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Abstract

OBJECTIVES: This study assessed the safety and efficacy of an internal geometric annuloplasty ring in a regulatory trial of aortic valve re-
construction (ClinicalTrials.gov Identifier: NCT01400841).

METHODS: Sixty-five patients with predominant moderate-to-severe trileaflet aortic insufficiency (AI) underwent aortic valve repair with
an average age of 63 ± 13 years (mean ± SD). All had initial implantation of an internal aortic annuloplasty ring to correct annular dilatation
and facilitate leaflet reconstruction. Leaflet plication was performed for prolapse in 80% of patients, and more complex leaflet procedures,
usually employing autologous pericardium, were required in 22%. Ascending aortic and/or root aneurysms were replaced in 62%.

RESULTS: Follow-up was for a maximum of 3 years and a mean of 2 years. No in-hospital operative mortalities, major complications or
early or late valve-related events occurred. The annular diameter before repair was 26.5 ± 2.3 mm, and the average ring diameter used was
21.5 ± 1.6 mm. The preoperative AI grade (0–4) was 2.9 ± 0.8 and improved after repair to 0.6 ± 0.7 (P < 0.0001), as did the NYHA class. The
mean valve gradient was 8.9 ± 4.8 mmHg, and at 3 years, the Kaplan–Meier survival rate was 95%, with no valve-related mortality. Over the
3 years, aortic valve replacement was required in 7 patients (10.8%) for reasons usually related to surgical technique. Most repair failures
occurred early, and results stabilized after 6 months. No structural complications of the rings were observed.

CONCLUSIONS: Geometric ring annuloplasty was a safe and effective adjunct to aortic valve repair. Initial correction of annular dilatation
seemed to facilitate overall reconstruction. Because most early repair failures were technical, increasing experience with geometric ring
annuloplasty for aortic valve reconstruction has the potential to standardize and improve outcomes.
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INTRODUCTION

Aortic valve repair is steadily advancing [1] and, when compared
with prosthetic valve replacement, repair may be associated with
fewer valve-related complications [2, 3], improved operative mor-
tality [4] and better long-term survival [5]. Annuloplasty is an im-
portant component of valve repair [6], and currently established
aortic annuloplasty techniques include commissural annuloplasty
[7] and stabilization by external reimplantation grafts [8]. More

recently, external sub-coronary rings [9] and circular suture annulo-
plasty [10] have been investigated and show promise. Annuloplasty
serves to reduce annular dimension appropriately for leaflet coap-
tation and provides annular stability to prevent late annular dilata-
tion and repair failure [6]. In most cases, leaflet defects such as
prolapse or ruptured commissures also are present and require
concomitant leaflet reconstruction [11–13]. As has happened in
mitral repair [6], it is possible that a validated internal aortic annulo-
plasty ring could facilitate the development and standardization of
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aortic valve repair, and assist in converting aortic valve surgery
towards semi-autologous solutions. A previous publication docu-
mented leaflet reconstruction techniques and early outcomes of
the first clinical trial of aortic ring annuloplasty [13]. This paper
reports the subsequent regulatory results at the 3-year follow-up.

METHODS

Population and selection

The trial was a prospective, non-randomized, multicentre re-
gulatory trial to evaluate the safety and efficacy of the HAART 300
annuloplasty ring for repair of aortic valve insufficiency (AI) (Clinical
Trials.gov Identifier: NCT01400841; US Patent Number 8,163,011
B2). All data were monitored by the German Federal Competent
Authority (Bundesinstitut für Arzneimittel und Medizinprodukte)
and analysed by an independent statistician from a locked database.
A sample size of 65 was chosen to provide a 95% confidence of
detecting a 5% deviation from a 6-month survival rate of 96%, as
obtained from published series. The population included 65 pre-
dominantly symptomatic male and female subjects, 18 years of age
or older, with moderate-to-severe trileaflet AI accompanied by
aortic annular dilatation and a ventricular ejection fraction ≥35%.
Emergency cases, endocarditis and multiple valve surgeries were
excluded, as were patients with active infections, recent strokes or
myocardial infarctions. Patients with minor stable coronary disease
or aortic aneurysms were included. Grade 1 or 2 AI was allowed for
patients with primary indications of aneurysms. All patients with AI
were screened initially in each centre by a dedicated study nurse,
and an attempt was made to keep selection criteria as broad as
possible.

