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A need exists for a stable annuloplasty technique
during aortic valve repair. Most current approaches
utilize the ‘sub-commissural annuloplasty’, which
closes the top 1 cm of all three aortic commissures (1,2).
This technique reduces annular circumference and
favorably alters valve geometry by raising the leaflets
to a more vertical orientation with a greater coaptation
area. Coupled with leaflet ‘plication’ techniques to cor-
rect prolapse (3-7), this method currently allows the
repair of most tricuspid and bicuspid aortic valve
pathologies associated with pure aortic insufficiency.

Yet, concern persists regarding the long-term perform-
ance of commissural annuloplasty, since suture annu-
loplasty of the commissures does not control the entire
annulus and leaves a potential for late dilatation and
recurrent valve dysfunction. This principle certainly
has been confirmed for mitral and tricuspid repair (8-
10), and likely also pertains to the aortic valve (11-13).
Thus, the study aim was to develop and test a three-
dimensional (3-D) annuloplasty frame for restoring
and maintaining the normal geometry of the entire
aortic valve annulus.

Materials and methods

Geometric model
The design of this device was based on a

‘Hemispherical’ model of aortic valve geometry (14),
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Background and aim of the study: A ‘Hemispherical’
model of aortic valve geometry was developed in
which normal human cadaveric aortic valve leaflets
could be represented as three hemispheres nested
within a cylindrical aorta. By mathematically
describing the junction between the leaflets and
aorta, the normal three-dimensional annular geome-
try of the aortic valve could be defined. In this study,
a prototype annuloplasty frame based on this model
was tested as a repair device in isolated porcine aor-
tic root preparations.
Methods: Eight isolated porcine aortic roots were per-
fused with water at a constant pressure of 75 mmHg,
and valve leakage was measured before and after the
vertical incision of one to three sub-commissural
areas to create valve incompetence. Annuloplasty
frames then were sutured directly to the valve
annuli, and the degree of leakage re-determined. The
model predicted that the leaflet free-edge length
could be used to define the valve diameter necessary
to create competence, and this interaction was tested
by varying frame size within the protocol. Post-

repair leaflet function also was evaluated using high-
speed video. Differences were assessed using a two-
tailed paired t-test.
Results: All eight normal porcine aortic valves had
negligible baseline leak. With sub-commissural inci-
sion, the mean (±SD) regurgitant volume was
increased to 522 ± 378 ml/min. After annuloplasty
frame insertion, the measured leak decreased to 52 ±
40 ml/min (p = 0.004). The best results were obtained
with a frame diameter 5-6 mm smaller than the
leaflet free-edge length. Data recorded using high-
speed video suggested a normal dynamic valve func-
tion after frame insertion.
Conclusion: A three-dimensional ‘Hemispherical’
intra-annular annuloplasty frame was developed for
aortic valve repair. Insertion of the frame into the dis-
rupted porcine valve annuli routinely and effectively
restored valve competence. These positive initial
results support the continued testing and application
of this aortic annuloplasty device.
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in which the valve leaflets were represented as three
hemispheres nested within a cylindrical aorta (Fig. 1).
Assuming that the junction of the leaflets and aorta
represented the ‘annulus fibrosus’ of the aortic valve
(14), the intersection of the 3-D spherical equations for
the leaflets and the cylindrical equation for the aorta
produced a three-pointed, crown-shaped representa-
tion of the aortic valve annulus (Fig. 1). By program-
ming a computerized milling machine with the 3-D
coordinates of the annulus for each diameter (17 to 27
mm in 2-mm increments), one-piece frames could be
machined from tubes of titanium over a variety of
sizes. By using the model, the heights of the frame
posts were made equal to the frame radius at each size.
Subsequently, Dacron sewing rings were stitched to
the frames, allowing the devices to be sutured to the
aortic valve annulus. A completed prototype device is
shown in Figure 2.

