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Abstract When the Norwood procedure is conducted for
the hypoplastic left heart syndrome using a non-valved
right ventricle (RV) to pulmonary artery (PA) shunt, dia-
stolic regurgitation from PA to RV may have an adverse
effect on postoperative hemodynamics. In this study, we
examined the impact of the diastolic regurgitation on
ventricular energetics by computational analysis using a
combination of a time-varying elastance chamber model
and a modified three-element Windkessel vascular model.
This study revealed that use of the valved or non-valved
RV-PA shunt eliminated pulmonary over-circulation which
was observed when using the systemic to pulmonary artery
shunt (modified Blalock-Taussig shunt). Although the
valved RV-PA shunt improved pulmonary blood supply
and consequently increased pulmonary artery flow and
oxygen saturation compared to the non-valved RV-PA
shunt, the non-valved RV-PA shunt improved ventricular
energetics in spite of the presence of PA to RV
regurgitation.
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Introduction

The outcome of the Norwood procedure for hypoplastic
left heart syndrome (HLHS) has improved in the past
several decades. Previously, pulmonary circulation was
maintained by a systemic to pulmonary artery shunt (SPS),
such as the modified Blalock—Taussig shunt. However, the
SPS has the drawback of systemic-to-pulmonary diastolic
run-off, which causes a massive increase in ventricular
preload. The development of the right ventricle to pul-
monary artery (RV-PA) shunt may have contributed to the
dramatic improvement in clinical outcome of recent years,
because the RV-PA shunt eliminates the diastolic run-off
and increases diastolic systemic arterial pressure (SAP).
This increase in diastolic SAP may improve coronary
blood supply [1]. Furthermore, the RV-PA shunt may
reduce myocardial oxygen demand. Bove et al. [2] reported
that the RV-PA shunt decreased stroke work and improved
right ventricular energetics.

The RV-PA shunt may be classified into valved and
non-valved. The non-valved RV-PA shunt is associated
with diastolic regurgitation from PA to RV. This regurgi-
tation may increase RV preload and myocardial oxygen
demand compared to the valved RV-PA shunt. Therefore,
preventing diastolic regurgitation using the valved conduit
may further improve clinical outcome. Reihartz et al. [3]
reported that use of a homograft valved RV-PA conduit
was associated with low early mortality. Takeuchi et al. [4]
used a valved saphenous vein homograft and also reported
improved right ventricular function. However, whether the
non-valved RV-PA shunt truly improves the outcome of
the Norwood procedure compared to the SPS, and whether
the valved RV-PA shunt further improves the outcome
compared to the non-valved RV-PA shunt remain
controversial.
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This study aimed to clarify the impact of diastolic
regurgitation from PA to RV on ventricular energetics by
conducting a theoretical analysis using computational
models.

Methods

We modeled the cardiovascular systems of the Norwood
procedure using the SPS, and valved and non-valved RV-
PA shunts. The electrical analogs of the models used to
simulate the cardiovascular systems are shown in Fig. 1.
We modeled the postoperative cardiovascular systems
mathematically by a combination of the time-varying
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Fig. 1 Electrical analogs of Norwood procedures. a Norwood pro-
cedure with systemic to pulmonary shunt, b Norwood procedure with
non-valved right ventricle to pulmonary artery (RV-PA) shunt,
¢ Norwood procedure with valved RV-PA shunt. LA left atrium, RA
right atrium, RV right ventricle, PV pulmonary valve, TV tricuspid
valve, ASD atrial septal defect. R, arterial resistance, R, characteristic
impedance, R, venous resistance, C, arterial capacitance, C, venous
capacitance. s and p systemic and pulmonary circulation, respectively.
Rpy, Rty and Ragp resistance at PV, TV and ASD, respectively
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elastance cardiac chamber model and the three-element
Windkessel vascular model.

