


Design Characteristics of a Three-Dimensional Geometric
Aortic Valve Annuloplasty Ring

Philip S. Crooke, PhD,* L. Alan Beavan, MSE,Þ Charles D. Griffin, MSE,Þ Domenico Mazzitelli, MD,þ
and J. Scott Rankin, MD§

Objective: A full geometric annuloplasty ring could facilitate aor-
tic valve repair. The purpose of this report was to document the design
of such a ring usingmathematical analyses of normal human aortic valve
computed tomographic angiograms.
Methods: One-millimeter axial slices of high-resolution computed
tomographic angiograms from 11 normal aortic roots were used to
generate high-density x, y, and z coordinates of valve structures in
Mathematica. Three-dimensional least squares regression analyses
of leaflet-sinus coordinates were used to assess geometry of aortic
valve and root structures.
Results: Normal valve geometry could be represented as three leaflet-
sinus general ellipsoids nested within an elliptical aortic root. Minor-
major diameter ratio of the valve base was 0.60 T 0.07, and elliptical
geometry extended vertically up the commissures. By contrast, leaflet-
sinus horizontal circumferences were fairly circular (diameter ratios,
0.82Y0.87), and the left coronary/noncoronary commissural post was
located at the posterior base minor diameter-circumference junction,
with the center of the right coronary leaflet opposite. Post location on
the circumference was symmetrical, with a deviation of only T2%
to T3% from 33.3% symmetry. Commissural posts flared outward
by 5 to 10 degrees, and leaflet areas were statistically equivalent
(P 9 0.10). From end diastole to midsystole, the aortic root became less
elliptical (diameter ratio increased by 0.15), but root area expanded
minimally (less than +5%). A one-piece rigid annuloplasty ring was
designed with 2:3 base ellipticality, three 10-degree outwardly flaring
symmetrical posts, and post height = base circumference/2P.
Conclusions: A three-dimensional aortic annuloplasty ring was de-
signed that could prove useful for enhancing applicability and stability
of aortic valve repair.

Key Words: Aortic valve repair, Aortic valve geometry,
Annuloplasty.
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Aortic valve repair is being performed with increasing
frequency,1 based on the principle that valve recon-

struction with autologous tissue is associated with fewer
long-term valve-related complications.2Y5 Newer leaflet re-
construction techniques6Y9 are proving quite stable, and
outcomes are steadily improving over time.4 One persistent
problem, however, is the absence of a fully adequate method
of aortic valve annuloplasty. ‘‘Subcommissural annuloplasty’’
by Cabrol et al10 is effective but can fail long-term because the
entire annular circumference is not controlled.11Y14 Methods of
reducing annular circumference with a circular external Dacron
graft,15Y23 circular external ring,24 or circular suture25 have been
successful but do not respect the elliptical geometry of the aortic
valve.26 Although valve reimplantation within a Dacron graft
produces stable long-term results, reimplantation requires deep
external aortic root dissection, is somewhat subjective in its
variable design, and may be most applicable to ‘‘relatively nor-
mal’’ valves being spared during root aneurysm surgery.27 In
virtually all studies of mitral and tricuspid valve repair,
annuloplasty has been most satisfactory with full rigid rings that
control the size and the geometry of the entire annulus.28,29 This
approach would be appealing for aortic valve repair, but an un-
derstanding of aortic valve geometry has been difficult to ob-
tain.30,31 The goal of this study was to analyze in detail previously
reported three-dimensional geometric data of normal humanaortic
valves26 to design a geometric annuloplasty ring for use during
aortic valve repair.

METHODS
This study was approved by Western Institutional Re-

view Board, and data analysis was performed using deidentified
computed tomographic angiography (CTA) images. The details
of data acquisition and the basic science aspects of the data
set have been published elsewhere.26 Briefly, 11 random patients
with normal aortic valves undergoing CTA screening for coro-
nary artery disease were selected for this study. There were
eight men and three women, ranging from 135 to 269 lbs in
weight and from 5 ft 3 in to 6 ft 2 in in height. Thoracic CTA
images were obtained using a high-resolution Siemens Definition
Dual 64-slice computed tomographic (CT) scanner gated to end
diastole and gated again to midsystole (peak of the T wave).
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Axially oriented, calibrated, transverse CT slices were obtained
with 1-mm thickness (Fig. 1) from the outflow tract of the left
ventricle to beyond the sinotubular junction and imported as in-
dividual bit-map files into Mathematica (Wolfram Research, Inc).
All valve components for each 1-mm slice were defined by
manual positioning of discrete points, placed as densely as pos-
sible (Fig. 1). This procedure produced high-density calibrated
x-y-z coordinates of all valve structures in three-dimensional space
for the entire valve and aortic root.