Experimental protocol
Eight frozen porcine hearts were thawed, and both

coronary arteries ligated flush with the aorta. All extra-
neous heart tissue was excised, leaving only the
ascending aorta, aortic root, and aortic valve. The dis-
tal aorta was attached to 1 cm (3/8th inch) polyvinyl
chloride tubing connected to a water reservoir that was

at a height above the aorta equivalent to 75 mmHg
pressure. Thus, removing a clamp on the tubing dis-
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Figure 1: Model of aortic valve geometry in which the three
leaflets are represented as segments of hemispheres nested
within a cylindrical aorta. The dark line of leaflet-aortic
intersection defines the geometry of the aortic ‘annulus

fibrosus’. With the model, the heights of the commissural
posts are equal to one radius of annular diameter.

Figure 2: The prototype ‘Hemispherical’ annuloplasty
frame (see text for details).

Figure 3: The vertical incision in the commissure between
the right and non-coronary leaflets of the aortic valve. To

create significant leak, the incision had to be carried almost
to the top of the commissure. Also note the highly fibrous
nature of the sub-commissural area in the porcine heart.

After multiple incisions, the leaflets were basically
dangling independent of one another; however, each leaflet
in this model was essentially normal and could be made to

resume adequate coaptation after mounting on the
annuloplasty frame.



tended the aortic root with water at a pressure of 75
mmHg. Leakage of the aortic valve then was measured
by 30-s collection of regurgitant water into a 500 ml
beaker positioned beneath the preparation.

After baseline measurements had been obtained,
vertical incisions were made in one to three of the aor-
tic valve commissures, almost to the top of the sub-
commissural area (Fig. 3). Quite deep incisions (and
more than one) were necessary to make the valve leak

significantly. The degree of leak was varied somewhat
by increasing the depth of the incisions into the com-
missures and also the number of commissures incised.
The clamp on the tubing again was removed, and a
timed collection of increased regurgitant volume
obtained.

The free-edge length of the right coronary leaflet was
then measured by placing a suture next to the leaflet,
and a frame diameter was selected that was 4 to 11 mm
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Figure 4: Sequences in the experimental protocol: A) Valve leak at baseline was minimal. B) Sub-commissural areas have been
incised vertically, disrupting the annular geometry and creating aortic insufficiency; the frame is being sutured to the aortic
valve annulus; posts first, and then the cusp sutures. C) The intra-annular insertion of the frame is completed. D) The aortic

valve is again pressurized, and the leaflets coapt normally with minimal valve leak.
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smaller than leaflet free-edge length. Based on experi-
ence with the previous model (14), a relationship
should exist between the leaflet free-edge length and
the valve diameter necessary to create competence;
thus, by varying this relationship within the protocol,

an assessment could be obtained in the intact heart.
Each frame was sutured into the aortic valve annulus
just under the leaflets, using horizontal mattress
sutures. The first step was to place mattress sutures of
4-0 Prolene into the top 1 cm of each commissure to
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Table I: Individual data from all eight studies.

Study Leak (ml/min) Leaflet Frame
no. length diameter

Control Incised Repaired (mm) (mm)

1 97 97 97 25 21
2 0 1000* 40 32 21
3 0 720 130 32 21
4 15 1000* 90 32 21
5 0 1000* 38 34 27
6 0 90 0 30 25
7 0 120 30 32 27
8 0 450 45 33 27
Mean - 522+ 52 - -
SD - 378 40 - -

+p <0.005, Repaired versus Incised
*1000 denotes volumes in excess of the 500 ml/30 s capacity of the beaker.
Note: Study 1 had a small baseline leak and only one commissural incision which did not worsen the insufficiency. Extreme
downsizing of the frame produced minor degrees of prolapse, and larger residual leak. A single plication stitch of a prolapsing
right coronary leaflet in Study 3 eliminated regurgitation (see Fig. 5). In general, a frame diameter of approximately 5-6 mm
less than leaflet free-edge length seemed to function best.

