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Abstract

The natural history of patients with aortic regurgitation (AR) is not as benign as once believed, even in asymptomatic patients

with preserved left ventricular function. Aortic valve surgery can prolong survival of these patients. However, both mechanical

and biological aortic valve replacement have major disadvantages, especially in young patients. Aortic valve-preserving surgery

(AVP) has attracted a great deal of attention as it has significant survival benefit over replacement. Nonetheless, AVP has not

been widely adopted due to the complexity of its technique and assessment (i.e., long learning curve). With recent technical and

theoretical advances, AVP has increasingly been performed with better outcomes, and therefore earlier indication for surgical

intervention in cases of AR has been considered. Recent advances in AVP include repair-oriented classification of the etiology

of AR, objective assessment of the cusp configuration (i.e., effective height and geometric height), use of aortic annuloplasty,

introduction of two reproducible valve-sparing root replacement procedures (i.e., aortic valve reimplantation and aortic root

remodeling techniques), standardization of AVP, and assessment of cusp configuration with aortoscopy. A number of prospective

multicenter studies are currently underway and will clarify the role of AVP in surgical treatment of AR in the near future.

Natural history of patients with aortic regurgitation

Studies of patient survival have shown that aortic regurgitation (AR) has a less benign course than once
believed. In early series, the mortality rate was reported to be ˜0.2% annually. However, this was due to
inadequate follow-up of the patients and this has increased to 2.2% per year based on recent studies with
meticulous follow-up1 – 3. An elaborate study from the Cleveland Clinic reported that 29% of patients with
grade III or greater AR and preserved left ventricular ejection fraction (LVEF) died without aortic valve
surgery during a mean follow-up of 6.6 ± 3 years, whereas only 13% died following aortic valve surgery,
which seemed similar to the survival of the age- and sex-matched population in the USA (Fig. 1)3. Other
drawbacks of previous studies were low mortality rates of young patients which seemed unlikely in general
clinical practice or lack of standardized assessment of AR severity. Another study from the Mayo clinic
employed quantitative American Society of Echocardiography thresholds for AR grading4and followed up
the long-term prognosis of asymptomatic patients with LVEF [?] 50% and an average age of 60 years. They
found that 10-year survival of overall patients and those aged 50 or more with severe AR was 69% and 59%,
respectively2.

Impact of aortic valve preservation

Aortic valve replacement (AVR) may be considered to treat AR in such cohorts. However, implantation of a
prosthetic valve has a negative impact on long-term prognosis, especially in young patients. A recent meta-
analysis revealed rates of structural valve deterioration and reintervention of 1.59% and 1.82% annually
in a relatively young cohort (50.7 +- 11.0 years old) undergoing bioprosthetic AVR5. For patients aged
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25 or 35 years old, lifetime risk of reintervention due to structural valve deterioration of the bioprosthesis
was almost 100%, and therefore life expectancy in this population was less than two thirds of that in the
age- and sex-matched general population5. On the other hand, aortic root replacement with a mechanical
composite graft was associated with an increased risk of thromboembolic events (0.7%/year) compared with
valve-sparing root replacement (VSRR) (0.3%/year)6. Accordingly, aortic root replacements using the both
biological and mechanical composite graft were associated with increased major adverse valve-related events
compared with VSRR (hazard ratio: 3.4 and 5.2, respectively)7.

Therefore, pioneers in aortic valve-preserving surgery (AVP) have recently reported that patients who had
undergone AVP had significant survival benefit over those undergoing AVR (Fig. 2)7, 8. In addition, due
to recent advances in AVP, the reintervention rate has become comparable with AVR, and better than
bioprosthetic AVR in younger populations (Fig. 3)7, 8. Therefore, AVP has attracted increasing attention
over the last decade.

Current status of aortic valve-preserving surgery

However, AVP is a less common procedure than mitral valvuloplasty (MVP) at the general community level.
With regard to aortic valve procedures for AR, AVP was performed in only 1.7% of cases in Europe in 20019

and 8% of cases in Japan in 201410. A literature search for only aortic root procedures indicated that VSRR
had been performed in 14% of cases in the USA from 2004 to early 2010 (the Society of Thoracic Surgeons
database study)11 and 34% in Japan in 2014 (our original nationwide questionnaire)10. According to the
Japan Cardiovascular Surgery Database, the ratio of VSRR among elective aortic root procedures performed
for non-redo cases of AR in Japan increased to 45% in 201712. Surprisingly, the in-hospital mortality rate
after VSRR was only 0.7%, whereas it increased to 2.8% after composite valve graft replacement (even
among matched groups, the rates were 0.8% and 1.8%, respectively)12. So, Japanese surgeons may be not
only aggressive but also have the excellent outcomes in VSRR.