As reported previously,26 three-dimensional least squares
regression analyses were applied to multiple structures for
mathematical valve reconstruction. First, the cross section of the
left ventricular outflow tract and valve basewasmodeled with an
elliptical equation. Similarly, each leaflet-sinus complex was
assessed with general ellipsoidal equations. The results of the
least squares fitting procedures were quadratic equations:

a ix
2 þ b iy

2 þ c iz
2 þ 2f iyzþ 2g ixzþ 2h ixyþ 2p ix

þ 2q iyþ 2r izþ d i ¼ 0; i ¼ 1; 2; 3 Eqð1Þ

where the coefficients of x, y, and z terms come from the
regression analyses. An equation of this type existed for each

FIGURE 1. A, High-resolution CTA slices were obtained at 1-mm
intervals from the left ventricular outflow tract to the
sinotubular junction. B, High-density three-dimensional data
points defined leaflets, aorta, and all root structures.
CTA indicates computed tomographic angiogram.

FIGURE 3. A, Two-dimensional geometry of a normal valve is
illustrated with the valve base in green and the three leaflet-sinus
complexes as colored circles. The commissures are shown asblack
dots, and the centra of the three leaflets are migrated centrally
as blue dots. B, Three-dimensional valve geometry is shown, and
again, the valve base is in green. The leaflet centra are vertical
blue lines. The leaflet-aortic junction (annulus fibrosus) is in red
and was used to generate the design of the annuloplasty ring.

FIGURE 2. Three-dimensional least squares regression analyses
modeled all root structures and reconstructed a complete
aortic root. Notice that valve base at the bottom is quite elliptical.
The green leaflet-sinus complex is the right coronary sinus.
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leaflet-sinus complex, and the parameters in this equation,
ai, bi, ci, fi, gi, hi, pi, qi, ri, and di, were used to calculate the
various properties of the ellipsoid, for example, the three axes,
center, volume, and surface area. Leaflet surface area was
computed numerically as an elliptical integral. Calculation of
the least squares equations for each leaflet used only points on
the leaflet that were not in coaptation. Given the lateral leaflet
insertions on the aorta and the large areas of leaflets not in
coaptation, ample data were available to predict the ellipsoidal
geometry for the entire leaflet. Thus, leaflet extensions beyond
the planes of coaptation shown in all illustrations represent math-
ematical constructions of predicted noncoapted leaflet geometry.

In the ellipsoidal analyses, the minor and major diameters
and diameter ratios for both the valve base and each leaflet-sinus
complex were calculated. Fractional migration of each leaflet-
sinus complex centrum from the base circumference toward
the center of the valve was described by the term alpha. Mean
valve and leaflet dimensions for the 11 valves were generated

T1 SD, including leaflet surface areas and commissural angle
deviations relative to the long axis of the valve. Root expansi-
bility was also compared by assessing base geometry from a CT
gate at end diastole and again at midsystole (peak of the Twave).
Finally, the effects on valve area of changing a given circum-
ference to a more elliptical configuration were evaluated. At
a constant circumference (c), valve areawas plotted as a function
of minor-major diameter ratio (Q) using the following equation:

area ¼ c2QPð24þ 56Qþ 24Q2Þ þ 12c2P
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3Q2 þ 16Q3 þ 26Q4 þ 16Q5 þ 3Q6
p

2P2ð36þ 96Qþ 136Q2 þ 96Q3 þ 36rQ4Þ Eqð2Þ

Differences were compared using Kruskal-Wallis or
K-Sample t tests or two-tailed paired t tests as appropriate.
Statistical significance was assumed at P G 0.05.