Ring implantation

The HAART 300 aortic annuloplasty ring was developed frommath-
ematical analyses of normal human CT angiograms and exhibits 2:3
elliptical base geometry and three equidistant 10° outwardly flaring
sub-commissural posts [14, 15]. The CT studies showed that the area
of the elliptical valve base expanded by only 4% during ejection [15]—
lessening the importance of an ‘expansile’ mechanism of aortic root
dynamics—and justidying the use of a rigid ring. Intraoperatively, the
required ring diameter (RD) was determined by measuring the
leaflet free-edge length (LFL) using a ball sizer positioned in the sinus
of Valsalva [16] and the equation:

RD ¼ LFL
1:5

:

Rings were fabricated in a specific elliptical design [15] with 19, 21, 23
and 25 mm sizes (ring size was noted as the diameter of a circle
with the same circumference as the elliptical ring). Of course, no
two aortic valves are exactly alike, but asymmetry in the normal
valve seems to be small [15], supporting the use of an ‘average
normal annular template’ for valve reconstruction. In this clinical
series, variation in LFL was within one ring size in �95% of patients,
in which case, the smaller size was chosen for the ring. Since gradi-
ents have been low with aortic ring annuloplasty [16], downsizing
was applied if any question existed. If leaflet asymmetry was two or
more sizes, an intermediate ring size was chosen, again with em-
phasis on downsizing and with no problems encountered. Ring

suture technique involved three 4-0 Prolene horizontal mattress
sutures that buried the three ring posts back into the sub-
commissural spaces, and then two looping stitches around each
ring body and up through the annulus, for a total of nine sutures
(Fig. 1). Prolene sutures were used to facilitate tight apposition of
the rings to the annuli [16], preventing abrasive contact with the
leaflets.

Leaflet and aortic repair

In this trial, leaflet repair techniques included central plication for
prolapse, CUSA ultrasonic ‘unfolding’ of retracted Noduli Arantii
[17], autologous pericardial patches for holes, pericardial recon-
struction for ruptured commissures, Gore-Tex free-edge leaflet re-
inforcement and pericardial leaflet extension (Fig. 2). The technical
details of these methods are described in detail elsewhere [13]. In 2
patients with especially complex leaflet defects, complete leaflet
replacements were performed with glutaraldehyde-fixed autolo-
gous pericardium [18, 19].
Patients with concomitant aortic aneurysms had initial annulo-

plasty ring placement and leaflet repair, and then underwent ascend-
ing aortic and/or remodelling root replacement, using a Dacron graft
that was 5–7 mm larger than the ring size [20]. Standard selection cri-
teria for aneurysm replacement were employed. If the sinotubular
junction was greater than 5–7 mm larger than the predicted ring
size in the absence of an aneurysm, a Dacron or Teflon band of the
proper circumference usually was incorporated into the aortotomy
closure to stabilize the sinotubular junction. Anticoagulation with
warfarin was avoided for patients in sinus rhythm, and all patients
were maintained on aspirin.

End-points and follow-up

The follow-up date was designated as 2 February 2015, to corres-
pond with 3 years since the first implants. The ‘primary safety end-
point’ was survival after aortic valve repair using the HAART 300
annuloplasty ring. The ‘primary efficacy end-point’ compared base-
line (screening) transthoracic echocardiographic (TTE) measure-
ments of AI to estimates obtained serially after aortic valve repair.
Site-specific de-identified echocardiographic studies were sent
as digital Dicom files to an independent echo core lab (MedStar
Research Institute, Washington, DC, USA) for generation of echo-
cardiographic data. Estimates of AI severity (a 0–4 AI scale) were
provided in a blinded fashion by the same echocardiographer,
using consistent and standard criteria [21]. None and ‘trivial’ AI was
listed as Grade 0. Grade 1 was mild, Grade 2 was moderate, Grade 3
was moderately severe and Grade 4 was severe. AI data points
termed non-evaluable by the core lab in 15 individual echoes were
substituted with site-specific echo readings.