Heart

The right ventricular and atrial chambers are represented
by the time-varying elastance model [5-7]. The end-sys-
tolic pressure—volume relationship is described by a linear
equation:

Pes,cc = esA,cc[Ves,cc - V(),cc] (1)

where P is end-systolic pressure, V. is end-systolic
volume, E; .. is the maximal volume elastance, V. is the
volume at which end-systolic pressure is equal to 0 mmHg,
and cc denotes the right atrial (RA), left atrial (LA), or
right ventricular (RV) chamber. The end-diastolic
pressure—volume relationship is represented by a non-
linear equation:

PEd,CC — ACC [eBcc(Ved.cc_VU.cc) _ 1] (2)

where P.q . is end-diastolic pressure, V4. is end-diastolic
volume, A.. and B.. are constants [5—7]. We assumed the
time course of elastance by defining normalized elastance
curve e..(t) as follows:

ece(t) =0.5[1 — cos(mt/Tes cc )]
eCC([) =0 (2Tes,cc <i< Tc)

where ¢ is the time from the start of systole, T is the
time to the end of systole, and T, is the duration of cardiac
cycle. Using e..(f), the instantaneous pressure—volume
relationship is described by:

Pcc([) = [Pes,cc(vcc) - Ped,cc(vcc)]ecc(t) + Ped,cc(vcc) (4)

Ventricular systole is preceded by atrial systole. The
time advance of atrial systole (DT) is calculated as a fixed
fraction of T, (DT = 0.02 T,) [9]. The function of each
chamber is characterized by the parameters Eegcc, Tes.ces
Vocer Aces Bee and ecc(#). The same e..(¢) is used for all
chambers, but the other parameters are different between
chambers, as shown in Table 1. Nonrestrictive atrial septal
defect is described as constant resistance (Rasp). Each
valve is represented as an ideal diode connected serially to
a small resistor (pulmonary Rpy, tricuspid Rrv).

(0 <t< 2Tes,cc)

(3)

Vascular system

Basically, the pulmonary and systemic circulations are
modeled as modified Windkessel impedances. Each vas-
cular system is modeled by lumped venous (C,) and arte-
rial (C,) capacitances, a characteristic impedance (R.) that
is related to the stiffness of the proximal aorta or pul-
monary artery, a lumped arterial resistance (R,), and a
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Table 1 Parameters used in modeling

Heart rate (HR) (beats/min) 160

Duration of cardiac cycle (7;) (ms) 375

Time to end systole (7¢) (ms) RV: 136 RA: 56 LA: 56
End-systolic elastance (E.;) (mmHg/ml) RV: 8.5 RA: 7.35 LA: 7.35
Scaling factor of EDPVR (A) (mmHg) RV: 0.9 RA: 0.17 LA: 0.17
Exponent for EDPVR (B) (ml™h RV: 0.062 RA: 0.484 LA: 0.484
Unstressed volume (V) (ml) RV: 4 RA: 1 LA: 1

Valvular resistance (forward) (mmHg s ml~Y)

Resistance (mmHg s ml™)

Index of pure viscous effects (k;) [mmHg (lls)_1 mm?]
Index of convective acceleration (k) [mmHg (l/s)_2 mm*]
Arterial resistance (R,) (mmHg s mlfl)

Characteristic impedance (R.) (mmHg s ml™")

Venous resistance (R,) (mmHg s ml™)

Arterial capacitance (C,) (ml/mmHg)

Venous capacitance (C,) (ml/mmHg)

Pulmonary: 0.0004

Tricupsid: 0.00004

ASD: 0.001
Shunt: 5.76 x 10*
Shunt: 1.87 x 107

Systemic (s): 3.83
Systemic (s): 0.20
Systemic (s): 0.083
Systemic (s): 0.50
Systemic (s): 4.39

Pulmonary (p): 0.63
Pulmonary (p): 0.028
Pulmonary (p): 0.011
Pulmonary (p): 0.31
Pulmonary (p): 0.89

RV right ventricle, RA right atrium, LA left atrium, EDPVR end-diastolic pressure—volume relation, ASD atrial septal defect

resistance proximal to C, (R,). This framework is similar to
that used in deriving Guyton’s resistance to venous return
[8]. Arterial and venous capacitors for systemic circulation
are denoted by C, and C,, respectively, and those for
pulmonary circulation by C,, and C, ;. The ratio of C, to
C, is obtained from previous reports [6, 9, 10].