Figure 5: Photographs of pressurized valves from all eight studies after insertion of annuloplasty frames. Several of the frames
had been severely downsized (see Table I), and exhibited minor degrees of ‘induced’ prolapse and a central valve leak. In the

bottom-right valve (Study 3), a leaflet plication stitch was placed after measurements were made; this raised the leaflet,
corrected the prolapse, and reduced the leak.



orient the frames circumferentially, incorporating the
posts into each sub-commissural area with a Cabrol-
like stitch (1). In this way, the frame posts were initial-
ly fixed under the commissures, and the frames were
oriented to the valve. After tying all three post sutures,
three additional horizontal mattress sutures were
placed into the annulus of each cusp and then sutured
to the Dacron sewing ring of the frame (Fig. 4). After
intra-annular frame insertion, the aortic root again was
pressurized and the timed regurgitant volume re-
measured. Changes in valve leak from the incised
regurgitant state to that obtained after frame annulo-
plasty were assessed using a two-tailed paired t-test. A
p-value <0.05 was considered to be statistically signif-
icant.

In a ninth porcine root, another frame was sutured to
the aortic valve annulus in an identical fashion, and
the valve and root were mounted on a pulse duplica-
tor which incorporated a high-speed (1000 fps) video
camera to visualize valve opening and closing after
frame insertion. Videos were obtained during simulat-
ed normal valve function with physiologic pressures
and stroke volumes.

Results

Most valves were completely competent at control,
with minor baseline leaks only in two cases (Table I).
The commissural incision disrupted the leaflet geome-
try and produced valve regurgitation; however, the
stability of the valve was impressive, and in general
incisions to the top of the sub-commissural area, and of
two or more commissures, were required to produce
any significant leakage (Study 1 included only one
incision and experienced a negligible increase in minor
baseline regurgitation). Suturing the annuloplasty
frames to the disrupted annuli led to reconstruction of
the valve geometry in all cases (Fig. 5), but those
annuli with a downsizing of the frame diameter to 10-
11 mm smaller than the leaflet free-edge length tended
to exhibit minor degrees of ‘induced’ leaflet prolapse,
often involving the slightly larger right coronary cusp.
Prolapse produced central jets of regurgitation (Fig. 5),
but frames with diameters that were 5-6 mm smaller
seemed to be associated with a more symmetrical
leaflet coaptation and less residual leak. In the valve
with the most prolapse and leak (Study 3; Fig. 5, bot-
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Figure 6: Sequences of valve opening and closing after annuloplasty frame insertion. High-speed video frames were acquired
at 1000 fps; from frame A to B the valve leaflets open in 1 ms. Frame C shows the valve in mid-ejection, with the leaflets at
maximal opening. The intra-annular annuloplasty device is visible through the valve, positioned just beneath the leaflets. In

frame D, the valve begins to close, and then closes over the next two frames (E and F) in less than 2 ms. These findings
suggest a relatively normal valve function after annuloplasty with the ‘Hemispherical’ device.



tom right), a small plication stitch was taken in the
leaflet free edge adjacent to the nodulus arantius,
which corrected the prolapse and produced complete
competence. Video frames of valve leaflets opening
and closing dynamically in the pulse duplicator after
frame insertion are shown in Figure 6. The dynamic
function of the leaflets appeared normal, with opening
and closing occurring efficiently in approximately one
to two video frames, or over 1-2 ms.

Discussion

The aortic valve is contained within the aortic root
and is subject to dysfunction resulting from diseases
that alter the root geometry. Dilatation of the root and
valve annulus is a common derangement producing
aortic regurgitation, and a stable method of annulo-
plasty would be useful to re-establish normal valve
geometry and competence. Many methods of aortic
valve annuloplasty have been devised, but most have
tended to distort the leaflet geometry and even
increase leakage. In 1966, Cabrol and associates report-
ed the technique of sub-commissural annuloplasty (1),
in which they used horizontal mattress sutures to close
the top 1 cm of each commissure. This not only
reduced the annular diameter but also altered the root
geometry by raising the leaflets to a more vertical
coaptation plane. In cases with mild to moderate root
pathology and no leaflet prolapse, the commissural
annuloplasty performed well; however, with more
severe root anomalies and/or leaflet prolapse, com-
missural annuloplasty alone was associated with a
high failure rate (2). The advent of leaflet ‘plication’ to
correct prolapse now provides an effective and reliable
method of approaching a greater number of anomalies
(3-7). The abandonment of ineffective methods (15), an
increasing use of autologous pericardial leaflet aug-
mentation, and the refinement of other leaflet tech-
niques have led to an expansion of the pathologies that
can be repaired (16-22). However, the achievement of a
stable aortic valve annuloplasty remains a significant
problem.