Statistical analysis

In the analysis, missing data were imputed using three approaches:
(i) a statistical model that weighted the data proportional to the
missing values at each level (Type III sums of squares), (ii) assuming
the worst case AI reading and imputing a value of 4 and (iii) carry-
ing the last value forward, implying no improvement or decline
since the last visit. With all three imputation methods, reduction in
AI grade after HAART aortic valve repair was clinically and
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statistically significant throughout the postoperative course, and
so the imputation technique did not seem to be critical (Table 1).
In subsequent presentations, data from the third method (last
value forward) will be illustrated. This was a conservative ap-
proach, because in the patients having aortic valve replacement
(AVR), it recorded their worst AI grade and NYHA class for all sub-
sequent examinations after reoperation, specifically penalizing
reoperation for AVR.

In examining serial core lab AI estimates from ‘screening’—to
‘discharge’—to ‘3 months’—to ‘6 months’—to ‘1 year’, 26 of the 325
(65 × 5) AI data points were missing (8%), along with 26/260 values
for NYHA CHF (10%). Data points were missing because of reo-
perative valve replacement, death, patient withdrawal/lost from
the study or lost echocardiogram. All patients in the last three
categories had Grade 0 or 1 AI at the last echo examination. A
non-parametric analysis of variance, Friedman’s test, evaluated
changes in AI grade and NYHA class over time for the entire
series. Changes in AI grade and NYHA class also were analysed
between specific time points by Wilcoxon rank-signed tests with
Bonferroni adjustment. Finally, a Skilling–Mack test allowed ana-
lysis of variance without imputation of missing data. Continuous
variables were presented as means ± SD, and also as medians ±
interquartile range. Categorical variables were presented as per-
centages. Analyses were performed using SAS 9.2 (SAS Institute,
Cary, NC, USA), and a P-value of <0.05 was considered significant.

RESULTS

Demographics and procedures

Baseline characteristics for the 65 patients included an average
age of 63 ± 13 years (range = 28–83 years), with 70% of patients
being male, and all patients were elective. On the screening TTE,
Grade 3 or 4 AI (moderately severe or severe) was present in 46/
65 (71%), Grade 2 AI (moderate) was evident in 16/65 (25%) and
Grade 1 AI (mild) in 3 (5%). All 3 patients with Grade 1 AI preopera-
tively had aortic root aneurysms as their primary surgical indication.
Prerepair annular diameter was 26.4 ± 2.2 mm, and the required
ring size was 21.6 ± 1.6 mm. By the sizing technique described, all
65 patients had dilated annuli preoperatively. Twelve patients (18%)
received #19 rings, 25 (38%) had #21 rings, 26 (40%) had #23 rings
and 2 (3%) had #25 rings. Eighty percent of cases had leaflet pro-
lapse (52/65) on preoperative echocardiography, and 22% (14/65)
had major structural leaflet defects. Isolated right coronary leaflet
prolapse was most common (32/52–62%); isolated non-coronary
prolapse was present in 6/52 (12%); isolated left coronary prolapse
occurred in 5/52 (10%) and the rest (9/52–17%) were mixed.
Because of appropriate ring sizing, new or induced leaflet prolapse
was never observed after ring placement.
Aortic root and/or ascending aortic aneurysms were replaced in