The relation between pressure (P.) and volume (V,) in
each capacitance is described by the following linear
equation:

(5)

The change in volume in each capacitance [dV(r)/df] is
described by the differential equation below:

d‘(/i—gt) = Qunttow(t) = D _ Qouiow (1) )

where Qinaow(®) and Quuow(?) indicate the instantaneous
volumetric flow rates at the inlet and outlet, respectively, of
each compartment.

Pressure drop across the shunt

Flow of non-Newtonian fluid in a curved pipe is approxi-
mated as a quadratic function of Q(f) [11, 12]. The
instantaneous pressure drop across the shunt is described
by:

_ ko) +k0*0)

AP(1) o

(7)
where AP(t) (mmHg) is pressure drop across the shunt,
Q@) (I/s) is the instantancous volume flow rate in
shunt, D (mm) is the shunt diameter, k; [mmHg (1/s)"! mm?]

is the index of pure viscous effects and k, [mmHg
(1/5)72 mm4] is the index of convective acceleration [9].

Protocols

First, the control state was simulated using the 4.0-mm SPS
model. Total stressed blood volume (V;), which is the sum
of the stressed volumes in all capacitances and in all
chambers, was set as 80 ml.

Ve =Vrv + VLA + VRa + V¢, + Ve, + Ve, + Ve,

(8)

We solved the simultaneous differential equations
(Egs. 1-8) using MATLAB (MathWorks).

Shunt diameter (D) was decreased stepwise from 4.0 to
3.0 mm at decrements of 0.5 mm in the SPS model and
increased from 4.0 to 6.0 mm at increments of 1.0 mm in
both the valved and non-valved RV-PA shunt models. RV
forward flow, systemic and pulmonary flows (O and Q,),
systemic and pulmonary arterial pressures (SAP and PAP),
right ventricular end-diastolic volume (RVEDV), stroke
work (SW), systolic pressure-volume area (PVA) and
mechanical efficiency after each procedure were calculated
for each shunt diameter. Heart rate and mean SAP were set
at the same values as those of the control state, by adjusting
the total stressed blood volume (V).

Calculation of arterial and venous oxygen saturation

Since the total amount of O, present in the atrium is pre-
served and the decrease in O, content in blood balances the
whole body O, consumption, arterial (SaO,) and venous O,
saturation (SvO,) are calculated by the following equations
for @, and Qg (I/min):
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CVO, x BSA

Sa0, = SpyO, —

T2 TR TR X Hb % 10 % O,
CVO, x BSA

Sv0, = Sa0, — 2 %

1.34 x Hb x 10 x Qs

where SpyO, is the pulmonary venous O, saturation, CVO,
(ml Oy/min/m?) is the whole body O, consumption, BSA
(m?) is the body surface area, and Hb (g/dl) is the hemoglobin
concentration. The constant 10 (dl/1) converts1todl, and 1.34
(ml O,/g) converts hemoglobin content to oxygen content.
The following assumptions are used in the O, calculation:
SpvO, = 0.97 (dimensionless), CVO, = 185 ml O,/min/
m? BSA = 0.20 m* and Hb = 16.0 g/dl [9, 13].

Results

The hemodynamic parameters obtained from the compu-
tational simulations are shown in Table 2.

Although the increase in shunt diameter caused an
increase in systolic SAP and a decrease in diastolic SAP in
the SPS model, changes in shunt diameter only affect
systolic and diastolic SAP slightly in both the valved and
non-valved RV-PA shunt models. Despite the use of small
caliber shunt in the SPS model, mean PAP, O, and Q,/Q;

were higher than in both valved and non-valved RV-PA
shunt models. Mean PAP, O, and Q,/Q; in the 3.5-mm SPS
model were higher than those in the 6.0-mm non-valved
RV-PA shunt model and almost equivalent to those in the
5.0-mm valved RV-PA shunt model.

