of 54 years old. The reported in-
hospital mortality was 2.6%, and 2% of patients required early
AV reintervention due to repair failure. Freedom from AV reinter-
vention was 92% at 5 years; rate of thromboembolic events was
0.5%/patient-year, and incidence of late mortality was 1.3%/
patient-year.”* In a meta-analysis of VSRR prior to 2015, 31 stud-
ies with a total of 4777 patients and a mean age of 51 years old
were included. In-hospital mortality was 2%, and the linearized
rate of thromboembolism, hemorrhage, and AV reintervention
were 0.41%/patient-year, 0.23%/patient-year, and 1.32%/patient-
year, respectively.”” These results confirmed the low operative
risk of selected patients undergoing AV repair in specialized cen-
ters; however, comparison to AVR in a similar group of patients
was not conducted in these studies.

Multiple retrospective studies compared institutional experien-
ces with VSRR and composite valve graft replacement (CVG) with
mechanical or bioprosthetic valves or allografts. However, in addi-
tion to the limitations of single center, nonrandomized, retrospec-
tive studies, most studies comparing VSRR and CVG included
patients who underwent replacement for indications such as aortic
stenosis, potentially introducing multiple important confounders.
Furthermore, the benefit of VSRR when compared to mechanical
CVG in an era of lower INR threshold has not been well estab-
lished. In a series of 370 patients, VSRR had the highest 5-year sur-
vival at 95.2%, with no differences in 5-year freedom from AV
reintervention and lower bleeding risk at 5 years as compared to
mechanical CVG.”* On the other hand, in another propensity-
matched cohort, the need for AV reintervention was significantly
higher in VSRR (7.3%) as compared to mechanical CVG, driven
mainly by the use of remodeling technique.”” In the largest institu-
tional series addressing this question, Svensson et al compared
957 patients who underwent VSRR to bioprosthetic or mechanical
CVG, as well as allograft root replacement. VSRR patients experi-
enced no in-hospital mortality, but had a significantly higher inci-
dence of early AV reintervention, driven mainly by BAV patients
who underwent remodeling VSRR, and mechanical CVG had the
lowest need for early and late AV reintervention and incidence of
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recurrent AL Tt is important to note that many of the studies

included patients who underwent VSRR and AV repair prior to
the use of aortic annuloplasty and precise measurement tools for
intraoperative assessment. Therefore, the benefit of contemporary
AV repair techniques over AVR, as well as patient-specific factors
that influence outcome, need to be better characterized.

Personalized Repair Based on Patient-Specific
Modeling

Recent developments in patient-specific computational model-
ing have allowed for preoperative simulation and evaluation of
patient-specific valve anatomy and pathology. A finite-element
model of the AV has been developed to model various AV pathol-
ogy and simulate outcome after application of different leaflet
repair techniques.” This could be valuable in preoperative surgical
planning as a tool to predict postoperative valve performance,
giving another measure of certainty over surgical intuition.

Management of VAJ Dilatation

Last, components of the aortic root should be individually
characterized, and combinations of surgical techniques should
be tailored to patient-specific pathology. One of the developing
areas is the management of VAJ dilatation. Although the
remodeling technique has the theoretical benefit of preserving
root dynamic, in patients with VAJ dilatation and SoV or STJ
dilatation, the remodeling technique did not provide sufficient
annular stability.”'”~*” On the other hand, for patients with
aortic regurgitation as a result of isolated VAJ dilatation, VSRR
by the reimplantation technique may be too aggressive.”” Tra-
ditionally, isolated VAJ dilatation has been managed with sub-
commissural annuloplasty; however, there is accumulating
evidence suggesting that subcommissural annuloplasty is not
sufficient; in fact, the application of subcommissural annulo-
plasty in VAJ dilatation is a risk factor for recurrent Al

Over the past decade, multiple techniques have developed to
address this problem. The CAVIAAR study compared the use of
an expansible subvalvular aortic ring with remodeling technique
to CVG for patients with an aortic root aneurysm and aortic regur-
gitation. Two hundred sixty-one patients were prospectively
recruited from 20 participating centers, with 131 patients in the
CVG group and 130 in the repair group, a mean age of 56.1 years
old, and 44.7% BAV. The 30-day mortality was 3.8% for both
groups; 96.8% of patients in the repair group had <grade 1 Al
After propensity match, there was no significant difference in
30-day mortality, reoperation, thromboembolic, hemorrhagic,
infectious events, heart failure, or major adverse valve-related
events. In addition, subvalvular aortic ring was found to result
in more VAJ reduction when compared to subcommissural
annuloplasty. '’

In some patients, the limit of external dissection of the aortic
root prevents the placement of the ring at the level of the true
VA]J. Schneider et al compared the use of external suture annulo-
plasty in addition to BAV repair in 164 patients with 104 patients
who underwent BAV repair without suture annuloplasty. Thirty-
seven patients underwent suture annuloplasty with braided
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polyester and 127 patients with polytetrafluoroethylene (PTFE).
With suture annuloplasty, 5-year freedom from reoperation was
significantly improved from 73.2% to 92.6% (P < 0.01); further-
more, suture annuloplasty with PTFE had a significantly higher
incidence of freedom from reoperation as compared to suture
annuloplasty with braided polyester (96.7% vs 83.5%, respec-
tively).”” On the other hand, internal annuloplasty systems have
also been developed. However, experience is limited and there is
concern regarding the rigidity of the devices available and their
interaction with valve cusps. Similar to external suture annulo-
plasty, an internal ring annuloplasty could negate the need for
deep external dissection.™

CONCLUSION

AV repair has established itself as a promising alternative treat-
ment for young patients with AI, with low early and long-term
adverse events. Further studies are required to set appropriate sur-
gical intervention threshold for Al, characterize benefit of AV repair
in patients with Al over AVR, understand patient-specific risk fac-
tors that may influence the outcome of repair, and continue to
improve on operative techniques, tailoring appropriate surgical
strategy to individual patients to achieve the best outcome.
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