62% (40/65). Two patients had concomitant coronary bypass and

Figure 1: Ring implantation technique. (A) Valve with Grade 3 AI due to a dilated annulus at 27 mm, central coaptation gap and scarred, retracted Noduli. (B) The
leaflet inter-commissural free-edge length sizes to a predicted 19 mm annulus (180° stippled areas), demonstrating important annular dilatation. (C) A 19-mm annulo-
plasty ring is shown above the valve, with the minor diameter post at the posterior (left/non-coronary) commissure. (D) The finished result after annuloplasty, Nodular
release with the CUSA device and leaflet plication. Residual AI was Grade 0.
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one had tricuspid ring annuloplasty. One of the root aneurysm
patients, more specifically, had repair of a dilated Ross pulmonary
autograft with AI, and also had replacement of a dysfunctional
right ventricular to pulmonary artery homograft conduit. The
average aortic cross-clamp time was 114.8 ± 37.7 min. After ring
annuloplasty and valve reconstruction, the mean systolic gradient
was 8.6 ± 4.3 mmHg and the average valve area was 2.6 ± 0.5 cm2.
There were no in-hospital operative mortalities. Postoperative
morbidity also was low, with 1 transient delirium, 1 readmission
for minor GI bleeding at 3 months postoperatively, 1 transient

renal failure/sternal infection, 1 transient atrial fibrillation (AF) and
1 reoperation for bleeding also with new AF. No complete heart
block or pacemaker requirement was observed. To the follow-up
date, no cases of stroke, thromboembolism, major bleeding or
other types of valve-related complications were recorded.

Safety and mortality

Three patients died within the 3-year follow-up (Fig. 3), and all 3
had echocardiographically documented normal aortic valve func-
tion immediately before death. Thus, no death seemed to be
valve-related. One patient died at 23 days from probable arrhyth-
mia/pacemaker dysfunction. He had a single-chamber pacemaker
implanted 3 months before aortic valve repair for preoperative AF
with brady–tachy syndrome. The sensitivities and settings of the
pacemaker were not checked postoperatively to rule out lead mi-
gration during surgery. He was maintained on antiarrhythmics
and full anticoagulation at discharge for his chronic AF. He saw his
family doctor on the day prior to his sudden death, complaining
of intermittent light-headedness. An echocardiogram at that time
showed Grade 1 AI. The pacemaker, however, was again not
inspected, and the patient experienced a sudden death the next
day. The second death was due to alcoholic liver failure at 11
months postoperatively with no evidence of cardiac problems.
The third patient died from pancreatic cancer. Thus, survival after

Figure 2: Leaflet repair techniques. (A) The leaflet free-edge ‘chord’ is plicated with a simple suture of 7-0 Gore-Tex. (B) The fibrotic and calcified scar on the aortic
side of the Nodulus is resected with the ultrasonic CUSA device. (C) A leaflet hole is closed with a patch of glutaraldehyde-fixed autologous pericardium. (D) A rup-
tured commissure has been reconstructed from the Nodulus to the aorta, using double strips of autologous pericardium, sutured with interrupted 6-0 Prolene
sutures. Leaflet techniques are described in detail elsewhere [13].

Table 1: Sensitivity of ANOVA to imputation methods

Imputation method Mean square F-value P > F

1. General linear model 62.98 101.21 <0.0001
2. Missing value = 4 56.72 60.46 <0.0001
3. Last value forward 61.98 89.05 <0.0001

The results of Friedman’s tests of AI changes over time from screening,
to Discharge, to 3 months, to 6 months with missing data imputed by
three techniques. No significant differences in outcomes were
observed.
ANOVA: analysis of variance.
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HAART aortic valve repair was 95% at a maximal follow-up of 3
years (Fig. 3).

Efficacy and AI reduction

Efficacy end-point data are provided in Fig. 4. Employing a 0–4
grading system, AI grade fell from 2.88 ± 0.82 (mean ± SD) pre-
operatively—to 0.60 ± 0.70 at discharge—to 1.05 ± 0.86 at 3 months
—to 1.15 ± 0.91 at 6 months—to 1.3 ± 1.0 at 1 year. In Fig. 5, data are
presented in a non-parametric format. Again, for purposes of ana-
lysis and illustration, reoperation for AVR was penalized by a per-
manent Grade 3 AI value. An overall non-parametric analysis of
variance using Friedman’s test showed significant AI reduction after
valve repair (P < 0.0001). Using Wilcoxon signed-rank tests, AI re-
duction from preoperatively to each of the time points was signifi-
cant (all P < 0.0001). The increase in AI from discharge to 3 months
was statistically significant (P = 0.0018), but the small increases from
3 to 6 months to 1 year were not (P > 0.1). A Skilling–Mack test with
all imputed data removed also proved significant (P < 0.0001). By a
similar non-parametric analysis, NYHA class improved significantly
from a preoperative screening value of 2.15 ± 0.67 to 1.55 ± 0.66
at 3 months (P < 0.0001). Further reductions in NYHA class to
1.38 ± 0.55 at 6 months and 1.43 ± 0.59 at 1 year were not statistical-
ly significant (P = 0.1781).

