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I n recent years, synthetic vascular grafts have been
used in “valve-sparing” operations for aortic valve

incompetence that is due to aortic root dilatation with-
out significant valvular degeneration. These operative
procedures are designed to restore aortic valve compe-
tence by excising the dilated aortic root and replacing it
with an appropriately sized cylindrical polyester graft
sutured either below the valve anulus1,2 or above the
leaflet attachments.3,4 The goal of these procedures is to
preserve the native valve, avoid life-long anticoagula-
tion, and restore normal valve function by recreating the
normal anatomic root environment.

Although early and midterm results of such proce-
dures have been reported favorably,4 true long-term
results are not yet available; thus the durability of
these procedures is not known. This durability is like-
ly dependent on the stress state of the aortic valve
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leaflets and their ability to function normally within
the artificial root environment. Because the compliant
tissue properties and rounded shape of the native aor-
tic root promote the normal function of valve,5,6 root
replacement with a cylindrically shaped and relative-
ly stiffer7 polyester graft would affect the resulting

levels of stress and strain in the spared aortic valve
leaflets. Furthermore, we suspect that the combined
function of the native valve and the root graft may be
different from the combined function of the native
valve and the normal root.

Although the theoretical advantages and disadvan-
tages of differing valve-sparing procedures have been
examined,8 no systematic study of the resulting influ-
ence on the stresses of the spared valve has yet been
conducted. To perform such a study, we have devel-
oped a fully 3-dimensional, anatomically realistic finite
element mathematical model of the aortic root and
valve. As opposed to prior finite element models of the
aortic valve,9,10 our model does not presume any a pri-
ori symmetry, and it includes the root walls with their
sinuses of Valsalva and their respective coronary ostia.
The objective of this investigation was to model and
evaluate three potential surgical options for restoring
valve competence via aortic root replacement by ana-
lyzing the functional and closing characteristics of the
simulated spared aortic valve.

Methods
To investigate the replacement of the root with a vascular

graft in three different aortic valve–sparing surgical proce-
dures, we used finite element mathematical models to evalu-
ate replacement of the aortic root with three different poly-

Fig 1. The valve-sparing procedure represented by the “cylin-
drical” model. The dilated aortic root and sinuses are excised
and a cylindrical polyester graft is sutured below the anulus.
(Adapted from David TE: Aortic valve repair in patients with
Marfan syndrome and ascending aorta aneurysms due to
degenerative disease. J Card Surg 1994;9[Suppl]:182-7.
Copyright 1994 by Futura Publishing Company, Inc. Reprinted
with permission of Futura Publishing Company, Inc.)

Fig 2. The valve-sparing procedures represented by the “tai-
lored” model. The dilated aortic root is resected, and the
cylindrical graft is tailored and sutured above the leaflet
attachments. The left panel shows the procedure as described
by Sarsam and Yacoub and the right panel as described by
David. (Adapted from Sarsam MA, Yacoub Y: Remodeling of
the aortic valve anulus. J Thorac Cardiovasc Surg 1993;105:
435-8. Copyright 1993 by Mosby–Year Book. Reprinted with
permission of Mosby, Inc. Adapted from David TE: Aortic
valve repair in patients with Marfan syndrome and ascending
aorta aneurysms due to degenerative disease. J Card Surg
1994;9[Suppl]:182-7. Copyright 1994 by Futura Publishing
Company, Inc. Reprinted with permission of Futura Pub-
lishing Company, Inc.)

Fig 3. The valve-sparing procedure represented by the “pseu-
dosinus” model. The cylindrical graft is “scalloped” and then
sutured in a plane below the anulus, so that the resulting
bulging of the graft results recreates the sinuses. The graft
configuration is Cochran’s modification to the original David
procedure. (Adapted from Cochran RP, Kunzelman KS, Eddy
AC, Hofer BO, Verrier ED. Modified conduit preparation cre-
ates a pseudosinus in an aortic valve–sparing procedure for
aneurysm of the ascending aorta. J Thorac Cardiovasc Surg
1995;109:1049-57; discussion 1057-8. Copyright 1995 by
Mosby–Year Book. Reprinted with permission of Mosby, Inc.)
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ester vascular graft shapes. The first model (cylindrical) sim-
ulated a procedure (Fig 1) in which the sinus walls were
excised and a cylindrical graft was sutured below the anulus.1

