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Objectives: A geometric annuloplasty ring could improve efficacy and stability of aortic valve repair. Toward
this goal, a 1-piece 3-dimensional titanium annuloplasty ring with Dacron covering was developed and tested
successfully in animals. The purpose of this study was to define hemodynamic outcomes with this device
used as the annuloplasty component of human aortic valve repair.

Methods: In a 4-center pilot trial with informed consent, 16 patients underwent aortic valve repair for aortic
insufficiency, with the annuloplasty device sutured into the annulus beneath the leaflets. Preoperative annular
diameter averaged 26.5 � 2.0 (mean � standard deviation) mm, and average ring size was 22.3 � 1.2 mm.
After annuloplasty, leaflet defects were easy to identify, and 14 of 16 patients (88%) required leaflet plication
and/or autologous pericardial reconstruction for leaflet defects. Three patients had ascending aortic
replacement, and 2 had remodeling root replacement. One had ultrasonic leaflet decalcification and another
tricuspid valve annuloplasty. Follow-up data were from site-specific studies at the 6-month postoperative
time point.

Results: There were no in-hospital mortalities or major complications. Preoperative aortic insufficiency grade
(0-4 scale) was 3.6 � 1.0 and fell to 1.0 � 0.8 at 6 months (P<.0001). New York Heart Association class fell
from 2.5 � 0.5 to 1.1 � 0.3 (P<.0001). Postrepair valve area was 2.7 � 0.2 cm2, and 6-month mean systolic
gradient was 11.3 � 3.3 mm Hg. Left ventricular end-diastolic diameter and ejection fraction both normalized
(both P<.0001).

Conclusions: Geometric ring annuloplasty facilitated aortic valve repair, allowing more precise reconstruction
of leaflet defects. Aortic insufficiency reduction and systolic gradients were excellent, and expansion of valve
reconstruction into broader categories of aortic valve disease seems indicated. (J Thorac Cardiovasc Surg
2014;148:168-75)
Prosthetic replacement of the aortic valve is associated with
significant long-term valve-related complication rates,
whether considering tissue or mechanical valves.1,2 By
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contrast, several large series of aortic valve reconstruction
with autologous tissues have observed late complication
rates of approximately 1% per year or less,3,4 even
considering reoperations for repair failure. Moreover,
results with aortic valve repair for aortic insufficiency
(AI) continue to improve3,5 as knowledge and techniques
of leaflet reconstruction advance. Consequently, aortic
valve repair is being performed with increasing frequency
for a variety of aortic valve disorders.6

One current problemwith aortic valve repair is the lack of
a proper annuloplasty method. Subcommissural annulo-
plasty, as described by Cabrol in 1966,7 is somewhat
effective but has the disadvantage of suturing the annulus
only at 1 point–the tops of the commissures. It is now clear
that suture annuloplasty does not control the size and shape
of the entire annulus and, as such, is prone to fail over the
long-term.8-10 As with the mitral and tricuspid valves, a
full ring annuloplasty device for the aortic valve could
improve efficacy and stability of repair.11 Accordingly, a
geometric aortic annuloplasty device was developed,12

tested in animals,13 and applied to patients undergoing
aortic valve repair.14 This article analyzes the early
ery c July 2014
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Abbreviations and Acronyms
AI ¼ aortic insufficiency
TEE ¼ transesophageal echocardiography
TTE ¼ transthoracic echocardiography
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hemodynamic results of aortic ring annuloplasty in a trial of
human aortic valve repair.

METHODS
The HAART 300 aortic annuloplasty ring (Hemispherical Aortic

Annuloplasty Reconstructive Technology; BioStable Science and

Engineering, Inc, Austin, Tex; US Patent No. 8,163,011 B2) was devel-

oped from computed tomography angiographic analyses of normal

human aortic valves.15 The ring is designed to restore normal annular

circumference and elliptical geometry (defining the ‘‘annulus’’ as the

annulus fibrosis16 or leaflet-aortic junction), and the device could

facilitate quality of valve repair in trileaflet AI.14 The rings are

computer-milled from 1-piece titanium blocks and are covered with

Dacron cloth to promote endothelialization. Ring geometry is elliptical

with a 2:3 base diameter ratio (Figure 1), and with 3 subcommissural

posts that are spaced equidistant around the circumference. The
FIGURE 1. Geometric basis of the ring design. A, Three-dimensional coordina