Reoperation and AI recurrence

Seven patients (10.8%) required reoperative AVR over the 3 years
of follow-up (Fig. 3). One patient developed endocarditis at 8
weeks postoperatively with a Corynebacterium (diphtheroid) bac-
terium. The second developed a leaflet tear adjacent to a long

annular suture tail 5 days postoperatively. Two more experienced
partial ring dehiscence due to untying of post sutures. The final
three experienced repair failure after Gore-Tex free margin leaflet
reinforcement [22]. These were our only cases using the Gore-Tex
technique, but all 3 failed. Some of the AVR patients were not reop-
erated until after 1 year, but all 7 developed increasing AI within 3
months of surgery. Several patients had pericardial leaflet exten-
sions [23] that were associated with stable Grade 2 AI, and this tech-
nique was abandoned in favour of complete pericardial leaflet
replacement [13]. With the 0–4 AI Grading scale, stable Grade 2 AI
patients were largely asymptomatic, and none required reopera-
tion. Interestingly, 6 of the 7 repair failures occurred in the 25
patients with normal aortic morphology, and only 1 failure oc-
curred in the 40 patients having repair of ascending aortic/root
aneurysms. After experiencing the leaflet tear from a long annular
suture tail, a ‘lateral suture fixation’ technique was developed (Fig. 6)
that prevented untying of sutures by adding more knots, and dis-
placed the suture tails laterally to eliminate possible leaflet contact.

DISCUSSION

As presented by Carpentier [6], the role of an internal geometric
annuloplasty ring is to reduce annular dimension appropriately

Figure 3: (A) Survival after aortic valve repair. (B) Reoperative aortic valve
replacement over time. AVR: aortic valve replacement.

Figure 4:Mean ± SEM AI and NYHA data over time after aortic valve repair. The
P-values are given for Friedman’s tests of changes over time to 1 year of follow-
up. SEM: standard error of the mean.
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for leaflet size, restore annular geometry towards normal and sta-
bilize the annulus over the long term. In patients with mitral and
tricuspid regurgitation, routine ring annuloplasty has been shown
to reduce recurrent valve dysfunction. Like mitral regurgitation,

the current series of chronic AI patients demonstrated generally
dilated aortic valve annuli at 26.4 ± 2.2 mm, compared with
21.6 ± 1.6 mm predicted from leaflet size. The latter prediction of
normality is based on validated algorithms [14–16] and is consist-
ent with previous studies of normal annular diameter [24]. Thus, it
is possible that routine annuloplasty will be appropriate for most
aortic valve repairs for chronic AI. While sub-commissural annulo-
plasty and external Dacron graft reimplantation both reduce
annular circumference [7, 8], neither has a fully quantitative sizing
algorithm, and only the HAART ring can re-establish elliptical
annular shape. Of course, leaflet mal-coaptation in AI is caused
both by annular dilatation and leaflet defects, such as prolapse.
Only after the dilatation and ‘annular dysfunction’ are corrected
by the ‘average normal template’ of the ring can a precise leaflet
evaluation and reconstruction be undertaken [13].
Using ‘valve reporting guideline’ terminology [25], ‘Structural de-

terioration’ or direct complications of HAART devices were not
observed in this trial. All repair failures seemed due to ‘Non-structural
dysfunction’ from technical inaccuracies, inadequate leaflet repairs or
one case of ‘operated valve endocarditis’. Therefore, the device did
appear to be safe, and it was effective as a means of annuloplasty
during aortic valve repair (Figs 4 and 5). The focus in future studies
might be reduction in the 10.8% incidence of early AI recurrence
using more effective leaflet repairs [13] and better annular suture
management (Fig. 6). Repair failure was observed primarily in patients
with normal aortic roots who had the most serious leaflet defects
often requiring complex reconstruction. More stable leaflet repair
techniques, including complete pericardial leaflet replacement [13],
could improve results in these patients.
Many ‘valve-sparing’ series have included significant numbers