The second model (tailored) simulated a “neo-sinus” proce-
dure (Fig 2) in which the graft was tailored and sutured above
the leaflet attachments,3,4 with the potential for sinus accom-
modation. The third model (pseudosinus) simulated a proce-
dure (Fig 3) in which the graft was “scalloped” and then
sutured in a plane below the anulus,2 so that the resulting
bulging of the graft recreated the sinuses. The results of these
models were compared to that of our normal model of the
aortic root and valve. The primary methods have been
described in detail previously11 and are summarized here.

Normal model geometry and element development.
Finite element analysis is a computational technique in which
an object with a complicated structure is divided into smaller
sections, termed elements, that are interconnected by com-
mon points, termed nodes. This discretization enables the use
of algebraic equations to describe the individual structural
state at each node. The solution of the system of equations
yields the displacement, stress, and strain at any point in the
entire object.12

Our finite element model was developed with the use of
ANSYS software (version 5.3, ANSYS Inc, Canonsburg, Pa)
run on a DEC Alphastation 400 4/233 workstation (Digital
Equipment Corporation, Maynard, Mass). Magnetic reso-
nance imaging of normal human aortic valve and root speci-
mens was used to establish the geometry for the model.
Because assemblies of triangular shell elements are well suit-
ed to reproduce curved geometries, we selected the six-noded
triangular shell element to take advantage of its capacity for
linearly varying stress and strain.12 Preliminary benchmark
models (simple structural analysis problems in which the
solution is known) using these same elements at the same
density as in our root/valve model had stresses, strains, and
displacements with a numerical accuracy within less than
0.5%. We created 5000 elements to represent the aortic root
and 1815 elements for the three valve leaflets.

Element thicknesses and material properties. The nor-
mal aortic root thickness values were measured directly
from the magnetic resonance images of the root wall. The
thicknesses of the unpressurized valve leaflets were deter-
mined from published data.13,14 The anisotropic material
properties of both tissues were also calculated from pub-
lished stress-strain data,15-17 including a Poisson ratio of
0.45 to account for tissue incompressibility.18 To represent
the pliability of the aortic valve leaflets,19 the bending stiff-
ness of the shell elements in the valve was reduced by
98.5% (method detailed previously in an appendix11). The
polyester material (polyethylene terephthalate) was
assumed to be isotropic with a Poisson ratio of 0.3,20 an
elastic modulus of 7840 kPa (based on the range of stiff-
nesses reported in the literature21-23), fabric thickness24 of
0.305 mm, and a crimp angle of 40°.

Modifications for graft models. Each graft model
required modification of our established model,11 which
incorporates normal aortic root shape and element properties.
First, the cylindrical graft model was created by removing the

root elements located above the valve attachment edge from
the normal root geometry, then simulating a 24-mm diameter
graft cylinder with inclusion of the remnant aortic wall (Fig
4, a and b). The effective material properties of a crimped,
woven polyester graft were assigned to the cylinder. In the
areas where the remnant aortic wall was present within the
graft (in yellow, Fig 4, b), the elements were assigned mater-
ial properties of the combined graft and aortic wall.

Next, for the tailored graft model, the root elements above the
valve attachment edge were similarly removed, and a 24 mm-
diameter polyester cylinder was simulated above the remainder
of the root (Fig 4, c and d) in an edge-to-edge fashion. Thus, in
remnant aortic wall areas (in yellow, Fig 4, d), the elements
were assigned material properties of the aortic wall alone.

Finally, to represent the sinus shape that would optimally be
attained by a pseudosinus model, the same root elements were
again removed and replaced by a polyester cylinder above the
sinotubular junction (Fig 4, e and f). Below the sinotubular
junction, sinus-shaped polyester root walls were simulated,
with inclusion of the remnant aortic wall. The elements repre-
senting the remnant aortic wall within the graft (in yellow, Fig
4, f) were assigned material properties of the combined graft
and aortic wall. The curved shape of the sinus walls in the
model is described by the following logistic function:

where a = –0.215, b = –0.302, c = 0.448, d = 0.290, e = 0.545,
f = –0.007, g = 0.438, and h = 0.637.