10 normal patients. B, Average valve geometry was determined by ellipsoidal 3

normal 2:3 elliptical base geometry, and the red coronet-shaped structure is

coordinates were used to mill a 1-piece titanium annuloplasty ring covered wit
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left/noncoronary post is located on the posterior minor diameter, and

all 3 posts flare outward by 10� (Figure 1), as shown in computed to-

mography angiographic studies of normal human valves.15 The device

was formally evaluated in chronic animal trials with positive results,13

and 5 initial human cases were reported.14

In this study, the device was tested in a multicenter Pilot trial in Europe

(ClinicalTrials.gov identifier: NCT01400841), with the trial protocol

approved by the German Federal Competent Authority and the ethics com-

mittees of the 4 centers. Selection criteria were mandated by the regulatory

body, including elective status, patient age over 50 years, and no concom-

itant valve or coronary disease. Each patient was explained the risks and

potential benefits of the device in detail, and provided written informed

consent. The 16 patients in this report were operated for aortic valve repair

between February and October of 2012 at the German Heart Center

Munich, the German Heart Center Berlin, the Institute for Clinical and

Experimental Medicine (Prague, Czech Republic), and University Hospital

Leuven (Belgium).

Baseline transthoracic (TTE) and/or transesophageal echocardiograms

(TEE) were obtained prior to valve repair and constituted the reference

for future measurements. Median sternotomy and standard cardiopulmo-

nary bypass/myocardial protection techniques were used. Prebypass TEE

guided the preoperative understanding of valve and root pathology. Aortic

valves were approached through transverse near-complete aortotomies, 1.5

cm above the right coronary artery. Traction sutures were placed above

each commissure to facilitate exposure. After performing an accurate valve
tes of the valve were digitized from computed tomographic angiograms of

-dimensional least squares regression analysis. C, Green ellipse illustrates

the leaflet-aortic junction, or aortic annulus. D, Analyzed 3-dimensional

h Dacron.
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FIGURE 2. Progressive steps in aortic valve repair using geometric ring annuloplasty. A, Overall suture technique illustrated in a cadaver valve.

B, All 3 posts were sutured to the subcommissural areas with the ring on a holder. C, The ring was lowered below the valve leaflets, and 2 ‘‘looping’’ sutures

were placed in each ring body. D, After tying all 9 sutures over fine Dacron pledgets, the valve is competent and no ring material is visible. This patient was 1

of the few with no leaflet defects.

TABLE 1. Hemodynamic outcomes in HAART pilot trial

Pt. no. Age (y) Gender

Annular

diameter

Ring

diameter

Leaflet

prolapse Lft-Pro

Other

procedure

1 59 M 28 23 T CO —

2 59 M 28 21 R CO —

3 67 M 29 23 L — —

4 80 M 26 23 RN — —

5 57 M 27 23 RL — AA

6 64 M 26 21 R — —

7 77 M 27 23 R — —

8 83 M 29 23 RN — —

9 64 F 24 19 R LE —

10 63 M 29 23 RN — —

11 81 M 22 21 R — TV

12 55 M 27 23 LN H RA

13 78 M 25 23 LN H GT

14 73 F 25 21 None — RA

15 62 M 25 23 N — AA

16 67 F 27 23 None — AA

Mean � SD 68.1 � 9.3 81% male 26.5 � 2.0 22.3 � 1.2 — — —

P valuey
Pt. no., Patient number; Lft-Pro, pericardial leaflet procedure; CHF, congestive heart failure; AI, aortic insufficiency; LVEDD, left ventricular end-diastolic diameter; EF, ejection

fraction;M, male; T, trileaflet prolapse; CO, repair of commissural rupture; R, right; L, left; RN, right noncoronary; RL, right-left; AA, replacement of ascending aortic aneurysm;

LE, pericardial leaflet extension; TV, tricuspid valve ring annuloplasty; LN, left noncoronary; H, leaflet hole; RA, remodeling replacement of root aneurysm; GT, Gore-Tex (W. L.