RESULTS
Images were clear using the high-resolution scanner,

and structures were easily definable (Fig. 1). The valve base was

TABLE 1. Variability in Normal Aortic Valve Base Geometry

Patient
No.

Area Valve
Base, mm2

EquivalentCircle
Radius, mm

Equivalent Circle
Diameter, mm

Equivalent Circle
Circumference, mm

Base Major
Diameter, mm

Base Minor
Diameter, mm

Base
Diameter Ratio

1 446.5 12.0 24.0 75.4 29.7 19.2 0.65

2 537.4 13.1 26.2 82.3 33.4 20.5 0.61

3 487.5 12.5 24.9 76.3 36.9 16.8 0.46

4 451.7 12.0 24.0 75.4 28.3 20.3 0.72

5 466.2 12.2 24.4 76.7 32.3 18.4 0.57

6 349.5 10.6 21.1 66.0 32.3 18.4 0.57

7 543.9 13.2 26.3 82.6 34.0 20.4 0.60

8 318.3 10.1 20.1 63.1 26.0 15.6 0.60

9 486.9 12.4 24.8 77.9 32.1 19.3 0.60

10 214.7 8.3 16.6 52.2 23.2 11.8 0.51

11 216.0 8.3 16.6 52.2 20.2 13.6 0.68

Mean 410.8 11.3 22.6 70.9 29.9 17.7 0.60

SD 118.4 1.8 3.5 11.0 5.0 2.9 0.07

TABLE 2. Variability in Normal Aortic Valve Leaflet Geometry

Commissural Flare
Angles, degrees

Circumferential Segmental
Lengths, mm

Leaflet Surface
Area, mm2

R-L L-N R-N N R L N R L

3.8 5.1 5.6 25.3 25.3 26.9 463.3 496.8 499.5

5.1 5.6 9.8 28.0 26.2 31.7 685.6 785.9 590.0

3.9 6.7 7.0 36.7 25.5 35.1 600.2 648.0 593.6

3.5 2.2 11.4 24.9 26.1 25.9 453.8 556.9 598.3

5.6 8.8 0.1 28.0 27.2 25.9 353.8 339.7 393.8

0.2 2.1 3.2 21.4 23.4 24.3 551.0 715.7 541.5

0.2 3.8 6.1 24.7 25.1 37.0 564.7 680.1 678.1

3.1 5.7 15.9 20.7 25.5 20.2 694.8 705.5 554.0

1.6 5.3 4.1 26.1 25.7 30.2 605.2 444.1 418.0

6.2 9.5 14.2 19.3 18.6 18.4 570.5 731.8 617.6

10.1 0.3 6.7 15.5 16.1 22.0 789.4 936.9 895.1

3.9 5.0 7.6 24.6 24.1 27.1 575.7 640.1 580.0

2.9 2.8 4.8 5.6 3.5 5.9 117.1 161.1 128.1

%Dev, T2.2%;
mean, j1.0%

%Dev, T2.5%;
mean, j1.3%

%Dev, T3.1%;
mean, +2.3%

N vs R, P = 0.16;
N vs L, P = 0.47;
R vs L, P = 0.18

Dev indicates deviation; L, left coronary; N, noncoronary; R, right coronary.
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very elliptical, and for all three leaflets, vertical leaflet-sinus
height was greater than the two minor diameters (Fig. 2).
Presence of the three circular leaflet sinus complexes made base
ellipticality difficult to perceive (Figs. 1B, 3A), but it was
present in every patient, with a mean T SD minor to major di-
ameter ratio of 0.60 T 0.07 (Fig. 3, Table 1). The mean T SD
elliptical circumference was 70.9 mm T 11.0 mm, which was
equivalent to a mean circular diameter of 22.6 mm for the
normal aortic valve. The commissure between the left coronary
(L) and noncoronary (N) leaflets was located at the posterior
minor diameter-circumference junction, with the center of the
right coronary (R) leaflet opposite (Fig. 3, Table 2). The centrum
of each leaflet-sinus complex was migrated toward the center
of the valve for all leaflets but to a lesser extent for the R leaflet
(Fig. 3). Again, alpha was the fractional migration of the
leaflet-sinus centrum from the base circumference to the center
of the valve, and mean alpha values were N = 0.32, R = 0.09,
and L = 0.24 (P G 0.01, right vs others).