Right ventricular pressure, SAP, PAP, aortic flow, and
shunt flow in the 3.5-mm SPS, 6.0-mm non-valved shunt,
and 5.0-mm valved RV-PA shunt models are shown in
Fig. 2. In both valved and non-valved RV-PA shunt
models, RV ejection to pulmonary circulation through the
shunt preceded RV ejection to systemic circulation and
continued even after the end of ejection to systemic
circulation. Comparisons of the hemodynamics of the
3.5-mm SPS, and 5.0-mm valved and 6.0-mm non-valved
RV-PA shunt models are shown in Fig. 3. RVEDV was
smaller in the 6.0-mm non-valved RV-PA shunt (—3.7%)
and the 5.0-mm valved RV-PA shunt (—11.7%) models
than that in the 3.5-mm SPS model. At the same shunt
diameter, mean PAP, Q,, 0,/0,, SaO, and SvO, were
higher with the valved RV-PA shunt than with the non-
valved shunt.

In the SPS model, the use of a larger conduit signifi-
cantly increased systemic-to-pulmonary diastolic run-off
and RVEDYV (Table 2). In the valved and non-valved RV-
PA shunt models, increase in conduit size likewise

Table 2 Hemodynamic data obtained from computational simulation of SPS, non-valved RV-PA shunt, and valved RV-PA shunt

Mathematical models

SPS Non-valved RV-PA Valved RV-PA
Shunt diameter (mm) 3.0 3.5 4.0 4.0 5.0 6.0 4.0 5.0 6.0
Heart rate (beats/min) 160 160 160
Systolic systemic artery pressure (mmHg) 83.9 87.0 90.9 75.7 76.3 77.0 75.7 76.2 76.9
Diastolic systemic artery pressure (mmHg) 46.6 45.0 43.4 51.9 51.9 51.9 51.9 51.8 51.9
Mean systemic artery pressure (mmHg) 58.6 58.7 58.7 58.7 58.7 58.7 58.7 58.7 58.7
Mean PA pressure (mmHg) 10.4 13.8 17.3 7.50 9.83 11.9 8.98 12.6 16.2
RV forward flow (I/min) 1.60 1.86 2.14 1.53 1.86 2.19 1.51 1.81 2.10
0, (/min) 0.77 1.04 1.32 0.55 0.73 0.90 0.68 0.98 1.27
Qs (I/min) 0.83 0.82 0.82 0.83 0.83 0.83 0.83 0.83 0.83
0,/0s 0.94 1.26 1.62 0.66 0.88 1.09 0.81 1.18 1.54
Diastolic run-off (I/min) 0.52 0.69 0.85
Diastolic regurgitation (I/min) 0.15 0.29 0.47
Sa0, (%) 74.7 80.4 83.9 65.4 73.5 77.8 71.5 79.3 83.4
SvO; (%) 53.9 59.5 62.8 44.8 52.8 56.9 50.8 58.5 62.5
Stressed blood volume (ml) 70.6 75.1 80.0 64.9 67.9 71.4 65.7 69.2 73.2
RVEDV (ml) 21.6 23.3 25.0 19.4 20.8 224 19.3 20.6 22.0
Stroke work (mmHg ml) 759 905 1,062 600 713 829 596 704 815
Systolic PVA (mmHg ml) 1,008 1,157 1,315 765 851 949 762 843 934
Mechanical efficiency (%) 75.3 78.2 80.8 78.4 83.8 87.4 78.3 83.5 87.2

SPS systemic to pulmonary artery shunt, RV-PA right ventricle to pulmonary artery shunt, RV right ventricle, PA pulmonary artery,
0, pulmonary blood flow, Q, systemic blood flow, SaO, arterial oxygen saturation, SvO, venous oxygen saturation, RVEDYV right ventricular

end-diastolic volume, PVA systolic pressure—volume area
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Fig. 2 Right ventricular pressure, systemic and pulmonary arterial
pressures, aortic flow and shunt flow computed from the mathematical
models of Norwood procedures with 3.5-mm systemic to pulmonary
artery shunt (SPS a, d), 6.0-mm non-valved right ventricle to