Gore & Associates, Flagstaff, Ariz) leaflet reinforcement; F, female; N, noncoronary; SD, standard deviation. *One-month data provided rather than 6-month data for the patient

who died. yTwo-tailed paired t test.
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analysis to identify annular and leaflet pathology, the rings were sized such

that twice the leaflet free-edge length equaled the required ring circumfer-

ence, as previously validated.13,15,17 Elliptical ring size was described as

the diameter of a circle with an equivalent circumference. The free-edge

lengths of all 3 leaflets were symmetrical to within 1 ring size in 15 of

16 patients. When a 1-size discrepancy existed, the smaller value was

chosen. One patient had two 25-mm leaflets and one 21-mm leaflet. In

that patient, a 23 ring was chosen with satisfactory results.

As a first step in the repair, the ring posts were sutured to the sub-

commissural areas, using Cabrol-like sutures of 4-0 Prolene (Figure 2,

A and B). Then the ring was lowered below the valve, and 2 ‘‘looping’’

sutures were placed around each ring body and up through the annulus

(Figure 2, A and C). All 9 sutures were tied over small Dacron pledgets

(Figure 2, D). At the end, the ring was not visible, and the posts were

‘‘buried’’ back into the subcommissural spaces, with the ring bodies

pulled securely up under the valve annulus.18 Careful ring placement

with this technique avoided abrasive contact between the Dacron

covering of the device and leaflet tissue. All sutures were cut short to

avoid leaflet contact and perforation. Ring implantation was a simple

procedure and required between 18 and 26 minutes.14 Videos of geomet-

ric ring annuloplasty can be downloaded from http://www.jsrmd.com/

ftp/99_STS_FIM_Compressed.mp4.

After ring placement, prolapse of 1 or more leaflets became better

defined and was corrected using central plication sutures of 7-0 Gore-

Tex (W. L. Gore & Associates, Flagstaff, Ariz) or Prolene to equalize

length and effective height of all 3 leaflets to greater than 8 mm.19,20

The Schaefers effective height caliper was useful in this assessment.21

The plication sutures were placed into the thickened leaflet free-edge

(aortic valve chorda), adjacent to the central Nodulus Arantius. Plication

sutures were placed symmetrically on either side of the Nodulus

whenever possible to keep the Nodulus in the midline. Patient 13 also

had Cavitron ultrasonic surgical aspirator debridement of mild leaflet

calcification.17
CHF AI LVEDD

Preoperative 6 mo Preoperative 6 mo Preoperative 6 mo

3 1 4 0 58 47

2 1 4 0 67 48

2 1 4 0 64 47

3 1 3 1 59 60

2 1 4 1 52 57

3 1 4 1 66 52

3 1 3 1* 60 57*

2 1 4 1 45 53

3 1 3 3 58 54

2 1 4 2 65 58

3 2 3 1 47 49

3 1 3 1 64 52

3 1 4 2 67 67

2 1 3 1 59 44

2 1 3 0 52 54

2 1 4 1 54 46

2.5 � 0.5 1.1 � 0.3 3.6 � 0.5 1.0 � 0.8 58.6 � 7.0 52.5 �
<.0001 <.0001 <.0001

TABLE 1. Continued

The Journal of Thoracic and Ca
Disrupted commissures or leaflet holes were repaired with glutaralde-

hyde-fixed autologous pericardium. In most cases, double patches were su-

tured to both sides of the leaflet tissue with fine horizontal mattress sutures

of 6-0 Prolene, leaving the knots on the aortic aspect. If the commissure

was bridged, the pericardial strips were sutured from the aorta (at the

commissural insertion) to the Nodulus Arantius to prevent late suture

line disruption in this high-stress area.22 Care was taken not to shorten

the leaflet free-edge length while placing the pericardial strips, and if the

pericardium was too long, it also could be plicated. At the conclusion of

repair, commissural lengths were checked routinely with the Frater proce-

dure,23,24 and additional fine plications were placed, as necessary, to create

equal leaflet free-edge lengths.

