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The sinus of Valsalva relieves abnormal stress on aortic valve leaflets
by facilitating smooth closure

Susumu Katayama, BE, Nobuyuki Umetani, BE, Seiryo Sugiura, MD, PhD, and Toshiaki Hisada, PhD

Objective: Recently, various modifications have been made to aortic root replacement procedures to include the

pseudosinus in the synthetic graft, but its effect on valve function still remains to be elucidated. The purpose of

this study was to compare the flow dynamics and its influence on the stress/strain in the valve leaflet in two types

of aortic root, either with or without the pseudosinus, with a simulation model.

Methods: The proximal portions of the ascending aorta and aortic valves were modeled with blood flowing in-

side. Blood flow and the motion of aortic valve leaflets were studied while applying a physiologic pressure wave-

form using fluid–structure interaction finite element analysis. Waveforms were varied to simulate the change in

cardiac contractility.

Results: In the aorta without the sinus, the time during which the valve was open was longer and the rapid valve

closing velocity was faster under all conditions studied. In the pseudosinus model, we could clearly observe vor-

tex formation from the early phase of ejection, which seemed to facilitate the gradual but smooth closure of the

valve. Valve leaflets without the sinus were subject to greater stress and underwent bending deformation in the

longitudinal direction.

Conclusions: Sinuses of Valsalva facilitate the smooth closure of the aortic valve, thereby avoiding the building

up of abnormal stress in the leaflet. Such an effect may assure the durability of valve leaflets in aortic grafts with

a pseudosinus.
Supplemental material is available online.

Sinuses of Valsalva, with their characteristic morphologic

features, have attracted the interest of researchers, and earlier

modeling studies have suggested that the sinuses function

not only to prevent the contact of valve leaflet with the aortic

wall, but also to facilitate valve closure by the formation of

vortices inside them.1,2 The emergence of valve-sparing aor-

tic root replacement procedures for the treatment of patients

with aortic root disease has provided us with the unique op-

portunity to test such hypotheses. Leyh and colleagues3

compared patients who had undergone tube replacement of

the aortic root (reimplantation [David I] procedure) and

Video clip is available online.
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those who had undergone separate replacement of the si-

nuses of Valsalva (remodeling [Yacoub] procedure) to find

that the near-normal opening and closing characteristics of

valves were achieved by the preservation of the shape and

independent mobility of the sinuses. On the other hand, de

Oliveira and associates,4 based on a decade of following

up surgically treated patients, reported a reduced risk of

postoperative aortic insufficiency in patients with reimplan-

tation. They concluded that the implantation procedure se-

cures the entire aortic valve inside the Dacron graft to

prevent dilatation of the aortic root and concomitant regurgi-

tation. However, they also recognized the elimination of si-

nuses as a shortcoming of their technique, and they, as well

as other surgeons, have modified their reimplantation tech-

niques to create graft pseudosinuses.5-7

Although it is generally assumed that smooth opening and

closing relieved the abnormal stress and strain on leaflets,

neither clinical observations3,8-10 nor experimental studies

using a mock circulation11,12 could provide us with detailed

information on the stress and/or strain distribution in the

leaflet to clarify this assumption. An alternative approach

to overcome such technical difficulty and obtain stress and

strain distribution is a simulation study using finite element

analysis. Grande-Allen and associates13 created finite ele-

ment models of the aortic root and valve with a cylindrical

graft, a tailored graft sutured just above the valve, and a pseu-

dosinus graft, to find that the cylindrical graft created the

greatest stress. Beck, Thubrikar, and Robicsek14 also com-

pared the finite element models of the tubular aortic root

and the root with sinuses under pressure to find that a stress

concentration along the leaflet attachment develops only in
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Abbreviations and Acronyms
ALE ¼ arbitrary Lagrangian–Eulerian

C ¼ cylindrical graft

DOF ¼ degree of freedom

P ¼ pseudosinus graft

P90 ¼ peak pressure of 90%
P100 ¼ control peak pressure

P110 ¼ peak pressure of 110%
RVCV ¼ rapid valve closing velocity

SCD ¼ slow closing distance

the tubular root. Although these studies gave strong support

to surgeons’ beliefs, the simulation was done only by apply-

ing pressure to the model, thus totally ignoring the influence

of the blood flow, which most of the surgeons and re-

searchers are interested in. The capabilities of the fluid–

structure interaction finite element method for the analysis

of the aortic valve were first shown by Nicosia and col-

leagues15 using a commercial software package; subse-

quently, de Hart and coworkers16 analyzed the normal

aortic root using the fictitious domain method. However,

owing to the numerical instability of the method, an unphy-

siologically low Reynolds number flow was introduced.