To simulate the anastomosis of the coronary ostia “buttons”
to the root graft, we repositioned the right and left coronary
ostia at the center of their respective sinuses. In addition, the
thickness and stiffness of the graft were added to the ostia
elements closest to the root to simulate the suturing of the
ostial button to the graft.

Boundary conditions. Geometric boundary constraints
were assigned to all models in exactly the same manner. First,
contact elements were incorporated into the coapting leaflet
surface to allow for the free sliding of leaflet surfaces and to
prevent the leaflets from passing through each other or
through the root wall. Second, the lowest layer of the aortic
root base was restricted to in-plane displacement. Third, the
physiologic longitudinal stretch found normally in the aorta
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and other arteries25 was imposed by applying a tension
boundary condition at the top of the simulated ascending
aorta and at the distal ends of the coronary ostia.

Pressure loading pattern. To model the early diastolic
loading of the aortic valve and root/graft, we applied simulat-

ed physiologic pressures to the valve and root/graft structure
in two phases. In the first phase, the aortic root (or root graft)
alone was pressurized in a linearly increasing manner until it
reached the end-systolic aortic pressure level. In the second
phase, physiologic pressures were applied to the aortic valve,

Fig 4. Geometry for the finite element models. Cylindrical graft models: a, top view; b, side view. The purple ele-
ments represent the polyester graft material above the leaflet attachment line. The yellow elements represent both the
graft and the included root remnant. Tailored graft models: c, top view; d, side view. The purple elements represent
the polyester graft material above the leaflet attachment line. The yellow elements represent the root remnant alone.
Optimized sinus graft models: e, top view; f, side view. The blue elements represent the polyester graft material above
the leaflet attachment line, and the yellow elements represent both the graft and the included root remnant.



The Journal of Thoracic and
Cardiovascular Surgery
Volume 119, Number 4, Part 1

Grande-Allen et al 757

to the root or root graft, and to the region of the root under-
neath the valve. These pressures were calculated from aortic
and left ventricular pressures and an assumed average nega-
tive chest pressure of 5 mm Hg. Loading started at end-sys-
tole, just after valve closure, and finished at the end of left

ventricular isovolumic relaxation, when peak pressure across
the valve was reached.

Solution method. The models were solved on the DEC
Alphastation workstation or on the Cray J90 supercomputer
system (Silicon Graphics, Inc, Mountain View, Calif) at the

Fig 5. Stress contours of the valve and root in the root graft models: a, normal root model, top view; b, normal
root model, side view; c, cylindrical graft model, top view; d, cylindrical graft model, side view; e, tailored graft
model, top view; f, tailored graft model, side view; g, pseudosinus graft model, top view; h, pseudosinus graft
model, side view.
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Texas Advanced Computing Center. The solution was per-
formed iteratively by dividing the pressure loading phases into
a number of equal steps (81 aortic root preliminary steps + 118
physiologic root/valve steps = 199 total).

Output analysis. Stress and strain in the valve and root or
root graft were examined at the end of physiologic loading.
(Stress [σ] is defined as the force [F] applied to the tissue
divided by cross-sectional area [A], ie, σ = F/A. Strain [ε] is
defined as percent extension of the tissue, ie, ε = ∆L/Lo,
where ∆L is change in length and Lo is original length.) For
both the leaflets and root sinuses, the magnitude and location
of the principal tensile stresses and strains were recorded.
Regional magnitudes were calculated by grouping sets of ele-
ments to define specific model components (belly, coaptation
area, free margin, attachment edge, annular sinus wall, sino-
tubular junction sinus wall) and then analyzing those compo-
nents to determine the average, standard deviation, maxi-
mum, and minimum values. In addition, the “peak average”
was calculated, which was the average value of the 5% of ele-
ments with the highest values (the peak standard deviation
was calculated similarly). The coaptation area, defined as the
percentage of leaflet area contacting the adjacent leaflet sur-
faces, was also examined throughout the preliminary root
loading and subsequent physiologic root/valve loading phas-

es. The stress and strain results were compared by means of
analysis of variance to determine significant differences with
respect to the graft type.