If a patient had a dilated sinotubular junction, it was adjusted to a diam-

eter that was 5 to 7mm larger than the annuloplasty ring (as indicated in our

normal valve geometry models) by incorporating a short segment of

Dacron graft into the aortotomy closure. For aortic root or ascending aortic

aneurysms, a Valsalva graft or straight graft, respectively, was chosen–

again 5 to 7 mm larger in diameter than the annuloplasty ring. In patients

with normal sinotubular junction dimensions, simple closure of the near-

complete transverse aortotomy with Prolene suture sufficed. Thus, it was

important to normalize both annular and sinotubular junction geometry.

Postrepair valvular competence and function were assessed intraopera-

tively by TEE during cardioplegia injection after aortic closure, and again

after aortic unclamping. If more than trivial/mild AI was present, the aorta

was reopened, and further leaflet plication/reconstruction was performed.

Leaflet prolapse could be subtle, and there was a learning curve in visual

assessment of leaflet defects. Restoration of normal annular geometry by

the ring also seemed to allow better visualization and correction of leaflet

pathology, which was complex in some cases.

All patients were followed clinically with periodic TTEs to 6 months

after surgery. Only aspirin anticoagulation for 6 months was used, unless

the patient was in atrial fibrillation. Analyzed echocardiographic results

were taken as changes from the preoperative TTE/TEE to the 6-month
EF

Systolic gradient

(mm Hg) Valve area (cm2)Preoperative 6 mo

0.51 0.60 12 2.5

0.57 0.65 12 2.8

0.50 0.50 13 2.8

0.40 0.55 11 2.9

0.50 0.55 7 2.6

0.57 0.60 15 2.7

0.55 0.50* 6* 3.2

0.60 0.65 11 2.8

0.56 0.60 17 2.4

0.50 0.60 7 2.9

0.38 0.50 7 2.6

0.40 0.44 10 2.6

0.65 0.65 16 2.7

0.60 0.60 14 2.3

0.60 0.65 8 2.8

0.60 0.65 9 2.3

6.2 0.53 � 0.08 0.59 � 0.07 11.3 � 3.3 2.7 � 0.2

<.0001 —
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follow-up TTE. Echocardiographic aortic valve function was assessed us-

ing American Association of Echocardiography criteria, with AI grade

described as 0 to 4þ (mild/moderate/moderately severe/severe). ‘‘Trivial’’

leak (Doppler color noted within the leaflets only) was graded as zero.

Mean systolic aortic valve gradients and valve area were assessed by stan-

dard echocardiographic Doppler methods. Changes in clinical and echocar-

diographic variables from prerepair to 6-months postrepair were evaluated

by 2-tailed paired t tests, assuming a P value of<.05 as significant.
RESULTS
Preoperative patient characteristics are shown in Table 1.

Average age was 68.1 � 9.3 (mean � standard deviation)
years. Thirteen of 16 patients (81%) were male, and all
had moderately severe to severe AI (3.6 � 0.5) (mean �
standard deviation) with some degree of congestive heart
failure (New York Heart Association class, 2.5 � 0.5). All
had annular dilatation with preoperative annular diameters
averaging 26.5 � 2.0 mm. The ring sizing protocol indi-
cated 21 or 23 HAART rings in 15 patients and a 19 ring
in one small woman (average, 22.3 mm� 1.2 mm), consis-
tent with previous studies.25 Significant single or multileaf-
let prolapse was present in 14 of 16 patients (88%), and
individual locations are given in Table 1. Five patients
required pericardial leaflet reconstruction. Three patients
had concomitant replacement of ascending aortic aneu-
rysms, and 2 had modified remodeling aortic root replace-
ment for aortic root aneurysms. Four patients required a
second valve exposure period because of greater than
mild AI after initial repair.

