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Objectives: The transposed great arteries are simply reversed by means of a con-
ventional arterial switch operation with the Lecompte maneuver without resump-
tion of their spiral relationship. We seek to clarify the functional implications of the
spiral relationship of the great arteries by means of mathematic modeling.

Methods: Computational fluid dynamics is used to compare flow phenomena of the
spiral and Lecompte (nonspiral) models under various body surface areas.

Results: The velocity profile and wall-shear stress distribution are more uniform for
the spiral than for the Lecompte model. The pressure drop and power loss ratio are
smaller for the spiral than the Lecompte model for all the body surface areas inves-
tigated. The power loss ratio increases abruptly starting from 0.43 m? of body sur-
face area for the Lecompte model. At that specific stage, after arterial switch oper-
ation with the Lecompte maneuver, suprapulmonary stenoses occur most
frequently.

Conclusions: Reconstructing the great arteries in spiral fashion might be recom-
mended because the blood flow patterns are more streamlined than those of the
Lecompte maneuver. Initiation of stenosis might be minimized to some extent.

he arterial switch operation (ASO) has become the procedure of
choice for transposition of the great arteries (TGA).!> TGA is con-
sidered to be an anteroposterior reversal of the great arteries.>*
Nonexistence of the normal spiral relationship in TGA has not been
widely appreciated. The posterior pulmonary bifurcation is mobi-
lized anteriorly to the aorta (so-called Lecompte maneuver)’ in an
effort simply to reverse the transposed great arteries. The functional implications of
spirally related great arteries remain unknown, and their spiral relationship is usu-
ally not resumed in TGA. The fluid dynamic phenomena and energetic differences
between the spiral and Lecompte (nonspiral) models of the great arteries may be
small. However, small differences may have significant implications for the long-
term follow-up. It is widely known that suprapulmonary stenosis remains a signifi-
cant problem, with a peak incidence at 9 months after conventional ASO.%’
Nonetheless, the Lecompte maneuver is used in almost all cases except some pos-
terior or side-by-side transpositions.®? Although there might be no pressure gradi-
ent across this anterior and upward tilting region initially, the flow inside the pre-
aortic pulmonary pathway is not streamlined. The cross section of the pulmonary
trunk (PT) becomes oval after the Lecompte maneuver.'° It is circular, provided that
the compression from the posterior aorta is not present as a result of spiral recon-
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Figure 1. Computational meshes of 3-dimensional spiral (upper panel) and Lecompte (lower panel) models viewed from
anterior, left lateral, and superior aspects. The anterior and left lateral views are the normal views of the angiogram. In
the superior view the undepicted aorta is in front of the RPA and right lateral to the PT for the spiral model, whereas it is
encircled behind the PT and between the RPA and LPA for the Lecompte model.

struction, as created naturally. We therefore advocate
resumption of the normal spiral relationship of the great
arteries in TGA.!!

In contrast to the suprapulmonary stenosis, supra-aortic
stenosis is rare after ASO with the Lecompte maneuver.” To
clarify the functional implications of spiral relationship of
the great arteries, we established the pulmonary component
in the spiral and Lecompte models of the great arteries by
means of computer-aided engineering. Computational fluid
dynamics based on the finite volume method are used to
compute the flow field. From the calculated velocity and
pressure data, energy loss and wall-shear stress are estimat-
ed, compared, and evaluated.

Methods
Description of Geometric Models
The geometries of 2 prototypical models including the PT, right
pulmonary artery (RPA), and left pulmonary artery (LPA) are mod-
eled on a computer on the basis of the general contours that were
seen on electron beam—computed tomograms from 21 patients
after 2 types of neonatal ASO: 10 underwent the conventional ASO
with the Lecompte maneuver,® and 11 underwent the spiral recon-
struction.!! The surface contours of these models, spiral and
Lecompte, are created by the computer-aided design software
IDEAS (SDRC Co, Milford, Ohio) and transferred to the comput-
er-aided engineering software ANSYS (ANSYS, Inc, Canonsburg,
Pa). The prototypical computational models of hexahedral meshes
are then generated (Figure 1).

So that the flow phenomena of these 2 models could be com-
pared under various body surface areas (BSAs), Table 1 lists the

derived models’ diameters, flow rates, and mean velocities of PT
according to the following empiric equations:

Flow rate (Qpy [L/min]) = 2.4 x BSA (m?) @))]
Diameter of PT (Dpy [mm]) = 3.1831 X (3.5869

x log[BSA(cm?)] — 9.5431) (2)!2
Mean velocity at the PT (Vpp [cm/s]) =
1666 x -Zer (L/min)_ 3)

TDp(mm)%4

The coefficient 1666 exists because of unit conversion. The
dimensions of these 3-dimensional models are assumed to vary
proportionally to the diameter of the PT (Dpy). The shape of the
derived models remains the same as that of the prototype model.
For each model, the diameters of RPA and LPA outlets are both
specified to be 12 times Dpr. The total outlet area is therefore the
same as the PT’s entrance area (nDPT2/4).