We17 have developed a numerical approach for fluid–

structure interaction analysis based on the arbitrary Lagrang-

ian–Eulerian (ALE) finite element method and applied it to

the multiphysics simulation of the heart.18-21 In this study,

we applied this method to the analysis of the dynamics of aor-

tic valve opening and closure in two different models of the

aortic root, with or without the sinuses of Valsalva. It will be

clearly shown that the sinuses, by promoting vortex forma-

tion, facilitate the smooth closure of the aortic valve and cir-

cumvent the development of abnormal stress in the leaflets.

METHOD
Modeling the Aortic Root

We created the shapes of cylindrical graft and pseudosinus graft with the

dimensions shown in Figure 1, A. Then, we modeled the blood domain by

tetrahedral finite elements with four velocity nodes and four pressure nodes,

resulting in the total numbers of elements and the degree of freedom (DOF)

of 4408 (24990 DOF) for the cylindrical model and 52620 (30658 DOF) for

the pseudosinus model. For the valve leaflets, we adopted discrete Kirchhoff

triangular shell elements with anisotropic material property originating from

the fiber orientation15,22 (Figure 1, B). Furthermore, the edge of each leaflet

was made thicker according to the literature.23 For the material properties of

the valve, see Table E1.

The Heart and the Systemic Circulation as Boundary
Conditions

To the distal end of the models, we connected the 3-element Windkessel

model of systemic circulation. Pumping function of the heart was simulated

by applying the physiologic pressure wave (minimum 75 mm Hg, maxi-

mum 120 mm Hg). To simulate cases in which contractility of the heart is
The Journal of Thoracic and Ca
either depressed (heart failure) or augmented, we varied the peak pressure

to 90% (P90) or 110% (P110) of the control (P100) condition while keep-

ing the pressure time products constant (Figure 1, C). This was intended be-

cause we usually observed a slowed time course of contraction when the

contractility was depressed.

Computation
We used a strongly coupled fluid–structure interaction finite element

analysis program, which we have developed17 and applied to various prob-

lems such as pulsation of the heart.18-21 In this program, the Navier–Stokes

equation is described in ALE coordinates, which artificially deform and

move according to the instantaneous deformation of the fluid–structure in-

terface. Furthermore, the fluid meshes and structure meshes are generated to

coincide with each other on the interface at the beginning of the analysis.

Therefore, the geometric compatibility and balance of traction forces are au-

tomatically satisfied by merging both meshes on the interface. The disad-

vantage of the method is the distortion of ALE meshes. Because the

fluid–structure interface moves largely in the case of a heart valve problem,

excessive ALE mesh distortion occurs, resulting in the degradation of ele-

ment performance. To avoid such a problem, we applied an automatic

mesh reconnecting algorithm, which our group has developed. All of the

program codes were written in the laboratory.

RESULTS
The flow dynamics and the motion of the valves in cylin-

drical and pseudosinus grafts can be seen in the online sup-

plementary Movies E1 and E2. In the pseudosinus graft, we

can clearly observe the formation of vortices of counter-

clockwise rotation in the sinuses, which seems to facilitate

the closure by pushing the leaflets. In the cylindrical graft,

the edges of the leaflets make contact with the wall when

they are fully open and the closure seemed to be retarded.

Peak velocity values were 0.95 m/s (P90), 1.04 m/s

(P100), and 1.16 m/s (P110) and the corresponding Rey-

nolds numbers were 2995, 3278, and 3657, respectively.

Motion of the Leaflets
To quantify the motion of the leaflets and compare the

simulation results with clinical observations, we traced the

edge of the leaflet and plotted the distance from the axis of

the aorta as a function of time, as we do in M-mode echocar-

diography (Figure 2, A), and calculated the slow closing dis-

tance (SCD¼ [D1�D2]/D1) and closing time (Figure 2, B).