Photographs and TEE views of a diseased valve before
and after repair are shown in Figure 3 (patient 1). With
the availability of postannuloplasty views for comparison,
it was striking how much annular pathology was present
before repair, and symmetrical perinodular plication, along
with pericardial reconstruction, was effective in correcting
even severe leaflet defects. After annuloplasty and leaflet
repair, all 3 leaflets could be made to coapt properly in
the midline with good effective height. At 6 months after
surgery (Table 1), AI grade by TTE fell from 3.6 � 0.5 to
1.0 � 0.3, and all but 1 patient (with concomitant tricuspid
valve disease) were NYHA class I (both P < .0001,
compared with preoperative). Left ventricular end-diastolic
diameter and ejection fraction were both improved (both P
< .0001). Six-month mean systolic pressure gradient aver-
aged 11.3 � 3.3 mm Hg, and was not statistically different
from intraoperative values (P ¼ .4), although some patients
seemed to exhibit higher gradients in the operating room.
Average postoperative valve area was 2.7� 0.2 cm2. Poten-
tial complications related to ring implantation, such as
injury to aortic valve leaflets, injury of the anterior mitral
leaflet, and atrioventricular conduction block, were not
observed.

There were no in-hospital deaths or major surgical com-
plications. All patients recovered uneventfully with only
minor problems (pneumothorax in 2, delirium in 1, transient
172 The Journal of Thoracic and Cardiovascular Surg
urosepsis in 1). One arrhythmia/pacemaker patient expired
suddenly at 3 weeks postoperatively with documented
normal aortic valve function 2 days before. There was 1
operative conversion to aortic valve replacement (not
included in the analysis). This patient had mild mitral
regurgitation preoperatively that was left alone. Because
of worsening mitral regurgitation after the aortic valve
repair, bypass was reinstituted, and a mitral ring was in-
serted. The aortic repair was converted to replacement
because of uncertainties about protocol inclusion of double
valve cases. In one additional patient (patient 11), severe
tricuspid regurgitation was discovered on the operative
TEE, so a tricuspid annuloplasty ring also was inserted, in
addition to the aortic valve repair.

To the present time (7-15 months postoperatively), the 15
surviving patients continue to be improved symptomati-
cally and clinically. At 6 months, 2 patients had grade 2
AI, and 1 patient had grade 3. One of these patients had
an ineffective pericardial leaflet extension for a scarred, re-
tracted leaflet, and another had Gore-Tex free-edge leaflet
reinforcement. While all 3 are symptomatically stable,
they have experienced less recovery of ventricular function
than the remaining patients with grade 0-1 AI. No valve-
related complications or reoperations have occurred in early
follow-up.

DISCUSSION
In this phase I clinical trial, it is important to note that the

regulatory protocol mandated including only patients with
clinical congestive heart failure and AI of grade 3 or 4.
Thus, this series represented an especially difficult segment
of aortic valve repair candidates–those with severe valve
derangements. This is in contrast to many valve-sparing
root replacement series, in which a significant proportion
of patients had minimal valve dysfunction.26,27 In the
current group, approximately 90% of patients had
significant anatomic leaflet defects, in addition to uniform
annular dilatation. With this experience, the
pathophysiologic inference might be considered that
progressive annular dilatation and loss of central leaflet
coaptation may increase stress on valve leaflets that
eventually results in leaflet fracture and prolapse or
commissural disruption (Figure 3). More data are needed,
however, to confirm this hypothesis. But if highly stable
aortic valve repair techniques can be developed, it is
possible that a concept may emerge of operating on
patients with significant AI earlier, before repair-limiting
leaflet damage occurs.

In this series, geometric ring annuloplasty performed
well, with physiologic reduction in annular dimensions
appropriate for leaflet size, and restoration of elliptical
annular shape. Correction of ‘‘annular dysfunction’’
appeared anatomically appropriate (Figures 2 and 3),
and restoration of elliptical geometry seemed to facilitate
ery c July 2014



FIGURE 3. Operative and transesophageal echocardiographic views before and after complex aortic valve repair (patient 1). A, The dilated annulus was

evident before repair, along with a central coaptation gap. Green arrow indicates fracture of the right coronary leaflet, producing prolapse. Yellow arrow

indicates rupture of noncoronary leaflet commissure. Blue arrow indicates prolapsing left coronary leaflet. B, Ring annuloplasty restored the elliptical ge-

ometry and approximated the leaflets. Left and right leaflet prolapsewas corrected with central plication stitches (light blue and purple arrows, respectively).