Calculations of Velocity and Pressure Field by
Computational Fluid Dynamics
The computational mesh data are exported into a CFD solver
STAR-CD (Computational Fluid Dynamics Corp, Ltd, London,
United Kingdom), and flow calculations are performed. The
flow is considered to be steady, laminar, Newtonian, and incom-
pressible. The governing equations are 3-dimensional continuity
and momentum (Navier-Stokes) equations.!? The viscosity of
blood () is set at 0.003 kg - m~! - s~!, with a density (p) of 1060
kg/m?3.

The computational domain is divided into discrete control vol-
umes (cells). The total cell number of each model is approximate-
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TABLE 1. The simulated conditions for the spiral and Lecompte models

BSA (m?) 0.25 0.30 0.35 0.39 0.40 0.43 0.45 0.50 0.55 0.65 075 095 1.15 1.35 1.95
QPT (L/min) 0.60 0.72 0.84 0.94 0.96 1.03 1.08 1.20 1.32 1.56 180 228 276 324 372
DPT (mm) 8.42 932 10.09 10.62 10.75 1.1 11.33 1186 1233 13.16 13.87 15.04 1599 16.78 17.47
VPT (cm/s) 17.96 1758 17.52 17.60 17.63 1775 17.84 18.12 1843 1912 1986 21.39 2292 2441 2588
Dpy, Diameter of the PT, OPT, flow rate; Vp;, mean velocity at the PT.

ly 48,000. The governing equations are discretized by the finite Results

volume method. The Semi-Implicit Method for Pressure-Linked
Equations algorithm is implemented for the calculations. The alge-
braic equation sets are solved by means of iterative practice. A lin-
ear upwind differentiation scheme is implemented.

Boundary Conditions

A uniform flow velocity is used at the PT entrance as the inlet
boundary condition. Pure outlet boundary (3%: 0) is used at the
exits of the RPA and LPA, where V is the velocity vector and 1
is the outward unit normal vector. The flow ratio between
the RPA and LPA is specified to be 1.50% of the PT flow
rates (through the RPA and LPA, respectively. At the vessel
wall, no-slip boundary condition (V = 0) is applied. A fixed
reference pressure is specified at the PT entrance.

Wall-Shear Stress Estimation
Wall-shear stress is estimated from the near-wall velocity data and
correlated with stenotic lesion distribution. Wall-shear stress (Tg) is
defined as follows:

Vv, + aV,.

T = 1( ) @

Where 14 is the wall-shear stress, V, is the axial velocity com-
ponent near the wall, V. is the radial velocity component near the
wall, z is the axial direction, and r is the radial distance from the
wall.

Power Loss Ratio

To investigate the geometric effects in flow energy loss, dissipated
power (W, ) and power loss ratio (C,) are computed according to
the velocity and pressure data at the PT entrance and RPA and LPA
outlets. Dissipated power and power loss ratio are defined as fol-

lows!4:

Wie = (4pVpr” + PPT)?PT — (/spVipa® + Prpa)Qrpa
—(ZpVipa™ + Prpa)Qpps (6]

and
Wiss

C =
¢ (4pVpr® + Ppp)Qpp

(6)

where Vpp, Vipa, and V; , are the space-averaged velocities at the
PT entrance, RPA outlet, and LPA outlet, respectively. Ppp, Pppa,
and P;p, are the space-averaged pressure values at the PT
entrance, RPA outlet, and LPA outlet, respectively. Qpr, Qppa, and
Q_ pa are the total flow rates at the PT entrance, RPA outlet, and
LPA outlet, respectively. It should be noted that the total power at
the PT entrance is identical for both models when the same BSA
is specified because of the identical conditions of inlet pressure,
total flow rate, and uniform inlet velocity.

The velocity vector and pressure contour plots at the mid-
plane of the spiral and Lecompte models at 0.43 m? of BSA
are shown in Figures 2 and 3, respectively.