of patients operated for aortic root aneurysms with only mild to
moderate AI. In that setting, ‘relatively normal aortic leaflet
morphology’ has been preferred for valve reimplantation [8] and,
probably, many cases with severe leaflet derangements have been
selected for Bentall procedures [4]. In contrast, studies of aortic valve
repair with predominant ‘moderate-to-severe AI’ probably encom-
pass a different population with a high incidence of leaflet abnor-
malities [13]. Interestingly, 80% of our patients had varying degrees
of leaflet prolapse, and ‘central leaflet plication’ for prolapse correc-
tion was effective, with no failures related to that technique.
A quarter of our patients also had major structural leaflet defects,
such as ruptured commissures, leaflet holes and/or extensive lateral
fenestrations. ‘Double pericardial patch reconstruction’ functioned

Figure 5: Non-parametric presentation of AI data over time after aortic valve
repair, as in Fig. 4. IQR: interquartile range.

Figure 6: (A) The Prolene annular suture is tied with eight knots and then passed downwards through the central lateral aspect of the pledget (arrow) and tied again.
(B) At the end of the procedure, the annular suture knot tower is folded down and away (arrow) from the fragile leaflets.
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well in repairing these defects, and in 2 especially complex cases,
‘complete pericardial leaflet replacement’ was straightforward [13]. It
also was evident that Nodular scarring and retraction was present in
25–30% of degenerative AI cases, and Nodulus ‘unfolding’ [17] using
the CUSA device appeared useful. Restoration of Nodulus function
seemed to fill the central coaptation gap better, and to achieve
Grade 0 residual AI more often as the series progressed. But again,
throughout the study, no direct structural complications of the rings
were observed and, ironically, the availability of proper ring annulo-
plasty brought forward the need for more standardized leaflet
repair.

In this series, recurrent AI was primarily a result of surgical technical
inaccuracies, which perhaps are to be expected with a new tech-
nique. In 2 cases, untying of post sutures produced repair failure re-
quiring AVR. Another patient experienced an early leaflet tear caused
by a long annular suture tail. In later patients, controlling annular
suture tails by securing them laterally to the pledgets (Fig. 6) elimi-
nated both suture untying and leaflet tears. All three Gore-Tex leaflet
reinforcements required interval AVR, and this technique was aban-
doned in favour of double pericardial patch reconstruction. Finally,
AVR was prompted once by Corynebacterium endocarditis at 8
weeks postoperatively, before complete ring endothelialization. The
aggregate of these problems produced a 10.8% valve replacement
rate at the 3-year follow-up. As a result, repair efficacy deteriorated
from discharge to 3 months (Fig. 4), but then stabilized. Better leaflet
reconstruction methods together with increasing technical
experience have the potential for improving results beyond this first
application, and availability of a validated annuloplasty ring could
help standardize, and also generalize, aortic valve repair. Finally,
while the sample size of this trial was limited, the low overall mortality
and valve-related complication rates are noteworthy, and consistent
with expected outcomes of cardiac valve repair. This one factor
makes the effort to more fully develop aortic valve repair worthwhile.

In conclusion, in this first trial of internal aortic ring annulo-
plasty, no in-hospital operative mortality was observed, 3-year
survival was excellent and valve-related complications were low.
Local structural complications of the annuloplasty ring did not
occur, and ring annuloplasty became a simple and useful compo-
nent of aortic valve repair. The high incidence of leaflet defects
was a surprise, but efficacy in AI reduction was satisfactory,
despite having to ascend a steep learning curve of complex leaflet
repair. Future technical experience could improve outcomes
further, especially the 10.8% incidence of AVR at 3 years, but geo-
metric ring annuloplasty has the potential to standardize and
improve aortic valve repair.
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