The ruptured noncoronary commissure was reconstructed with a double layer of autologous pericardium from the Nodulus Arantius to the aortic leaflet

insertion (light green arrow). At the end, all 3 leaflets were at the same effective height and coapted well in the midline. C, Long-axis transesophageal

echocardiogram before bypass showed severe aortic insufficiency (grade 4). D, Aortic insufficiency was reduced to grade 1 after valve repair.
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subsequent leaflet reconstruction. Despite this series be-
ing the first internal aortic annuloplasty ring application,
both a consistently good symptomatic response and a ma-
jor early reduction in AI grade were observed. Average
mean systolic gradient was low at around 11 mm Hg
and did not change over time. The ring seemed to hit
the ‘‘sweet spot’’ of enough annular reduction to facili-
tate leaflet coaptation without increasing valve gradients
excessively. In fact, a margin of safety seemed to exist,
so that in current patients, slight ring ‘‘downsizing’’
may be evaluated to further augment leaflet coaptation.
With correction of the volume overload after repair, left
ventricular function responded with a reduction in heart
size and improved ejection fraction. These positive re-
sults occurred despite minimal operative complications
and no late valve-related events. Full anticoagulation
was not required if the patient was in sinus rhythm.
The feasibility of aortic ring annuloplasty previously
The Journal of Thoracic and Ca
has been questioned because of the need for physiologic
root distensibility, and so on. However, the data in this
study would suggest that aortic ring annuloplasty may
function similarly to mitral repair with rings, except
annular geometry is different. Overall, this first applica-
tion seemed highly satisfactory, although a larger sample
size and longer follow-up, including full clinical evalua-
tion and/or statistical comparison to other procedures,
will be required for full validation.
In this study, the availability of a good solution to aortic

valve annuloplasty, along with a new understanding of
leaflet defect pervasiveness, emphasized the need for stan-
dardization and improvement in leaflet repair techniques.
In previous series, creation of simple running leaflet suture
lines, single pericardial patches, and Gore-Tex leaflet rein-
forcement proved to be risk factors for repair failure.28 One
late grade 2AI recurrence in our series was a Gore-Tex case,
and the patient with grade 3 recurrence had an ineffective
rdiovascular Surgery c Volume 148, Number 1 173
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attempt at pericardial leaflet extension. It is reasonable to
propose that, in future HAART trial patients, Gore-Tex
leaflet reinforcement be discontinued in favor of plication
and double pericardial patches, both of which seemed stable
in this series. Similarly, leaflet extension for severe leaflet
defects might be abandoned in favor of complete leaflet
replacement with glutaraldehyde-fixed autologous pericar-
dium.28-30 With this technique, generous pericardial
leaflets (free-edge length ¼ 1.5 3 valve diameter) are
firmly sutured to the aortic annulus, plicating pericardial
free-edge length to fit the native leaflets. Recently,
outcomes with autologous pericardial leaflets have
emerged as exceptional,30 and this approach could provide
an effective repair option for even the most serious leaflet
defects.

Existing aortic annuloplasty techniques either do not
control the entire valve annulus or do not respect normal
elliptical valve geometry. With isolated subcommissural
suture annuloplasty, late annular re-dilatation can occur
with consequent repair failure.31 Certainly, full annulo-
plasty rings have been more stable for all other cardiac
valves32 and should be associated with more consistent
outcomes in the aortic position as well. Additionally, sub-
commissural annuloplasty and other external ‘‘banding’’
annuloplasty techniques, such as valve reimplantation
into a cylindrical Dacron graft26 or external circular rings,33

are geometrically nonspecific and do not restore the
elliptical shape of the normal annulus. Valve ellipticality
may be important for optimizing early and late leaflet
coaptation, especially if the goal is to repair even the
most difficult and diseased valves. Thus, a simple geomet-
ric annuloplasty ring for the aortic valve could facilitate
application of reparative procedures, further reduce late
repair complications, and increase the outcome benefits
of aortic valve reconstruction.

In conclusion, a 3-dimensional aortic annuloplasty ring
has undergone a pilot clinical trial in humans with severe
aortic valvular insufficiency. Repair efficacy was facili-
tated, and early hemodynamic results to 6 months of
follow-up seemed satisfactory. This device may hold signif-
icant promise for increasing the applicability and stability
of aortic valve reconstruction.
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