Velocities

The near wall geometry changes smoothly, and neither
vortices nor separation regions are observed in either
model (Figure 2). As the flow moves toward distal sites of
the branching pulmonary arteries, velocity acceleration
becomes apparent. The velocity acceleration occurs at the
initial branching sites from the PT into the LPA and RPA
of the Lecompte model, whereas velocity is accelerating
more uniformly in the branches of the spiral model. The
velocity distribution is less uniform for the Lecompte than
for the spiral model. Strong flow disturbance resulting
from the sharp turning angles from the PT to the RPA and
LPA is evident. Profile shifting toward the superior sur-
face, which is attributed to the centrifugal force induced
by the curvature of the branching arteries, is notable in the
RPA of the spiral model. High wall-shear stress is there-
fore expected to occur at the superior surface. A compar-
ison of the velocity contours of both models indicates that
the velocity field is more in streamline for the spiral
model.

Pressure

The presented pressure data are values relative to the fixed
reference pressure at the PT inlet (Figure 3). In both models
smooth pressure gradient is noted, and the stagnation point
near the flow divider of the bifurcation has the highest pres-
sure. The stagnation point represents the location of motion
of free blood particles and low wall-shear stress that is prone
to initiate a pathologic lesion. The adverse pressure gradi-
ent, which is the common cause of flow separation and vor-
tex, does not exist in either model. When the pressure
changes between the inlets and outlets of both models are
compared, the pressure drop of the Lecompte model is high-
er than that of the spiral model, suggesting that the spiral
model possesses smoother flow field than the Lecompte
model. Pressure energy loss for the Lecompte model is con-
sidered substantial. In addition, pressure gradient and pres-
sure drop are higher in the RPA than in the LPA of the
Lecompte model.
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Figure 2. The midplane velocity contour plots of 2 models viewed
from the anterior aspect at 0.43 m? of BSA. Compared with the
spiral model, velocity is less uniform for the Lecompte model
because maximum velocity regions (red zone) exist near the RPA
outlet, and a large minimum velocity region (blue zone) is locat-
ed at the flow divider of the bifurcation. Significant velocity
acceleration is more apparent at the initial branching sites of the
PT into RPA and LPA for the Lecompte model, whereas smoother
velocity transition is shown for the spiral model. Flow distur-
bance is estimated to be higher for the Lecompte model than that
of the spiral model.
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Wall-Shear Stress

The wall-shear stress data under steady flow conditions of
different BSAs demonstrate a similar distribution. The
calculated wall-shear stress distribution at 0.43 m? of
BSA is illustrated in Figure 4, as viewed from the poste-
rior aspect. For the Lecompte model, the range of wall-
shear stress value is broader (ie, less uniform). The
regions of low wall-shear stress (4-8 dynes/cm?) and min-
imal wall-shear stress (<4 dynes/cm?) are considerably
large. Low and minimal wall-shear stresses are observed
near the posterior portion of the bifurcation, where an
abnormally low velocity gradient takes place. For the spi-
ral model, the wall-shear stress is more uniform. The
regions of low wall-shear stress are scanty, and there is no
minimal wall-shear stress region at all.
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Figure 3. The midplane pressure contour plots of 2 models
viewed from the anterior aspect at 0.43 m? of BSA. The pressure
data presented are values with respect to the fixed reference
pressure at the PT inlet. In both models smooth pressure gradi-
ent is noted, and the stagnation point near the flow divider of
the bifurcation has the highest pressure. The pressure drop
between the PT inlet and the model outlets is smaller for the
spiral than for the Lecompte model, suggesting that the spiral
model possesses a smoother flow field than the Lecompte
model. Thus, pressure energy loss for the Lecompte model is
substantial. Red zone, Maximum velocity magnitude; blue zone,
minimum velocity magnitude.

Power Loss Ratio

It is evident that the power loss ratio is less for the spiral than
the Lecompte model at any age (ie, various BSAs; Figure 5).
The power loss ratio discrepancy between the spiral and
Lecompte models increases as the BSA increases. The power
loss ratio for the Lecompte model decreases from 0.25 m?
(neonatal stage) to 0.43 m? (12 months of age) of BSA and
increases abruptly afterward, whereas this turning point takes
place at 0.45 m? of BSA for the spiral model. The power loss
ratio decreases faster before the turning point and increases
slower after the turning point for the spiral model.

Discussion
Numeric simulation has been used to obtain the flow field of
3-dimensional cavopulmonary connection and arterial bifur-
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Figure 4. The wall-shear stress distribution of 2 models viewed
from the posterior aspect at 0.43 m? of BSA. For the spiral model,
the wall-shear stress is more uniform; the regions of low wall-
shear stress (4-8 dynes/cm?, gray zone) are scanty, and there is no
minimal wall-shear stress region (<4 dynes/cm?, blue zone). For
the Lecompte model, the wall-shear stress distribution is less uni-
form. The regions of low wall-shear stress (gray zone) and mini-
mal wall-shear stress (blue zone) are considerably large and
observed near the posterior portion of the bifurcation.

cations.!#18 The total energy loss is composed of different
causes in the cavopulmonary connection.!*!5 Wall-shear
stress, oscillatory shear index, and spatial wall-shear stress
gradient are analyzed for aortoceliac junction and carotid
bifurcation.!0-18 The results suggest fluid parameters can be
applied for detailed analysis of a blood vessel and its
branches. None of the above-mentioned studies involves the
spiral fashion of the great arteries.