The subcommissural regions flared outward from the
base of the valve by an angle of 5 to 8 degrees from vertical
(Table 2). Thus, ellipticality of the valve extended up the
commissures to the top of the leaflets. The distance on the
circumference between commissural posts was statistically
larger for the left cusp (P G 0.001), but practically, the three
intercommissural distances on the circumference proved to be
approximately equivalent for the normal valve (Fig. 4, Table 2).
Leaflet-sinus cross sections were more circular than the base,

and cross-sectional minor-major diameter ratios averaged 0.82
to 0.87 for the three leaflets, with the larger diameter being
the intercommissural distance. Geometric shapes, dimensions,
areas, and volumes among the three leaflets were similar,
except the R leaflet, which averaged approximately 10% larger
than the other two (Table 2), although the difference was not

FIGURE 4. Variability in aortic valve geometry observed in 11 patients with normal valves. The valve base data points are in red,
with fitted ellipses superimposed. The fitted minor diameters are between the black circles. The positions of the three commissures
are shown as colored circles with the commissural tops as green circles illustrating degree of outward commissural flare. The
average (Avg.) geometry from the 11 studies is also shown.

FIGURE 5. Aortic valve base geometry changed during systolic
ejection, becoming less elliptical because of posterior shifting
of the aortomitral septum. However, the base area increased by
only 4.7%.
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statistically significant (P 9 0.10). Geometric variability for
the 11 normal valves is given in Tables 1 and 2 and is shown
graphically in Figure 4.

In designing the annuloplasty ring, it was assumed that
a rigid structure would maintain complex three-dimensional
valve geometry that is more stable long-term, as compared
with a flexible device that could be subject to plastic defor-
mation over time. Thus, a decision was made to machine the
rings from one-piece titanium blocks. This decision could
compromise distensibility of the aortic root, but a limited as-
sessment of dynamic root dimensions suggested minimal
distensibility over the normal pressure range. In comparing
diastolic versus systolic base geometry, the base became less
elliptical during ejection because of posterior movement of
the aortomitral curtain (Fig. 5). As a result, base minor-major
diameter ratio increased by approximately 0.15, but valve
area expanded by less than 5%, suggesting minimal distensi-
bility. In the area-diameter ratio analysis, valve area fell in a
biphasic fashion as minor-major axis ratio decreased (Fig. 6),
with circumference held constant. However, at a diameter
ratio of 0.65, valve area decreased by only 6%, so it was
anticipated that constructing a ring of normal diastolic
ellipticality would have negligible effects on systolic valve
gradients while establishing a permanent diastolic leaflet co-
aptation geometry.

Thus, titanium was chosen for ring fabrication, and com-
puterizedmilling techniqueswere developed tomachine the three-
dimensional coordinates of the device. The rings were covered
with a thin layer of Dacron to promote endothelialization, and
efforts were made to maintain a low profile (Fig. 7). Base
ellipticality of the ring was rounded to a 2:3 minor-major di-
ameter ratio (0.66), and the three posts were positioned equi-
distant on the base circumference. The post for the L/N coronary
commissure was placed at the posterior base minor diameter,
which positioned the R leaflet anteriorly. All three posts flared
outward by 10 degrees, and post height was taken as the radius
of a circle with equivalent circumference (ie, post height = base

circumference/2P), as previously shown.29 Ring size was desig-
nated as the diameter of a circle with equivalent circumference to
the elliptical rings, and sizes 19, 21, 23, and 25mmwere fabricated.

