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Background. Annular stabilization is important during
bicuspid aortic valve (BAV) repair to obtain the best long-
term results. This report describes the early outcomes of a
novel bicuspid annuloplasty ring for this purpose.

Methods. Under regulatory supervision (NCT02071849),
a geometric bicuspid annuloplasty ring was used during
valve repair in 16 patients. Three patients had Sievers
type 0 valves, 11 had Sievers type 1, and 2 had Sievers
type 2. Thirteen patients had left-/right-coronary cusp
fusion, 1 had right-/noncoronary cusp fusion, and 2 had
both. Moderate to severe aortic insufficiency (AI) was
present in 13 of 16 patients, and 3 had mild AI with
aortic aneurysms. Ascending aortic aneurysms, root an-
eurysms, or both were replaced in 7 of 16 patients. The
Dacron-covered titanium ring had circular base geometry
and two outwardly flaring subcommissural posts posi-
tioned opposite on the circumference. The ring was
implanted into the annulus beneath the valve, and then
leaflet repair was performed.
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Results. Immediate postrepair echocardiograms
showed grade 0 residual AI in all patients, with good
cusp mobility and effective height, and satisfactory gra-
dients. There were no in-hospital or late mortalities. Two
patients experienced leaflet tears from long annular su-
ture tails, requiring late valve replacement. After imple-
mentation of a lateral suture fixation technique, no more
failures occurred. At a mean follow-up time of 9 months,
the remaining 14 patients were in New York Heart As-
sociation class I, with predominant grade 0 AI.
Conclusions. As a technique for BAV repair, internal

ring annuloplasty producesmajor annular remodeling and
stabilization. Annular reduction and reshaping to a 50/50%
symmetric circular geometry facilitates leaflet repair and
enhances cusp coaptation. Geometric ring annuloplasty
could have useful applications in BAV repair.

(Ann Thorac Surg 2015;99:2010–6)
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n his anatomic drawings, Leonardo da Vinci illustrated
Ia two-leaflet aortic valve, but this was likely more of a
theoretic discussion of valve design than a pathologic
description [1]. Mr. John Hunter first studied pathologic
bicuspid aortic valves (BAV), and his nephew Matthew
Baillie cataloged Hunter’s collection [2], which can be
seen today in the Royal College of Surgeons, London [3].
William Osler wrote two articles in 1886 based on his
autopsy studies at McGill University [4, 5] and described
the demographics and clinical characteristics of BAV
disease with a clarity that cannot be surpassed today.
Many good reviews have been written lately [1, 6, 7], and
with the emergence of aortic valve repair with the recent
emergence interest in BAVs has increased [8–11].

The results of BAV repair can be compromised by lack
of control of annular geometry [8]. Whether for acute
optimization of leaflet coaptation or late annular stabili-
zation to prevent repair failure, a method of remodeling
and stabilizing the bicuspid annulus to a geometric
standard could facilitate reconstruction and improve
outcomes. This report describes the surgical implantation
techniques, operative results, and early outcomes of in-
ternal geometric ring annuloplasty for BAV repair.
Material and Methods

Under regulatory supervision and informed consent
(NCT02071849), an internal geometric annuloplasty ring
was implanted during repair of different types of BAVs
(Table 1). The study was designed for 15 patients with 6
months of follow-up, and 1 extra patient was added for a
total of 16 patients. All patients were followed up for 6
months with clinical evaluation and echocardiography
and then entered into a long-term follow-up study. Three
had Sievers type 0 valves, 11 had Sievers type 1 valves,
and 2 had Sievers Type 2 valves [12]. Thirteen patients
had left-/right-coronary cusp fusion, 1 had right-/
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Table 1. Demographic and Outcome Data for BAV Repair Patients

Patient ID
Age,
y

Sex
1 ¼ M, 2 ¼ F

AI
Gr

Ann
Diam Ring Size

Leaflets
Fused

Leaf
Proc

Other
Procedure

PO
Gradient

PO
AI CommentsNo. Pt. No.