SCD values were greater for pseudosinus models (P) than

for cylindrical models (C) under all of the conditions stud-

ied, but the difference was pronounced in response to low

ejecting pressure (P vs C [%]: 8.9 vs, 5.1 [P110], 7.7 vs

4.6 [P100], and 6.3 vs 0.6 [P90]) (Figure 3, A). On the con-

trary, although the differences were small, closing time

tended to be longer with the cylindrical model (P vs C [s]:

0.22 vs 0.24 [P110], 0.24 vs 0.25 [P100], and 0.26 vs 0.28

[P90]) (Figure 3, B). We also calculated the rapid valve clos-

ing velocity (RVCV) as the ratio between D2 and rapid clos-

ing time (RCT in Figure 2, B). RVCV was also faster for

cylindrical models (P vs C [cm/s]: 50.6 vs 52.1 [P110],

49.8 vs 58.5 [P100], and 30.8 vs 42.7 [P90]) (Figure 3, C).

These results can be taken to indicate that, in the presence
rdiovascular Surgery c Volume 136, Number 6 1529
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FIGURE 1. Configurations of the model. A, Cylindrical (left) and pseudosinus (right) aortic roots with details of their dimensions. B, Valvular leaflet

and fiber orientation (right). C, Simulated aortic pressure was applied to the proximal end of the model aortic root. To the distal end, a 3-element Windkessel

model was connected. R1, Characteristic impedance (100 dynes $ s $ cm�5); R2, peripheral resistance (1600 dynes $ s $ cm�5); C, capacitance (2.1 3 10�3 L/

mm Hg).
of pseudosinuses, the valvular leaflets initiate their motion

from the earlier phase of ejection and gradually return

to their closing positions. On the other hand, with the

cylindrical model, valves are wide open until the late phase
1530 The Journal of Thoracic and Cardiovascular S
of ejection, during which the flow direction is reversed

to increase the regurgitant fraction (P vs C [%]: 0.7 vs

4.4 [P110], 1.6 vs 4.2 [P100], and 0.4 vs 5.4 [P90])

(Figure 3, D).
urgery c December 2008
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Strains and Stresses in the Leaflets

We also compared the strains and stresses in the leaflets

between the two models. Taking into consideration the an-

isotropic material property reflecting the fiber orientation

and the complex deformation each leaflet undergoes during

the ejection, we calculated the peak stretch (membrane),

bending, and total strains (e) parallel (jj) and perpendicular

(tt) to the fiber orientation. As shown in Figure 4, A, the leaf-

lets in the cylindrical model experience greater peak strains,

especially in the direction perpendicular to the fiber orienta-

tion (C vs P: 0.022 vs 0.012 [membraneejj], 0.042 vs 0.024

[membraneett], 0.069 vs 0.069 [bendingejj], 0.087 vs 0.064

[bendingett], 0.065 vs 0.060 [totalejj], 0.089 vs 0.068 [total-
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FIGURE 2. Motion of the leaflet. A, The distance from the axis of the aorta

is shown as a function of time. Solid line, Pseudosinus model; dotted line,

cylindrical model. B, Schematic diagram showing the indices characterizing

the motion of leaflet. D1, Maximum distance; D2, distance immediately

before the rapid closing. RCT, Rapid closing time.
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ett]). Interestingly, the bending strains in the fiber direction

did not differ appreciably between the two models. Compar-

ison of peak stress (s) values followed similar pattern to

the strain values (C vs P [kPa]: 15.9 vs 8.6 [membranesjj],
9.8 vs 5.6 [membranestt], 48.0 vs 48.1 [bendingsjj], 20.3

vs 14.8 [bendingstt], 45.3 vs 41.8 [totalsjj], 20.8 vs 15.7

[totalstt]) (Figure 4, B).

DISCUSSION
In this study, we applied the fluid–structure interaction fi-

nite element method to analyze the flow dynamics in the aor-

tic root and the motion of the aortic valve. Comparison of two

models with or without the sinuses of Valsalva clearly demon-

strated their functional role in achieving the smooth closure of

the valves. These results also have relevance to aortic root sur-

gery, modifications to the procedures for which have been

proposed to improve the prognoses of patients.