increased RVEDYV, but the magnitudes were smaller than
those of the SPS model, despite larger conduits being used
in these models. The smaller RVEDV contributed to
decreases in SW and PVA. The pressure—volume loops of
the 3.5-mm SPS, and the 5.0-mm valved and 6.0-mm non-
valved RV-PA shunt models are shown in Fig. 4. The SW
in the 5.0-mm valved and 6.0-mm non-valved RV-PA
shunts were —22.3 and —8.4%, respectively, smaller than
that in the 3.5-mm SPS. The PVA in the 5.0-mm valved
and 6.0-mm non-valved RV-PA shunts were —27.1 and
—18.0%, respectively, smaller than that in the 3.5-mm SPS.
Mechanical efficiency (SW/PVA) in the 5.0-mm valved
and 6.0-mm non-valved RV-PA shunt were 5.3 and 9.2%,
respectively, higher than that in the 3.5-mm SPS. Although
the use of non-valved conduit caused diastolic regurgita-
tion from PA to RV, there was no difference in mechanical
efficiency between the valved and non-valved RV-PA
shunts at the same shunt diameter. Furthermore, compared
to the SPS and the valved RV-PA shunt, the non-valved

pulmonary artery (RV-PA) shunt (b, e), and 5.0-mm valved RV-PA
shunt (c, f). Pry right ventricular pressure, SAP systemic arterial
pressure, PAP pulmonary arterial pressure, AF aortic flow, SF shunt
flow

RV-PA shunt delivered the highest mechanical efficiency
at any given Q,/Q; (Fig. 5).

Discussion

The Norwood procedure for stage I palliation of the HLHS
was first reported in 1983 [14]. In the conventional Nor-
wood procedure, pulmonary circulation was maintained by
a SPS, such as the modified Blalock-Taussig shunt. The
development of the RV-PA shunt in the last decade has
improved patient’s mortality and morbidity [15]. Since
Sano et al. [16] reported their experience with the non-
valved RV-PA shunt in 2003, this modification has been
widely used. However, it remains controversial whether the
RV-PA shunt truly improves the outcome of the Norwood
procedure.

The RV-PA shunt eliminates systemic to pulmonary
diastolic run-off that occurs when using the SPS, which
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Fig. 3 Hemodynamics
obtained from the 3.5-mm
systemic-to-pulmonary shunt
(SPS) model, and 6.0-mm non- RV
valved and 5.0-mm valved right
ventricle to pulmonary artery
(RV-PA) shunt models
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Fig. 4 Pressure-volume loops of simulated Norwood procedures.
Solid line 3.5-mm systemic to pulmonary artery shunt (SPS), dotted
line 6.0-mm non-valved right ventricle to pulmonary artery (RV-PA)
shunt, dot-dashed line 5.0-mm valved RV-PA shunt

causes a massive increase in ventricular preload. However,
diastolic regurgitation from PA to RV is a drawback of the
non-valved RV-PA shunt. Thus, some authors have
reported the advantages of a valved RV-PA shunt [3, 4,
17]. Use of a valved RV-PA shunt prevents diastolic
regurgitation from PA to RV, and should further decrease
ventricular preload. However, the present theoretical study
based on mathematical models revealed that the valved
RV-PA shunt mainly improves pulmonary blood supply
and the favorable effect on ventricular energetics is
equivalent to that of the non-valved RV-PA shunt.
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Fig. 5 The relation between Q,/Q, and mechanical efficiency. Solid
line systemic to pulmonary artery shunt (SPS), dotted line non-valved
right ventricle to pulmonary artery (RV-PA) shunt, dot-dashed line
valved RV-PA shunt