1 01-001 36 1 4 28 21 LR-1 P Re-Rem 16 0
2 01-002 59 1 3 29 21 LR-1 P-C 17 0/3 Leaflet tear-AVR
3 01-003 33 1 3 30 25 LR/RN-2 HPLR 31 0
4 01-004 29 1 4 28 21 LR-1 P-C 9 0/2
5 07-001 47 2 2 23 19 LR-1 P-C 17 0
6 01-005 56 2 1 26 21 LR-1 P ARR 13 1
7 07-002 52 1 3 27 23 LR-1 P-U 4 0
8 01-007 29 1 2 28 23 LR/RN-2 PLR 5 0/3 Leaflet tear-AVR
9 01-008 47 1 2 28 23 LR-0 P-CO ARR 12 1
10 08-001 49 1 4 29 23 LR-1 P-C AA-HA 12 0
11 07-003 41 1 2 28 23 LR-0 CO 12 1
12 01-009 25 1 1 27 21 RN-0 P AA 8 0
13 07-005 57 1 2 25 21 LR-1 P-U AA 9 0
14 07-006 48 1 1 33 25 LR-1 P ARR 0 0
15 01-010 43 1 3 35 23 LR-1 P Pacer 14 0
16 07-007 38 1 3 29 23 LR-1 P-C-U AF Abl 8 0

Mean 43.1 88% 2.5 26.4 21.6 3 AA 11.7 0.3/0.7
SD 10.6 M 1.0 2.2 1.6 4 ARR 7.0 0.6/1.1

0,1,2 ¼ Sievers type; AA ¼ ascending aortic replacement; AF Abl ¼ atrial ablation for atrial fibrillation; AI ¼ aortic insufficiency; Ann ¼ annular; ARR ¼ remodeling aortic root
replacement; AVR ¼ prosthetic aortic valve replacement; BAV ¼ bicuspid aortic valve; C ¼ cleft closure; CO ¼ pericardial reconstruction of calcified commissure; Diam ¼ diameter;
F ¼ female; Gr ¼ grade; gradient is mean systolic value; HA ¼ hemiarch replacement; HPLR ¼ autologous pericardial hemileaflet replacement; L ¼ left coronary leaflet; M ¼
male; N ¼ noncoronary leaflet; P ¼ leaflet plication; PLR ¼ complete pericardial leaflet replacement; PO ¼ postoperative; Re-Rem ¼ redo remodeling root replacement; R ¼ right
coronary leaflet; SD ¼ standard deviation; U ¼ CUSA ultrasonic decalcification.
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Fig 1. Geometric ring annuloplasty for
bicuspid aortic valve repair. (A) Ring is
shown superimposed on computed tomo-
graphic angiogram of a bicuspid valve with
the location of transannular horizontal
mattress sutures in blue. (B) Long-axis
computed tomographic angiogram of
repaired bicuspid valve with ring sutured
into and positioned below the valve
annulus. An ascending aortic aneurysm
also has been replaced. (R-L ¼ right-left.)

Fig 2. Ring suture technique. With the ring on a holder above the
valve, the two bicuspid posts are sutured to the subcommissural
spaces using horizontal mattress sutures. Sutures are placed deeply
into the aortic annulus,and they catch the Dacron on the inside of the
post. Then the post sutures are tightened, and the ring is lowered
below the valve. Finally, seven looping body sutures are passed up
through the annulus, three in the nonfused and four in the fused
annulus.
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noncoronary cusp fusion, and 2 had both (unicuspid
valves). Moderate to severe aortic insufficiency (AI) was
present in 13 of the 16 patients, and 3 patients had mild AI
associated with aortic aneurysms. Annular dilatation was
present in all (Table 1). The ring was constructed of one-
piece computer-machined titanium covered with a thin
layer of Dacron [13]. The device was characterized by
circular base geometry and two subcommissural posts,
positioned 180� opposite on the circumference and flaring
outwardly from the longitudinal axis by 15� (Fig 1A). Post
height was selected as half of the ring diameter, or the
annular radius [13].

The required ring diameter initially was estimated ac-
cording to measurement of free-edge length (L) of the
nonfused cusp using ball sizers placed in the sinus of
Valsalva. Bicuspid sizer design was based on this formula:
Required ring diameter ¼ L / 1.8 [13]. This estimate then
was confirmed by placing a ball sizer within the valve,
and the ring diameter should match the intercommissural
distance (Fig 1A). Thus, the goal of the annuloplasty was
not to shorten the intercommissural diameter but rather
to reduce the dilated sinus-to-sinus dimension (Fig 1A).
Smaller rings were used in specific circumstances, such as
inadequate leaflet tissue (patient 1), in the understanding
that leaflet prolapse may worsen and more leaflet plica-
tion may be required, with consequent higher gradients.
In the usual patient, annular anatomy was always ellip-
tical, with the sinus-to-sinus diameter being larger (Fig
1A). Thus, remodeling to a circular geometry moved the
sinuses inward and enhanced leaflet coaptation. Addi-
tionally, the fused annulus usually was larger, and dif-
ferential reduction in the fused sinus circumference
seemed to provide advantages in certain cases with less
good fused leaflet mobility. Thus, bicuspid geometric ring
annuloplasty produced major and reproducible annular
remodeling, and the valve was converted to a 50/50%
annular configuration.