Results

Stress, strain, and coaptation. Leaflet stress and
strain magnitudes were altered in all clinical graft
models, particularly at the attachment edge, as com-
pared with the normal root model (Figs 5-7). The
cylindrical graft demonstrated the greatest alterations,
and slight improvements were noted with the tailored
graft. The pseudosinus graft resulted in stress and
strain patterns that were the closest to normal of all
three models.

As a result of the altered stress and strain patterns in
the leaflets, as well as the decreased graft stiffness,
leaflet coaptation was also affected. The average per-
cent valve coaptation was 27% for the normal root
model, 32% for the cylindrical, 35% for the tailored,
and 29% for the pseudosinus graft.

An analysis of average directional strains in these
graft model leaflets demonstrated that the valve was

Fig 6. a, Aortic valve regional stresses in the normal aortic root and clinical valve-sparing models. *P = .0001 and
†P = .0005 indicate significant difference as compared with the normal root model. b, Schematics of altered
leaflet stress patterns in the graft models as compared with normal.

a

b
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displaced downward toward the left ventricular outflow
tract to a greater extent than in the normal model. In all
the graft models, there was much less leaflet strain in
the radial direction than in the longitudinal direction,
with radial/longitudinal strain ratios of 0.29:1, 0.18:1,
and 0.29:1, respectively, in the cylindrical, tailored, and
pseudosinus models. This situation is opposite that
found in the normal root model, in which there was
more leaflet radial strain than longitudinal strain, with
a ratio of 1.94:1.

Graft stress and strain. For all models, the grafts
maintained their approximate original shapes even at
the peak aortic pressure (as shown in Fig 5). In the
cylindrical graft model, the graft had 1081% higher
stress (P = .0001) and 86% lower strains (P = .0001) as
compared with the normal aortic root (Fig 8). In the tai-
lored graft model, the graft had 517% higher stress (P
= .0001) and 90% lower strain (P = .0001). The pseu-
dosinus graft had 191% higher stress (P = .0001) and
96% lower strain (P = .0001).

Root-valve relationship. The stresses in the annular
region of the cylindrical, tailored, and pseudosinus

grafts were transferred to the valve leaflets. This trans-
fer was evidenced by the lower stresses in the annular
region of graft wall as compared with the sinotubular
junction region of graft wall (the opposite of the pattern
in the normal root model) and the increased stress mag-
nitudes in the leaflet attachment edge and belly as com-
pared with the normal root model.

Discussion
Study limitations. As with any modeling study, our

model encompasses inherent limitations, as described
previously.11 First, we chose to model only the rapid
final closing phase of the valve leaflets, as tensile
stresses are highest during this period. Second, the
model material properties were assumed to be constant
in the physiologic range of the stress-strain curve. This
choice was partly software-dependent: ANSYS finite
element software does not permit both anisotropic and
nonlinear material behavior. Therefore the stress and
strain results in the model may be lower than in the
actual tissues. However, we are simulating diastolic
function only, where the valve and aortic tissue has

a

b
Fig 7. a, Aortic valve regional strains in the normal aortic root and clinical valve-sparing models. *P = .0001 and
†P = .001 indicate significant difference as compared with the normal root model. b, Schematics of altered leaflet
strain patterns in the graft models as compared with normal.
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been reported to function in the linear, higher stiffness
region of its stress-strain function.15,26 Third, the stress
analysis was based on the assumption that the zero-
pressure state in the root and valve at the start of model
solution was equivalent to a zero-stress state. Because
of residual stresses caused by the differential makeup
of the valve and aortic wall layers17,27 and dynamic
motion throughout the cardiac cycle, a zero-stress state
may not exist in vivo. We assumed that the magnitude
of these residual stresses would be negligible in com-
parison with the valve and root stresses at peak valve
pressure. Fourth, a small-deformation analysis, rather
than large-deformation analysis, was used. Our ratio-
nale for this approach was that the applied simulated
pressures did not lead to significant changes in the
model geometry. We therefore assumed that any incre-
mentally increased deformations that could be gained
from a large deformation analysis would not be large
enough to justify the extra computational burden.

Despite these limitations, the different graft models
used identical physiologic loading conditions; only
specific material properties and root geometry were
altered. Therefore comparison between models pro-
vides a relative estimate of the stress and strain differ-
ences that could be expected in vivo due to aortic root
replacement with a vascular graft.