Simulations of Aortic Root
Compared with studies using mock circulation,1,11,12 sim-

ulation studies using the finite element method have advan-

tages in that (1) the shape and the material properties of the

model and experimental conditions can be altered and con-

trolled over a wide range, (2) detailed data on the distribution

of flow velocity and pressure are available, and (3) stress/

strain distribution in the aortic wall and/or valvular leaflet

can be calculated. In particular, stress data are important

but hard to obtain in clinical settings.

However, so far, we can find only a few simulation studies

in which fluid–structure interactions were analyzed, proba-

bly owing to the computational difficulties.15,16,24 Among

these studies, Nicosia and colleagues15 constructed an ana-

tomically accurate 3-dimensional finite element model in

which both the aortic root and valves were represented by

Hughes–Liu shell elements. They analyzed the blood flow

and the motion of the valve leaflet during ejection by using

LS-Dyna—an explicit finite element commercial code.

Their pioneering work showed the potential capabilities of

the fluid–structure finite element analysis for heart valve

problems. However, some unphysiologic conditions, such

as the 98.5% reduction in the bending stiffness of the valve

leaflets, were introduced to reproduce their pliability, which

in turn enforced the scaling down of the magnitude of the

peak diastolic pressure to avoid valve element distortion. Af-

ter Nicosia and colleagues,15 de Hart and associates,16 using

the fictitious-domain method, successfully showed that vor-

tex formation in the sinuses of Valsalva is essential for the

smooth operation of the aortic valve. In contrast to the pres-

ent study, however, their computation was carried out with

an unphysiologically low Reynolds number (�900) owing

to the numerical instabilities inherent in the algorithm.

Furthermore, a comparison of two clinically relevant

models, namely, cylindrical and pseudosinus, based on

fluid–structure interaction analysis, has been made for the
ardiovascular Surgery c Volume 136, Number 6 1531
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FIGURE 3. Comparison of valve functions. A, Slow closing distance (SCD). B, Closing time. C, Rapid valve closing velocity (RVCV). D, Regurgitant

fraction. White bar, Cylindrical model; black bar, pseudosinus model.
first time. Although we can find the finite element analysis

studies comparing the principal tensile stress of leaflets

between the cylindrical graft and pseudosinus graft,13,14

in those study, the calculation was carried out for only the

diastolic period by applying the pressure, thus completely

ignoring the influence of blood flow.

Comparison With Experimental and Clinical Studies
Using the time-resolved 3-dimensional magnetic reso-

nance velocity mapping, Markl and associates10 compared

vortex formation among patients who had undergone cylin-

drical graft (David I procedure) and those who had under-

gone neosinus graft (David V and David V-Smod [Stanford

modification]), with normal volunteers as controls. Even

though vorticity was increased in patients who underwent

the David V procedure, because the difference did not reach

statistical significance, they concluded that, although vortex

formation was enhanced by the David V procedure, normal

vorticity was preserved even without the sinus creation in
1532 The Journal of Thoracic and Cardiovascular S
the graft. Direct comparison with the current simulation re-

sults is difficult, because in this study a rigid tube with per-

fect cylindrical form was used, but a small degree of vortex

formation was also identified in our simulation (Movie E2).

In a study comparing the motion of the leaflets between

the patients who had undergone tube graft and those who

had undergone remodeling (Yacoub) procedure, Leyh and

coworkers3 reported that, in patients who had undergone re-

modeling, SCD was greater but closing time was shorter,

consistent with the present results. A similar tendency was

reported for the comparison between patients with a tube

graft and those with a newly developed graft with a pseudo-

sinus.8 However, the RVCV differed between the two stud-

ies. Leyh and coworkers3 found that the RVCV was slower

for tube grafts, but De Paulis and associates8 reported results

to the contrary.

In vitro studies may help to resolve this discrepancy. Fries

and coworkers11 placed a porcine aortic root operated on with

either the David (cylinder) or Yacoub (remodeling) procedure
urgery c December 2008
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in a mock circulation and recorded the motion of the valve.