Influence on systemic circulation

In the SPS model, the use of a larger caliber shunt
increased systolic SAP and decreased diastolic SAP. In
both the valved and non-valved RV-PA shunt models,
however, systolic and diastolic SAP did not change with
the increase in shunt diameter. Diastolic SAP in both RV-
PA shunt models were at most 8 mmHg higher than that in
the SPS model. Some clinical reports have already dem-
onstrated lower diastolic SAP using the SPS [18, 19].
Lower diastolic SAP may decrease coronary perfusion
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pressure and result in coronary malperfusion. Therefore,
excessive decrease in diastolic SAP when using the SPS
may cause global myocardial ischemia and impair the
postoperative surgical outcome. On the other hand, higher
and stable diastolic SAP with both the valved and non-
valved RV-PA shunts is favorable for myocardial blood

supply.
Influence on pulmonary circulation

The O, was excessively high in the SPS model, but was
lower in both the valved and non-valved RV-PA shunt
models. The @, in the 3.5-mm SPS model was similar to
that in the 5.0-mm valved RV-PA shunt and higher than
that in the 6.0-mm non-valved RV-PA shunt model. The
RV-PA shunts contributed to avoiding pulmonary over-
circulation and maintaining appropriate pulmonary blood
supply in spite of the larger conduits.

In the present study, the valved RV-PA shunt eliminated
diastolic regurgitation from PA to RV, and improved pul-
monary blood supply compared to the non-valved RV-PA
shunt. At the same shunt diameter, O, was at most 42%
higher in the valved RV-PA shunt than in the non-valved
RV-PA shunt model. This resulted in higher oxygen satu-
ration in the valved RV-PA shunt. To obtain the same Q,, as
the valved RV-PA shunt, a non-valved RV-PA shunt may
require larger stressed blood volume and may cause the
increase in ventricular preload. Since some authors repor-
ted decreased SvO, as a predictor of morbidity after the
Norwood procedure [20, 21], the valved RV-PA shunt that
yields higher SvO, may be favorable for pulmonary
circulation.

Caspi et al. [22] suggested that the Norwood procedure
with RV-PA conduit may have favorable effects on the
development of the pulmonary artery, which may be
associated with the pulsatile pulmonary flow. The impor-
tance of pulsatility for the growth of pulmonary artery has
been reported [23, 24]. The smaller pulsatility of pulmon-
ary flow in the SPS as shown in Fig. 2d may impair the
development of the pulmonary artery.

Influence on RVEDV

The RVEDV was markedly reduced in both the non-valved
and valved RV-PA shunt models compared to the SPS
model. When using a SPS, systemic and pulmonary arteries
are directly connected. Therefore, a blood shift from sys-
temic to pulmonary circulation in the diastolic phase
(diastolic run-off) cannot be avoided, because pulmonary
vascular resistance is usually lower than systemic vascular
resistance. This should cause a decrease in systemic arterial
pressure and require a greater stressed blood volume to
maintain the mean SAP (Table 2), resulting in increased

RVEDYV and Q,. When the RV-PA shunts are used, since
systemic and pulmonary arteries originate separately from
the RV, diastolic run-off is avoided and RVEDV and Q,
are lower as a result. The lower RVEDV contributes to
improvement of ventricular energetics as described below.

Influence on ventricular energetics

Diastolic regurgitation from PA to RV occurs when a non-
valved RV-PA shunt is used. It is possible that the diastolic
regurgitation may increase ventricular preload and impair
ventricular energetics compared to the valved RV-PA
shunt. However, the present study demonstrated that use of
both the valved and non-valved RV-PA shunts eliminated
systemic to pulmonary diastolic run-off and improved
mechanical efficiency (SW/PVA) to the same extent.
Compared to the 3.5-mm SPS model, the lower RVEDV in
both the 5.0-mm valved and 6.0 mm non-valved RV-PA
shunt models contributed to decreasing PVA (—27.2 and
—18.0%, respectively) and increasing mechanical efficiency
(+5.3 and +9.2%, respectively). Therefore, the influence
of diastolic regurgitation associated with the non-valved
RV-PA shunt may be small from the viewpoint of ven-
tricular energetics. Because PVA correlates significantly
with myocardial oxygen consumption [24], decreased PVA
results in reduced myocardial oxygen demand. The present
results suggest that both RV-PA shunts reduce myocardial
oxygen demand.