Why is aortic valve-preserving surgery not popular?

One reason why surgeons have been reluctant to perform AVP may involve the conservative nature of the
guidelines over the last decade. The current guidelines specify AVR as the standard surgical option in cases
of AR. Therefore, they recommend aortic valve surgery in symptomatic patients or those with reduced left
ventricular function as a class I indication13, 14. However, cases with depressed left ventricular function or
advanced symptom are known to be associated with elevated mortality even after AVR15, 16. In addition,
when AVP is planned, better quality of repair can be anticipated before degeneration of the aortic cusps.

Of course, some researchers recognized these concerns and proposed earlier indication for surgical interven-
tion. The Mayo clinic reported that patients with indexed left ventricular endosystolic dimension (LVESD)
[?] 20 mm/m2 had poorer survival at 10 years compared to those with indexed LVESD < 20 mm/m2 (Fig.
4A)17. The Cleveland clinic also reported that patients with indexed LVESD between 20 and 25 mm/m2

had a survival benefit after AVR compared to those without AVR3. Patients with LVEF [?] 50% but <
55% were reported to have poorer survival at 10 years compared to those with LVEF [?] 55% (Fig. 4B)18.
Even after AVR, patients treated in accordance with the guidelines for earlier surgery showed better survival
than those undergoing later operation19. Therefore, the latest Japanese guidelines recommend aortic valve
surgery in patients with LVESD > 45 mm as a class IIa indication, taking Japanese body size into account
(English version will be available soon).

Another reason may be complexity of AVP. Compared with the mitral valve, the aortic valve has smaller cusp
volume, thinner cusp thickness, and three coaptation planes20. There are many technical alternatives for
MVP, whereas there is no chordal replacement technique in AVP. Thus, a long learning curve of approximately
40 – 60 cases is estimated for AVP, which has made this a technique exclusively for experienced surgeons21.
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Several technical/theoretical modifications or refinements have been made to increase adoption of AVP,
which will be introduced in the following section.

Advances in aortic valve-preserving surgery

Classification of the etiology of AR

Previously, surgeons did not have a good understanding of the pathophysiology of AR. In 2009, classification
of the etiology of AR was proposed by the Brussels group following Carpentier’s classification of the etiology of
mitral regurgitation (Fig. 5)22. Heart teams then had a common language resulting in a better understanding
of the pathophysiology of AR, which appears beneficial in improving the outcome of AVP23. The varied
phenotypes of bicuspid aortic valve (BAV) have complicated further understanding of the pathophysiology of
AR. Although widely used, Sievers’ classification of BAV phenotype is an anatomical classification according
to the number of raphe (0 – 2) and is not practical for AVP (Fig. 6A)24. The Brussels and Homburg groups
recently proposed a repair-oriented classification system based on the commissure angle (Fig. 6B)25. This
is also anticipated to improve the outcome of AVP for BAV.

Objective assessment of cusp configuration

The post-repair cusp configuration had traditionally been assessed subjectively (i.e., by eyeballing). In
2006, Schafers advocated measuring the height difference between the central free margins and the aortic
insertion lines using a dedicated caliper (i.e., effective height) (Fig. 7)26. This novel concept has made
assessment of the cusp configuration more objective and reproducible. Lansac and colleagues reported that
systematic cusp effective height assessment was associated with not only an increased rate of AVP but also
improvement of repair durability27. In 2013, Schafers published the normal dimensions of human cusps,
in particular the cusp height (i.e., geometric height)28. They defined retraction in adults as a geometric
height [?] 16 mm in tricuspid aortic valves and [?] 19 mm in the BAVs, and recommended avoiding AVP
in such cases. This concept has served as a useful basis for decision making in AVP. Recently, Komiya and
colleagues suggested that patients with a small cusp size (geometric height < 16 mm) can be candidates for
AVP by tight annuloplasty because these cases have “annulus cusp mismatch”29. However, cases with severe
mismatch may not be appropriate candidates for AVP. They also emphasized that annular size reduction
may be mandatory even in cases with large cusps when “annulus cusp mismatch” exists.