The difference in SCD was similar to the clinical observation

mentioned above, as well as the present results, but they found

that the differences in RVCV were dependent on cardiac out-

put and that the RVCV was greater for the David procedure

only at low cardiac output, similar to the present result (Fig-

ure 3, C). These contradictory results may have arisen be-

cause the patients in the study by Leyh and colleagues3 had

relatively high cardiac function (ejection fraction > 60%)

compared with patients in other studies (about 50%).

As we mentioned earlier, the stresses and/or strains in the

leaflet during ejection are hard to measure, but there has been

a study in which strains were compared among the various

surgical procedures.12 From the images of porcine aortic

roots operated on differently and placed in the mock circula-

tion, the authors of this study calculated the cusp-bending de-

formation index in mid-systole as the fold depth normalized

to the size of the leaflet. Although the index of strain used in

this study was just an estimate, their results demonstrated

a greater strain associated with the reimplantation procedure

(tube graft), compatible with our simulation result.

Implications
Although the creation of sinuses in remodeling proce-

dures introduces the smooth closure of the aortic valve,3
The Journal of Thoracic and C
a long-term follow-up study demonstrated a better prognosis

for patients undergoing the reimplantation (David I) proce-

dure in terms of freedom from aortic regurgitation,4 mainly

because of the more reliable annular stabilization with this

technique. However, the importance of the sinuses of Val-

salva is widely recognized by cardiac surgeons, and various

modifications to the reimplantation procedure have been

proposed to achieve both annular stability and the creation

of sinuses.6-8,25,26 Although these techniques are expected

to enhance the long-term durability of the leaflet, greater

knowledge of the functional anatomy of the aortic root is re-

quired to achieve optimal results.27 The current simulation

would serve as a useful tool for designing tailor-made aortic

grafts and, in fact, has provided us with new insight into the

mechanics of the aortic valve leaflet during ejection.

Shown in Figure 5, A, are the stress distributions in the

leaflets during the late phase of ejection for pseudosinus (up-
per panel) and cylindrical (lower panel) grafts (Movie E3).

It can clearly be seen that the leaflet in the cylindrical graft is

bent in its middle portion by being pushed by the retrograde

flow from both sides (Movie E4). On the other hand, the

leaflet in the pseudosinus graft has already returned halfway

to the closed position, as evidenced by the large SCD, and

accommodates the retrograde flow only on one side to avoid

the abnormal bending stresses perpendicular to the fiber
ardiovascular Surgery c Volume 136, Number 6 1533
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FIGURE 5. Stress in the leaflet and deformation. A, Close-up views of the leaflet in the late phase of ejection for pseudosinus (upper panel) and cylindrical

(lower panel) models. Stress values shown in color coding indicate the higher stress in the cylindrical model. B, Schematic diagrams showing the direction of

stress and induced deformation of the leaflets for pseudosinus (upper panel) and cylindrical (lower panel) models. Movies corresponding to this figure are

available online.
orientation (Figure 5, B). So far, the stresses in the leaflet

have been discussed mainly during diastole when leaflets

are in the closed position, but the current simulation study

demonstrated another important time point when abnormal

stresses could build up, as well as the importance of fluid–

structure interaction in consideration of designing the aortic

root grafts.

Limitation of the Study
In this simulation, only the short segment of ascending

aorta was modeled as a rigid tube. Furthermore, applied

pressure and systemic circulation approximated by the

3-element Windkessel model are simplifications of the
1534 The Journal of Thoracic and Cardiovascular Su
real situation. These points should be improved to achieve

more realistic and useful simulations. Use of clinical

imaging data should also be considered. We are now

working to model the entire thoracic aorta with realistic

properties based on patients’ computed tomographic data.

CONCLUSION
Sinuses of Valsalva facilitate the smooth closure of the

aortic valve, thereby avoiding the building up of abnormal

stress in the leaflet. With further improvement in modeling,

the fluid–structure interaction analysis of aortic root dynam-

ics can be a powerful tool for the optimum design of aortic

root surgery.
rgery c December 2008
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TABLE E1. Material property of the valve

Elastic modulus in the fiber direction (EL) 700 kPa

Elastic modulus perpendicular to the fiber

direction (ET)

233 kPa

Poisson’s ratio (nLT) 0.45

Shear modulus (GLT) 80 kPa
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