DISCUSSION
With the development of high-resolution CTA and with

detailed mathematical modeling, the seemingly complex anat-
omy of the aortic valve and root simplified greatly.26 The normal
aortic valve base was quite elliptical, as elliptical as the annulus
of the mitral valve. Both the commissural posts and leaflets
exhibited high degrees of symmetry on the elliptical circum-
ference, varying by less than 2% to 3% from 33.3% symmetry.
Simply observing commissural chord lengths of an elliptical
structure might leave the contrary impression, and pathological
enlargement of the sinuses and the annulus also might appear
asymmetrical. However, it seems clear that the normal human
aortic valve is characterized by an anatomic geometry that is
highly reproducible and symmetrical. The commissural posts
flared outward by 5 to 10 degrees, and post height was one radius
of a circle with equivalent circumference.30 A three-dimensional
titanium ring was developed on the basis of this geometry, and
the ring has functioned successfully both in animals and in
patients undergoing aortic valve repair.32Y34 The low-profile
nature of the ring allows it to be sutured into the dilated an-
nulus and positioned beneath (and out of contact with) the
leaflets.35 A sizing strategy based on leaflet size32 allows
the pathological annulus to be reduced to a size appropriate
for the leaflets while restoring normal elliptical coaptation
geometry. The valve restoration provided by this device may
allow further standardization of aortic valve repair and poten-
tially more stable long-term results.

With development of a simple and permanent aortic
annuloplasty technique, efforts should now be directed toward
improving leaflet reconstruction. Central leaflet plication in the
low-stress part of the valve has proven highly successful and
stable in correcting leaflet prolapse,6Y9which can bepresent in up
to 90% of cases with significant aortic insufficiency (Mazzitelli
et al, unpublished data, December 2013). Leaflet holes, fenestra-
tions, and ruptured commissures frequently require reconstruction

FIGURE 6. At a constant circumference of 70 mm, valve
orifice area decreased in a curvilinear fashion with falling
minor-major axis diameter ratio. However, at a physiologic
diastolic diameter ratio of 0.66, valve area decreased
by only 6%.

FIGURE 7. Final human-grade aortic annuloplasty ring design,
as developed from CTA studies. Notice ellipticality and
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with glutaraldehyde-fixed autologous pericardium (Mazzitelli et al,
unpublished data, December 2013), and recent demonstration of
stability with pericardial leaflet replacement36 raises the possibility
of single ormultiple pericardial leaflet replacement even in themost
diseased valves.37Y39 Thus, techniques may become validated soon
to repair most aortic valve pathologies, generalizing improved
repair-like outcomes into most surgical aortic valve diseases.
Finally, availability of a full geometric aortic annuloplasty ring
could assist in achieving that goal.
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refined hemispheric model of normal human aortic valve and root ge-
ometry. J Thorac Cardiovasc Surg. 2013;146:103Y108.

27. David TE. Surgical treatment of aortic valve disease. Nat Rev Cardiol.
2013;10:375Y386.

28. Guenther T, Noebauer C, Mazzitelli D, Busch R, Tassani-Prell P, Lange R.
Tricuspid valve surgery: a thirty-year assessment of early and late outcome.
Eur J Cardiothorac Surg. 2008;34:402Y409.

29. Rankin JS, Gaca JG, Brunsting LA III, et al. Increasing mitral valve
repair rates with nonresectional techniques. Innovations. 2011;6:209Y220.

30. Rankin JS, Dalley AF, Crooke PS, Anderson RH. A ‘hemispherical’ model
of aortic valvar geometry. J Heart Valve Dis. 2008;17:179Y186.

31. Rankin JS. An intra-annular ‘hemispherical’ annuloplasty frame for aortic
valve repair. J Heart Valve Dis. 2010;19:97Y103.

32. Rankin JS, Conger JL, Tuzun E, et al. In vivo testing of an intra-annular
aortic valve annuloplasty ring in a chronic calf model. Eur J Cardiothorac
Surg. 2012;42:149Y154.
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CLINICAL PERSPECTIVE
This study by Dr. Crooke and his colleagues used computed tomographic angiography images and detailed mathematical
modeling to define the complex anatomy of the aortic valve and root. They found that the normal aortic valve base was
elliptical and that commissural posts and leaflets exhibited high degrees of symmetry. A three-dimensional titanium ring for
aortic valve repair was developed using this geometry. This has been successfully implanted in animals and humans. This ring
may add a new and important tool to our armamentarium to facilitate aortic valve repair techniques with the goal of allowing
surgeons to repair the aortic valve with the same ease and reproducibility as is currently obtained with mitral valve repair.
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