Advent of aortic annuloplasty

The most distinct difference between MVP and AVP had been the availability of annuloplasty in the former.
In 1958, Taylor and colleagues performed external suture annuloplasty for 11 beating hearts. However,
this technique was not widely adopted due to unfavorable outcomes30. In 1966, Cabrol and associates
proposed subcommissural annuloplasty, which was widely adopted because of its simplicity31. However,
inhomogeneous plication negatively affects cusp movement and emerged as a risk of recurrence32. Circular
annuloplasty procedures, such as external suture annuloplasty33, external ring annuloplasty27, and internal
ring annuloplasty34, have been applied clinically in experienced centers, and appear to improve clinical
outcomes of AVP (Fig. 8). Please refer to another systematic review article for many other alternatives35.

Valve-sparing root replacement

Two innovative approaches were developed to treat aortic root enlargement with or without AR; David
and Feindel proposed reimplantation of the aortic valve (hereinafter referred to as reimplantation) in 199236

and Sarsam and Yacoub advocated remodeling of the aortic root (hereinafter referred to as remodeling) in
1993 (Fig. 9)37. Then, valve stability after VSRR has improved dramatically and selection of VSRR among

3
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aortic root surgery procedures has become more common, as described before. The two approaches had both
advantages and disadvantages, but they have been improved by a number of modifications38 – 40. Currently,
reimplantation using a vascular prosthesis with neosinuses and remodeling with annuloplasty have become
standard procedures and achieved reproducible outcomes27, 41, 42.

Standardization of aortic valve-preserving surgery

Due to the long learning curve, as mentioned above, standardization of AVP has been attempted. Lansac
pioneered the standardized approach for VSRR using a graft with neosinuses for remodeling because it was
originally designed to perform remodeling operation (Fig. 8B)43. It sets three commissures at the same
height and symmetric angle, and thus has less risk of distorting valve geometry. It was emphasized, however,
that resultant discrepancy of effective height of each cusp should be aggressively corrected for better cusp
durability, as described above27. He launched a multicenter study of remodeling, and thus the quality of
AVP should be reproducible between institutions44, 45.

His group also clarified that additional stabilization of the sinotubular junction (STJ) (i.e., double ring annu-
loplasty) is associated with better outcome compared to single external ring annuloplasty. They also intended
to standardize this approach by indicating criteria for choice of the both ring sizes46. They recommended the
same ring size for the annulus and STJ. In general, postoperative annulus diameter becomes smaller than
external ring size because of the ventricular muscle thickness (3.3 – 6.2 mm)47. Recent echocardiographic
analyses indicated that the ratio of annulus diameter to STJ diameter in normal subjects is approximately
1:1.1 – 1:1.248. Therefore, their standardized approach may restore normal root geometry.

Another experienced center selected a tube graft for remodeling automatically according to the body surface
area of the patient followed by annuloplasty for one size smaller than the graft size, which will also create
a reasonable root configuration42. For reimplantation, the Brussels group chose a graft with neosinuses
corresponding to the commissure height between the left and non-coronary sinus, because commissure height
remains relatively constant49.

We have also made efforts to standardize remodeling techniques50. We set the target annulus diameter
based on the average annulus diameter for each body surface area51 and choose a one-size larger tube graft.
Each scallop of the graft corresponding to the Valsalva sinus is cut using our original template (Fig. 10A).
Commissure height and angle are symmetrically arranged using our original sizer (Fig. 10B)50. Finally, the
effective height of each cusp is adjusted to the same level. We hope that these strategies for standardization
will improve long-term durability of the repair and AVP will be adopted more widely.

Aortoscopy

Assessment of post-repair cusp configuration is sometimes difficult under unpressurized conditions. Indeed,
Sievers clearly demonstrated that the irregular leaflet appearance in the absence of diastolic pressure could
be restored with normal diastolic pressure (Fig. 11)52. This may be one reason why AVP is limited to
experts. In 1997, Itoh et al. applied endoscopy to evaluate cusp geometry before and after AVP under
physiological (pressurized) conditions, and reported the usefulness of this strategy53. The Essen group revived
this procedure in 2014 and confirmed the consistency with transesophageal echocardiographic findings54.
Okita and colleagues observed the valve from the left ventricular side using a flexible videoscope, but they
could not clarify the etiology of the failure55.