The chosen ring was implanted into the aortic annulus
beneath the valve with nine transannular horizontal
mattress sutures of 4-0 Prolene supported with fine
supraannular Dacron pledgets (Fig 1A). This technique
pulled the ring up under the annulus and avoided any
abrasive contact between ring Dacron and cusp tissue
(Fig 1B). With the ring on a holder above the valve, both
bicuspid ring posts initially were sutured to the sub-
commissural regions with Cabrol-like horizontal mattress
sutures (Fig 2). Then the commissural sutures were
tightened, the ring was lowered below the valve, and the
holder was removed (Fig 3A). Seven additional looping



Fig 3. Sequential steps in bicuspid aortic
valve repair with bicuspid ring annulo-
plasty. (A) Dilated bicuspid annulus during
ring implantation. Both post/commissural
sutures have been placed and the ring
lowered below the valve. (B) Completed
ring annuloplasty showing annular reduc-
tion and assumption of 50% to 50% circular
geometry. The leaflets have been moved
centrally by the annuloplasty. (C) The
nonfused leaflet has been plicated to an
adequate reference effective height, and
spacing sutures have been placed to define
the size of the leaflet cleft. (D) After cleft
closure, the leaflets coapt well with equal
length and effective height [14].
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sutures (Fig 2) were placed around the ring body, three in
the nonfused annulus and four in the fused annulus.
Annular sutures were passed deeply through the aortic
annulus, 2 mm deep to the leaflet–aortic junction. After all
sutures were tied, reduction in the sinus-to-sinus
dimension moved the leaflets toward better coaptation
and transformed the annulus to a 50/50% circular ge-
ometry (Fig 3B).

Depending on specific anatomy, various types of
bicuspid leaflet repairs were performed. Usually using
Sch€afers’ techniques (Fig 3C), the nonfused leaflet was
plicated to an effected height of greater than 8 mm and
used as a reference [14]. Then right and left perinodular
spacing sutures were placed equidistant from the com-
missures, which identified the size of fused leaflet clefting
(Fig 3C). When present, the cleft was closed, and addi-
tional plication was performed as needed to equalize the
length and effective height of the two leaflets (Fig 3D). In
the two unicuspid valves, one was repaired with autolo-
gous pericardial hemileaflet replacement [15] and the
second with full autologous pericardial bileaflet replace-
ment [16] because of severe cusp dysplasia. Ascending
aortic aneurysms, root aneurysms, or both were replaced
with remodeling techniques [17] in 7 of the 16 patients,
using Valsalva grafts fashioned with two equal-sized
sinus tongues. All echocardiograms were overread by
an echocardiography core laboratory (MedStar
Research Institute, Washington, DC) using standard
echocardiographic criteria and a 0 to 4 AI grading scale
[18]. The change from preoperative to latest postoperative
AI grade was evaluated with Student’s two-tailed paired t
test, and a p value of 0.05 was considered significant.
Results

The average age of the 16 patients was 43.1 � 10.6 (mean
� standard deviation) years, the preoperative annular
diameter was 28.3 mm � 2.8 mm, and the predicted
normal ring diameter was 22.3 mm � 1.6 mm (Table 1).
Fourteen of 16 patients (88%) were male. The average
preoperative New York Heart Association (NYHA) class
was 1.9 � 0.4, and 14 of 16 patients (88%) were symp-
tomatic. The preoperative AI grade (0–4 scale) was 2.5 �
1.0, and the immediate postrepair transesophageal
echocardiograms showed grade 0 residual AI in all pa-
tients. The latest postoperative mean valve gradient was
11.7 � 7.0 mm Hg. There were no in-hospital mortalities
or major complications, no new heart block was observed,
and no adverse events could be attributed to the rings.
One patient with preexisting heart block and syncope
received a pacemaker postoperatively. Only aspirin
anticoagulation was administered postoperatively.
At a mean follow-up time of 9 months, no thrombo-

embolism, strokes, or bleeding have occurred. Over the
first months after surgery, 2 patients required reoperation
and prosthetic valve replacement for leaflet tears
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secondary to long annular suture tails (Fig 4). After that
experience, a “lateral suture fixation” technique was
instituted to direct the annular suture tails down and
away from the leaflets [19]. The 4-0 Prolene annular su-
tures were tied tightly with eight knots (Fig 5), one or both
needles were passed down through the lateral pledget,
and the suture was tied again. In all subsequent patients,
this approach prevented leaflet injury from suture
contact.