Currently, most regurgitant aortic valves (including
bicuspid valves) can be successfully repaired with
combinations of commissural annuloplasty and leaflet
procedures, such as plication or pericardial augmenta-
tion (23). However, concern exists about the long-term
fate of commissural annuloplasty, since most of the
annulus is not controlled, and a potential for late annu-
lar dilatation exists. In fact, such a late postoperative
problem is being encountered with increasing frequen-
cy (H.-J. Schäfers, personal communication, May
2009), suggesting the need for a more stable method of
aortic valve annuloplasty. In the mitral and tricuspid
valves, although suture annuloplasty of the commis-

sures was successful initially in correcting regurgitant
lesions due to annular dilatation, a significant number
of late recurrences occurred. The advent of mitral and
tricuspid ring annuloplasty (24) improved these out-
comes, and it is now clear that the geometric control of
the entire annulus is advantageous during cardiac
valve repair.

The development of a similar ‘annuloplasty ring’ for
the aortic valve has been hampered by the fact that the
aortic annulus is not a ‘ring’ (14). There also has been a
lack of understanding of the complex 3-D aortic valve
geometry. Therefore, an effort was made to define
annular geometry in the human cadaver laboratory
(14), and this led to the development of a
‘Hemispherical’ model of the aortic valve, in which the
junction of the leaflets and aorta could be represented
mathematically (see Fig. 1). From this model, a proto-
type annuloplasty frame was developed (Fig. 2) which,
in the present study, was tested as a repair device in
incompetent aortic valves.

The results of the present study were encouraging. In
a simple model of isolated porcine aortic roots, severe-
ly disrupted and leaking valves could be made com-
petent by the intra-annular insertion of the
annuloplasty frame. Moreover, the restoration of
leaflet geometry and coaptation seemed excellent (Fig.
5), and the residual leak was minimal (Table I).
Extreme downsizing of the frame tended to produce
minor degrees of leaflet prolapse, and it appeared that
the best leaflet coaptation occurred at a frame diameter
of 5-6 mm less than leaflet free-edge length in valves
with symmetrical leaflets (Table I). This finding was of
much interest, and suggested that the leaflet measure-
ments could be used both preoperatively and intraop-
eratively to determine the frame diameters and
geometry necessary to produce valve competence,
independent of any pathologic root dilatation or other
anomalies. Finally, high-speed videos of valve function
were consistent with normal valve dynamics after
repair (Fig. 6).

It should be stressed that this frame would comprise
only one component of aortic valve repair, namely a
stable, long-term method of annuloplasty. Any pre-
existing leaflet prolapse or associated abnormalities
would need to be addressed with leaflet plication or
other procedures (3), in order to optimize the leaflet
‘effective height’ (25) and coaptation area. However,
coupled with appropriate leaflet procedures, and
including a variety of asymmetric and bicuspid
frames, the clinical use of this type of annuloplasty
could make aortic valve repair a routine clinical proce-
dure with stable long-term results.

Although these results are suggestive of success in
human disease states, the animal model employed in
the present study may differ from the pathologic
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human geometry associated with aortic insufficien-
cy. In fact, relatively little is known about the patho-
logic geometry of human aortic valve
disease. Therefore, further studies are currently under-
way to define pathologic geometry in intact humans,
and to determine if the current frame designs would be
appropriate for human disease states. Nevertheless, it
does appear that aortic valve annuloplasty using a 3-D
frame could prove effective for clinical application,
and the positive outcome of the present study suggests
a need for the continued development and testing of
such a device.
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