We have used aortoscopy since December 2015 in over 90 cases undergoing both VSRR and isolated AVP56.
Although it prolongs the procedure time up to 20 – 30 minutes, AVP has become more sophisticated and
reproducible with less residual AR than before the introduction of aortoscopy. The only drawback is the
use of a non-negligible amount of crystalloid cardioplegic solution that should be minimized to prevent
hemodilution.
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Closing remarks

In summary, the clinical course of patients with AR is suboptimal. AVP has attracted a great deal of attention
as both mechanical and biological AVR have major disadvantages. Nonetheless, AVP has not been widely
adopted due to the complexity of its technique and assessment. Due to recent technical and theoretical
advances, AVP is anticipated to be increasingly performed with better outcomes. A number of prospec-
tive multicenter studies, such as CAVIAAR45, AVIATOR27, and Japanese Registry (UMIN000016145), are
currently underway and will clarify the actual role of AVP in surgical treatment of AR in the near future.
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Figure legends

Fig. 1. Long-term outcomes in patients with grade [?] III chronic aortic regurgitation and preserved left
ventricular ejection fraction with or without aortic valve (AV) surgery (Reproduced with permission from
reference 3).

LVEF, left ventricular ejection fraction

Fig. 2. A: Long-term survival in patients undergoing aortic valve (AV) repair (solid line) or aortic valve
replacement (AVR: 29 biological prostheses; 15 mechanical prosthesis) (dashed line). The dotted line shows
the survival of an age- and gender-matched Belgian population (Reproduced with permission from reference
8).

B: Freedom from all-cause mortality in patients undergoing elective aortic root surgery by aortic valve-
sparing (AVS) technique and using bioprosthetic composite valve graft (bio-CVG) or mechanical composite
valve graft (m-CVG) (Reproduced with permission from reference 7).

Fig. 3. A: Freedom from aortic valve reoperations in patients undergoing aortic valve (AV) repair (solid
line) or aortic valve replacement (AVR) (dashed line) (Reproduced with permission from reference 8).

B: Prevalence of aortic valve reoperation over time using competing risk methods in patients undergoing
elective aortic root surgery by aortic valve-sparing (AVS) technique and using bioprosthetic composite valve
graft (bio-CVG) or mechanical composite valve graft (m-CVG) (Reproduced with permission from reference
7).

Fig. 4. A: Survival after aortic valve replacement adjusted for age and stratified by left ventricular indexed
end-systolic dimensions (LVESD) (Reproduced with permission from reference 17).

B: Survival comparison among subgroups: 50% [?] LVEF < 55% group vs. LVEF [?] 55% group (Reproduced
with permission from reference 18).

LVEF, left ventricular ejection fraction

Fig. 5. Repair-oriented functional classification of aortic insufficiency (AI) with description of disease
mechanisms and repair techniques used (Reproduced with permission from reference 22).

FAA, functional aortic annulus; STJ, sinotubular junction; SCA, subcommissural annuloplasty

Fig. 6. A: Schematic representation of the system for classification of the bicuspid aortic valves. Prominent
lines in schematic drawings represent raphe (Reproduced with permission from reference 24).

B: Schematic illustrations of the three groups of phenotypes of the repair-oriented bicuspid aortic valve
classification (Reproduced with permission from reference 25).

Fig. 7. A: Schematic drawing of the aortic valve and root.

STJ, sinotubular junction; VAJ, ventriculoaortic junction; GH, geometric height;

eH, effective height.

B: Intraoperative photograph showing measurement of the effective height of the noncoronary cusp of a
bicuspid aortic valve with the caliper (Both reproduced with permission from reference 26).

Fig. 8. Schematic drawing of external suture annuloplasty (A), external ring annuloplasty (B), and internal
ring annuloplasty (C) (Reproduced with permission from reference 33, 27, and 34, respectively).

Fig. 9. Schematic drawing of the aortic root remodeling technique (A) and the aortic valve reimplantation
technique (B) (Reproduced with permission from reference 40).

Fig. 10. A: Our original template to cut each scallop of the graft corresponding to the Valsalva sinus.
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B: Our originally developed sizer with various sizes (16 – 30 mm) (a) with six equally distributed grooves
facilitating marking of the middle points (b) (Reproduced with permission from reference 50).

Fig. 11. Endoscopic view of the normal aortic root at different diastolic pressures. A, 80 mmHg; B, 40
mmHg; C, 0 mmHg (Reproduced with permission from reference 52).
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