This advantage of both RV-PA shunts in ventricular
energetics may be associated with the RV ejection pattern
through the RV-PA shunts. With the SPS, RV has to pump
the blood to a higher pressure system i.e., the systemic
circulation. This limits the duration of RV ejection and
requires higher RV systolic pressure. However, with both
the RV-PA shunts, the systemic and pulmonary arteries
originate separately from the RV. The RV ejects blood
steadily via the RV-PA shunt to the pulmonary circulation
that has a relatively low pressure (Fig. 2). This fact may
contribute to the decreased SW and PVA when using the
valved and non-valved RV-PA shunts.

Advantage of RV-PA shunt

The higher diastolic SAP obtained from using a RV-PA
shunt has been reported to improve coronary blood supply
[1]. However, under physiological conditions, coronary
blood flow depends on myocardial oxygen demand [25].
The greatest advantage of the RV-PA shunt is that this
procedure decreases myocardial oxygen demand through
decreasing PVA. The RV-PA shunt is able to maintain
systemic circulation at lower oxygen consumption com-
pared to the SPS, implying that the RV-PA shunt requires
less coronary blood flow than the SPS to maintain the same
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Table 3 The influence of ventriculotomy on ventricular energetics

Eesrv SW PVA Mechanical
(mmHg/ml) (mmHg ml) (mmHg ml) efficiency
(%)
3.5-mm 8.5 905 1,157 78.2
SPS
6.0-mm 7.5 827 977 84.7
non-valved
RV-PA
6.5 825 1,018 81.1
5.0-mm 7.5 702 875 80.3
valved
RV-PA
6.5 698 916 76.2

SPS systemic to pulmonary artery shunt, RV-PA right ventricle to
pulmonary artery shunt, E, gy end-systolic elastance of right ventricle,
SW stroke work, PVA systolic pressure—volume area

systemic circulation. This feature may contribute to the
improvement of coronary flow reserve. The RV-PA shunt
may have better tolerance to the postoperative myocardial
ischemia.

Limitations

The present study had some limitations. First, the potential
damage of right ventriculotomy was disregarded in the
present simulations. Ventricular incision is required to
place the valved or non-valved RV-PA shunt. Although
ventriculotomy may cause ventricular systolic dysfunction
or tricuspid regurgitation, Graham et al. [26] observed no
apparent deleterious effects of right ventriculotomy fol-
lowing the Norwood procedure using a RV-PA shunt.
Furthermore, our additional simulation suggested that the
RV-PA shunt still improved ventricular energetics in spite
of the potential damage of ventriculotomy, which
decreased the end-systolic elastance of RV (E.ry) from
8.5 to 7.5 mmHg/ml (Table 3). However, mechanical
efficiency in the 5.0-mm valved RV-PA shunt would be
lower than that in the 3.5-mm SPS when ventriculotomy
decreased E. gy to 6.5 mmHg/ml.

Second, systemic and pulmonary vascular resistance did
not change in the present simulations. Vascular resistance
was the same in all three shunt models. The differences in
pulsatility of the three procedures may affect vascular
resistance. A previous report indicated that a sudden
increase in systemic vascular resistance caused circulatory
collapse in Norwood patients [27]. Therefore, further
analyses on the influence of vascular resistance are
required.

Third, inertial effects in the shunt were disregarded in
the present study. If we considered flow in the shunt as
unsteady flow, inertial effects would have a great impact on

@ Springer

the pressure-drop across the shunt. [28] Then, the length of
shunt might become a strong determinant of pressure—flow
relationship.

Conclusions

The present theoretical analysis indicates that both the
valved and non-valved RV-PA shunts maintain adequate
pulmonary circulation; as a result, the RV delivers greater
SW for a lower PVA, i.e., lower myocardial oxygen con-
sumption. Although the valved RV-PA shunt improves
pulmonary blood supply and consequently increases QO
and oxygen saturation compared to the non-valved RV-PA
shunt, the favorable effects of the two RV-PA shunts on
ventricular energetics are equivalent. The non-valved RV-
PA shunt reduces PVA and improves mechanical efficiency
in spite of the presence of PA to RV regurgitation.
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