Graft influence on leaflet stress, strain, and coap-
tation. All three graft models altered the normal
stress, strain, and coaptation patterns as compared
with the normal model. In the cylindrical model, dias-
tolic leaflet stresses and strains were predominantly
increased at the attachment edge and belly, the two

leaflet regions closest to the graft. These regions are
already subject to high bending and flexural stresses
during leaflet opening,26 and further increases in
stress during closure could be damaging. Stresses in
the leaflet coaptation area and free margins were less
affected because of the increased leaflet coaptation,
which provided those regions with compressive stress
relief. However, this increased coaptation is a result of
the simulated valve functioning within a smaller
space than normal (the stiff polyester graft). The
resultant potential for leaflet folding and buckling
would likely cause leaflet damage in the clinical set-
ting and may significantly reduce the durability of the
procedure. The incremental improvement in leaflet
stresses, strain, and coaptation in the tailored graft
model as compared with the original cylindrical
model is related to the graft having been “trimmed” to
have a simulated attachment above the crown-shaped
valve anulus. The lack of circumferential restriction
around the remaining aortic root provided an
increased freedom of movement at the commissures.
The pseudosinus graft model resulted in the lowest
stress levels in the valve and sinus walls of all the
graft models. Although leaflet stresses were still
increased at the attachment edge, the relatively nor-
mal stresses in the central leaflet areas in this graft
model reflect the more normal coaptation as a result
of the narrowed upper sinus diameter. Overall, these
models suggest that although selected graft tailoring
styles may perform relatively better than the original
cylindrical graft, the rounded shape of the root wall
(as created by the pseudosinus graft procedure) is

a b
Fig 8. Sinus wall stresses (a) and strains (b) in the normal root and clinical valve-sparing models. Asterisk (*)
indicates significant difference as compared with the normal root model.
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more suitable to share the pressure-induced load with
the leaflets than the cylindrical or tailored graft.

Graft influence on root-valve relationship. These
changes in leaflet stress, strain, and coaptation indicate
a departure from the normal aortic root–valve relation-
ship, in that the definitive shape of the valve-root sinus
functional unit has been changed. As described by
Thubrikar and associates5 each leaflet and correspond-
ing sinus wall comprise a cylindrically shaped func-
tional “unit” with continuity between the leaflets and
root to distribute the diastolic pressure load. In this
manner, the aortic valve transfers the high attachment
edge stresses from the leaflet to the lower-stiffness root
wall. This stress transfer appeared to be reversed in the
graft models, where high stresses in the grafts were
transferred to the valve, thereby increasing the overall
leaflet stresses. Additionally, the functional unit repre-
sented by the sinus wall and leaflet together in these
models was not cylindrically shaped (Fig 9). The
changes to the root-valve relationship in the pseudosi-
nus model were not as pronounced as that in the cylin-
drical and tailored models.

Implications for graft use in valve-sparing pro-
cedures. Despite different trimming techniques to
provide the graft with a rounded sinus-like shape, all
these methods are applied to the same class of poly-
ester material grafts. Because the elastic modulus of
polyethylene terephthalate is an order of magnitude
greater than that of the normal aortic root,16,28 con-
cern has been expressed that the use of this material
might transfer high stresses to the spared aortic
valve, perhaps reducing the durability of a surgical
valve repair. In our finite element models of valve
sparing, the woven polyester graft did not fully
restore the normal aortic valve environment.
However, optimization of vascular graft design
involves a greater number of variables than simply
shape and material properties (ie, biocompatibility
considerations). Future finite element modeling may

provide additional evaluation of alternative material
choices and may contribute to the eventual design of
a “mechanically biocompatible” aortic root graft.