At the latest follow-up visits, all 14 remaining patients
with intact repairs were in NYHA class I, and on the last
available transthoracic echocardiogram, 10 patients had
grade 0 AI, 3 had grade 1 AI, and 1 had grade 2. This last
patient had pneumonia and a febrile illness 2 months
postoperatively, along with the appearance of new grade
2 AI. Although his cultures were negative, an episode of
limited endocarditis was suspected, and he received a full
course of antibiotics. The patient now is asymptomatic
and fully functional. In the AI analysis, even counting the
2 patients with leaflet laceration and valve replacement as
having permanent grade 3 AI, the average AI grade fell
Fig 4. (A) A long suture tail has lacerated the nonfused leaflet,
necessitating reoperative aortic valve replacement. (B) An autologous
pericardial leaflet has been lacerated by a long annular suture tail
(the suture tail is evident above the tear, pointing straight at the leaflet
hole) Arrows indicate leaflet tears.
from 2.5 � 1.0 preoperatively to 0.7 �1.1 postoperatively
(p < 0.0001).
Comment

As a technique for BAV repair, internal ring annuloplasty
seemed to be a simple and effective option, producing
major annular remodeling and stabilization. Deep aortic
root dissection was unnecessary, and the procedure was
simplified in comparison with stabilizing the annulus
with an external Dacron reimplantation graft [10, 11]. The
major geometric remodeling produced by an internal
bicuspid ring also could be more effective than a circular
suture technique [20]. Annular reduction with geometric
reshaping to a 50/50% symmetric circular geometry
significantly enhanced cusp coaptation and facilitated
whichever type of leaflet repair was required.
For simple Sievers type 0 or 1 defects [12], leaflet repairs

involving plication and cleft closure [14] are straightfor-
ward and function well with good long-term results
(http://www.ctsnet.org/article/repair-simple-bicuspid-
valve-defects-using-geometric-ring-annuloplasty). For
more complicated calcified or unicuspid valves, various
methods of pericardial leaflet reconstruction have been
devised [15], but they can have problems from pericardial
dysruptionor residualgradients, as inpatient3 in this series,
in whom the leaflet suture lines were somewhat tight
(Table 1). For this reason, the authors have become more
aggressivewith complete pericardial leaflet replacement for
complex leaflet disease [16, 21, 22], potentially using tissue-
engineered pericardium when feasible [23, 24].
In the course of this study, bicuspid ring sizing and

suture techniques were perfected, including the “lateral
suture fixation” method to prevent suture-induced leaflet
injuries [19]. The more effective annuloplasty seemed to
facilitate the performance of concomitant leaflet pro-
cedures, including the reoperation case (patient 1) in
whom the leaflet areas for both cusps were compromised.
The overall results in this limited short-term follow-up
study showed excellent efficacy in AI reduction, negli-
gible direct ring complications, and acceptable trans-
valvular mean systolic gradients, similar to the data for
trileaflet ring annuloplasty [25]. The techniques devel-
oped for trileaflet annuloplasty, such as remodeling root
restoration, could be directly transferred to the bicuspid
setting [17]. It is hoped that the excellent late repair sta-
bility currently being observed with trileaflet rings [26]
will be similar for bicuspid ring annuloplasty. However,
more experience and longer follow-up times will be
required to properly evaluate these concepts and to
obtain outcome comparisons versus standard bicuspid
repair or prosthetic valve replacement.
In summary, a BAV annuloplasty ring has been

developed and applied clinically with good results. The
ring reduces annular dilatation, reshapes annular geom-
etry, and improves leaflet coaptation by bringing both
cusps symmetrically toward the midline. Given that the
long-term outcomes of BAV repair can be limited by late
annular dilatation, the bicuspid ring could be important
for optimizing durable valve competence late after repair.

http://www.ctsnet.org/article/repair-simple-bicuspid-valve-defects-using-geometric-ring-annuloplasty
http://www.ctsnet.org/article/repair-simple-bicuspid-valve-defects-using-geometric-ring-annuloplasty


Fig 5. Technique to prevent suture untying
and leaflet injury from long suture tails. (A)
At the end of the procedure, the annular
sutures are tied tightly with eight knots. (B)
One or both needles are passed downward
through the lateral aspect of the pledget,
and the sutures are tied again. (C) After six
more knots are tied, the suture tails are cut
short. (D) At the end, the knot towers are
sutured down and away from the fragile
leaflets.
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Although geometric ring annuloplasty could standardize
and expand BAV reconstruction, and improve the results
of BAV repair, more outcome data will be required to
fully establish this approach.

Phase I Clinical Trial (ClinicalTrials.gov Identifier: NCT02071849)
supported by BioStable Science and Engineering (BSE), Austin
Texas, USA; www.biostable-s-e.com.
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