Wall-shear stress distribution is of importance because
local hemodynamics have been speculated to be influential
on the development of stenosis, and the preferred sites of
plaque are also regions of irregular wall-shear stress distri-
bution.'®20 It is acknowledged that low mean and oscillato-
ry wall-shear stress tends to promote intimal thickening,
whereas high shear stress inhibits the process.202! The
mean wall-shear stress of human arteries is approximately
15 dynes/cm?, and stenotic plaque is prone to develop if the
wall-shear stress is considerably less than this level.>! Our
results show that the Lecompte model tends to have minimal
and low wall-shear regions at the posterior aspect of the PT
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Figure 5. The calculated power loss ratio histories with respect to
BSA of hoth models. The power loss ratio is less for the spiral than
for the Lecompte model at all BSAs studied. The power loss ratio
discrepancy between the spiral and Lecompte models increases
as the BSA escalates. The power loss ratio of the Lecompte model
drops from 0.25 m? (neonatal stage) to 0.43 m? (12 months of age) of
BSA and increases abruptly afterward, whereas this turning point
takes place at 0.45 m? (14 months of age) of BSA for the spiral
model. The power loss ratio drops faster before the turning point
and increases more slowly after the turning point for the spiral
model than for the Lecompte model.

bifurcation. It is identified that discrete stenoses frequently
occur at the branches of the pulmonary arteries near the
bifurcation after ASO with the Lecompte maneuver.®7-2
The wall-shear stress distribution of the present study indi-
cates that minimal and low wall-shear stresses might initiate
the stenosis and obstruct outflow in the pulmonary arteries
because the sites of minimal and low wall-shear stresses are
also the preferred locations of stenosis. The spiral model
might have a better chance to remain free of plaque and
stenosis.

The pressure drop and power loss ratio are smaller for the
spiral than for the Lecompte model at any age. There might
be no suprapulmonary stenosis after neonatal ASO with the
Lecompte maneuver. As in our study, the power loss ratio is
similar in both models at 0.25 m? of BSA, but the difference
increases gradually afterward. It is widely known that supra-
pulmonary stenosis remains a significant problem, with a
peak incidence at 9 months after conventional ASO with the
Lecompte maneuver.” The turning point of the Lecompte
model is 0.43 m? of BSA, which is equivalent to the age of
12 months. After this stage, the power loss ratio increases
abruptly, and this might have contributed to the develop-
ment of peak incidence of the suprapulmonary stenosis and
the constant hazard phase that persists as long as patients are
followed up.” The high systemic pressure of the ascending
aorta may compress the neo-PT from its posterior end
toward its anterior end. Insufficient dissection of the distal
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pulmonary arteries was suggested to describe this flattened
PT in 1988,23 but a recent study showed that the cross sec-
tion of the PT is still oval 6 to 22 months after conventional
ASO with hilar dissection and the Lecompte maneuver.!?
The oval shape of the PT after the Lecompte maneuver is
the result of the nonspiral arrangement. In the spiral
arrangement, such as in the normal heart, there is a space for
the pulmonary pathway free from compression by the aorta
in systemic pressure at the aorta’s left lateral portion and
also at the aorta’s left posterior portion. However, in the
nonspiral arrangement, compression on the posterior por-
tion of the PT from the aorta results in its oval shape. In
view of the above findings, we would recommend spiral
reconstruction in TGA so that the pulmonary arteries are
prevented from being compressed by the posterior aorta.'!
Under natural conditions, the flow inside the pulmonary
pathway is more streamlined.

It is impossible to reproduce actual physiologic condi-
tions in this mathematic model. However, we have isolated
the main variables of interest in this initial study to clarify
some clinical phenomena. Subtle prototype geometry
changes, such as local surface features and minor curva-
tures, are considered less important and would not signifi-
cantly alter the flow and wall-shear stress distributions as
reported.2* Pulsation, anastomosis offset, and heteroge-
neous velocity profile, which could be important to the flow
field, will be investigated in ongoing studies.

In conclusion, the functional superiority of the spiral
model over the Lecompte model is clearly demonstrated in
terms of more uniform velocity and wall-shear stress and
smaller pressure drop and power loss ratio. Spiral ASO to
restore the natural spiral relationship of the great arteries
might be recommended in their transposition.
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