Conclusion
We conclude that valve-sparing root replacement

techniques that do not re-create the normal sinus space
(the cylindrical graft) result in higher than normal
leaflet stresses in our finite element models. Our find-
ings suggest that techniques that allow the potential for
sinus space formation (the tailored cylindrical graft
and, particularly, the pseudosinus graft) bring leaflet
stresses closer to normal.
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Commentary
Dr Grande-Allen and colleagues used finite element

analysis to compare the stress and strain on the aortic

cusps in normal aortic roots and in surgically recon-
structed roots by means of aortic valve-sparing opera-
tions. They used magnetic resonance imaging of nor-
mal human aortic roots to establish the geometry of the
model for their finite element analysis and made theo-
retical assumptions on three types of aortic root recon-
struction with preservation of the native aortic cusps
and anulus. They assumed that the technique of reim-
plantation of the aortic valve1,2 creates a “cylindrical”
aortic root of Dacron fabric without sinuses, the tech-
nique of remodeling of the aortic root1,2 creates a
supra-annular “cylinder” of Dacron fabric without aor-
tic sinuses, and finally the technique of reimplantation
of the aortic valve into a Dacron graft with a scalloped
subannular suture line creates three “pseudosinus.”3

Although the aortic cusps in all three theoretical mod-
els of reconstructed aortic root had increased stress and
strain when compared with the normal aortic root, the
first technique was associated with the highest and the
one with neo-aortic sinuses with the lowest stress and
strain. Those investigators concluded that “valve-spar-
ing techniques that allow the potential for sinus space
formation (tailored, pseudosinus) result in simulated
leaflet stresses that are closer to normal than the cylin-
drical technique.”

In addition to the limitations of the study pointed out
by the authors, another important limitation was the the-
oretical assumptions on the geometry of the reconstruct-
ed aortic roots after various types of aortic valve-sparing
operations. They used magnetic resonance images of
human aortic roots to create the “normal” model for the
finite element analysis and used their imagination to cre-
ate the models of the reconstructed roots. Had they used
magnetic resonance or echocardiographic images of
reconstructed aortic roots, the results would have been
quite different. More important, the results would vary
from patient to patient depending on who had the same
type of aortic root reconstruction.

I have had no clinical experience with the third type
of reconstruction of the aortic root these authors
described,3 but I have reconstructed almost 200 aor-
tic roots using the techniques of reimplantation of the
aortic valve and remodeling of the aortic root.1-2

During the first few years of my experience with
these operations, I used almost exclusively the tech-
nique of reimplantation of the aortic valve. Then I
met one of the investigators of this study, Dr Karyn
Kunzelman, who convinced me that the aortic sinus-
es were important for normal aortic valve closure and
possibly durability,1 and I began to use the technique
of remodeling of the aortic root. Contrary to hypo-
thetical geometric models of reconstructed roots
described by Dr Grande-Allen and colleagues,



It is possible that reimplantation of the aortic valve
into a tubular Dacron graft increases the stress and
strain on the aortic cusps, but after 12 years of clinical
experience with aortic valve–sparing operations, reim-
plantation of the aortic valve has provided the most
durable and event-free survival of all aortic valve–spar-
ing operations I have performed.

This operation is easier to perform and it is repro-
ducible by other surgeons. Remodeling of the aortic
root requires greater knowledge of the functional
anatomy of the aortic root, and the results may be more
dependent on the surgeon’s ability to restore normal
aortic root anatomy using a tailored tubular graft.

Tirone E. David, MD
Toronto, Ontario, Canada
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remodeling of the aortic root creates three neo-aortic
sinuses when correctly performed. The areas of these
neo-aortic sinuses depend on the height of the tai-
lored portion of the tubular graft. The more graft used
to suture along the scalloped shape of the aortic anu-
lus, the more neo-aortic sinus is obtained. When this
technique is used, the resulting echocardiographic
image of the reconstructed root resembles that of a
normal aortic root. Thus, if geometry of the aortic
sinuses is important for cusp stress and strain, this
technique should offer the best results.

Creation of neo-aortic sinuses is also feasible when
the technique of aortic valve reimplantation is used.
One of the most difficult aspects of these operations
is the selection of graft size. I have always used a
graft larger than what I think is necessary. After dis-
continuation of cardiopulmonary bypass, the motion
and function of the aortic cusps are assessed by
echocardiography. If there is central regurgitation or
the leaflets do not coapt properly, it is possible to cor-
rect the problem by adjusting the diameter of the
sinotubular junction of the reconstructed aortic root.
If the cusps move normally, a space between them
and the graft wall is almost invariably present and can
be documented intraoperatively by M-mode echocar-
diography.


