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Abbreviation
TCPC	� Total cavopulmonary connection
RPA	� Right pulmonary artery
LPA	� Left pulmonary artery
IVC	� Inferior vena cava
SVC	� Superior vena cava
PA	� Pulmonary artery
PI	� Pulsatility index
PF	� Pulsatile flow
MRI	� Magnetic resonance imaging
FSI	� Fluid structure interaction

1  Introduction

Based on the report of National Birth Defect Prevention 
Network in USA, 2.3 per 10,000 babies born with anatomi-
cal malformations such as heart valves atresia, stenosis, 
under development right ventricle or hypoplastic left ven-
tricle [16]. These children mainly born cyanosed because 
their oxygenated (red) and deoxygenated (blue) blood are 
mixed together. Desaturated and sometimes inadequate 
systemic blood flow is the main consequence of this mal-
formation which without any treatment increases the risk 
of mortality. Some single-ventricle defects can be treated 
using three-stage palliative operations from the first few 
days to the next few years of patient’s life. The first stage 
of the surgery is called Norwood Procedure, which is per-
formed just a few days after the child’s birth. The objective 
of the first stage is providing unobstructed blood flow from 
single ventricle to the systemic circulation. In this stage, 
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the blood flow for pulmonary arteries (PA) is supplied by 
placing a modified Blalock-Taussig shunt between repaired 
aorta and pulmonary arteries. After 6  months, when the 
patient becomes progressively more cyanotic, bidirectional 
Glenn operation is performed. This operation also reduces 
the single ventricle’s workload by directly connecting 
the superior vena cava (SVC) to the pulmonary artery. In 
other words, using this connection half of the deoxygen-
ated blood is directed to the lungs without passing through 
the single ventricle. The final operation is performed when 
the patient’s lungs are matured. In this operation, inferior 
vena cava (IVC) is disconnected from the heart and instead 
redirected to the pulmonary arteries. This setup practically 
directs blood flow from SVC and IVC to directly enter pul-
monary arteries without passing through the heart [5].

Most institutions have claimed that 95  % of patients 
after surgical intervention would probably have their nor-
mal life; however, they are susceptible to numerous long-
term complications [2].

Numerical and clinical studies have demonstrated that 
the structure of TCPC has crucial role in energy loss and 
consequently in health of patients after surgery. Research-
ers have proved that high energy loss in TCPC has harmful 
effects on respiratory system. In addition, abnormal shear 
stress on the vessels contributes in thrombus formation, 
which cannot be neglected [2]. Some clinical studies such 
as Krishnakutty et  al. [10], Fogel et  al. [4] and Hjortdal 
et  al. [8] investigated the difference of hemodynamics of 
blood flow in different TCPC anatomies.

In recent decades, the developments in computational 
fluid dynamics (CFD) tools have been provided benefi-
cial means to simulate cardiovascular systems. Numerical 
researches [3, 11–13] have demonstrated that geometrical 
characteristics of TCPC are greatly effective in determining 
the efficacy of the operation. For instance, not only does 
an anatomy with high pressure drop causes lower oxygen 
saturation, especially under exercise condition, but also 
can lead to higher risk of thrombus formation and even-
tually postoperative mortality. Because of this significant 
importance of geometry optimization, Pekkan et  al. [17] 
have introduced a new tool which can optimize the geom-
etry more efficiently, compared to existing traditional CAD 
systems. They have shown that utilization of free-form 
haptic anatomy editing tool (SURGEM) eliminates the 
time-consuming phase of making a desired geometry using 
computer-aided design systems. Thus, patient-specific 
simulation before the surgical procedure can be extremely 
valuable in choosing an optimized TCPC geometry.

Investigation on T-shaped geometry demonstrated that 
the collision of IVC and SVC flows is the most important 
reason for high energy loss occurring in the TCPC. Mars-
den et al. [13, 23] proposed that pressure drop and energy 
loss decreases significantly by utilization of a Y-shaped 

graft. In this procedure, IVC flow is directed to pulmonary 
arteries by placing a Y-shaped graft.

Another postoperative complication that these patients 
are facing is non-pulsatile blood flow in pulmonary arter-
ies, which no practical solution has been found yet. 
Throckmorton et  al. [20] utilized a pump to facilitate the 
blood flow in circulatory system; however, it is not an inter-
esting solution due to the utilization of an external device 
in the body. Recently, several studies are advocated to the 
potential benefits of leaving pulsatile sources of antegrade 
pulmonary blood flow after bidirectional cavopulmo-
nary anastomosis (BCPA) procedure [1, 7, 24]. Wal et  al. 
[21] represented that by adding accessory pulsatile flow, 
the mean pulmonary artery pressure and oxygen satura-
tion increase significantly and no pulmonary hypertension 
develops. They showed that long-term survival following 
Fontan with accessory pulsatile flow is significantly higher 
than the conventional Fontan and associates with better 
pulmonary artery growth. The idea of directing a pulsatile 
flow through stenosed PA with specific anatomy has been 
numerically tested by Ghoreyshi et al. [6] and Rajabzadeh 
et al. [18]. They demonstrated that this new idea increases 
the pulsatility of the pulmonary blood flow significantly; 
however, it increases the energy loss in TCPC. In order to 
reduce the energy loss that imposed by adding the pulsa-
tile flow, Rajabzadeh Oghaz et  al. [14] proposed a novel 
idea in which an elastic membrane is placed at the main 
pulmonary artery. This membrane fluctuates because of 
high gradient pressure that is imposed from univentricular 
heart. They proposed that the membrane can be constructed 
by sewing the leaflets of repaired pulmonary valve (three 
cups) together.

In current study, the new idea of adding pulsatile flow is 
taken to test using both T-shaped and Y-shaped geometry. 
Because of importance of vessel-wall compliance on the 
numerical results [15], this study is conducted using FSI 
(Fluid Structure Interaction) approach. Similar to previous 
researches [6], flow pulsatility along with energy loss are 
determined through the simulations.

2 � Materials and Methods

2.1 � Geometric morphology and material

The geometry of T-shaped model is constructed by MRI 
images, taken from a 9-year-old girl’s thorax after a suc-
cessful extra-cardiac Fontan surgery. It should be men-
tioned that approval of institutional committee of eth-
ics on research is obtained. T-shaped configuration of 
TCPC is obtained by image processing of sequential MRI 
images with 6  mm thickness, shown in Fig.  1. In this 
figure, the process of image segmentation and geometry 
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reconstruction is illustrated. In addition, inlets and out-
lets are virtually extended to provide the fully developed 
condition for inlet blood flow. In this study, the extra 
pulsatile flow is added to the TCPC by virtually connect-
ing the stenosed main pulmonary artery (PA) to the main 
TCPC geometry. The diameter and angle of the PA are 
defined, through the usage of anatomical data along with 
the information presented by [6]. After construction of 
the MRI-based T-shaped geometry, the computer-gener-
ated Y-shaped geometry is constructed with anatomical 
and physiological considerations, Fig.  1. As mentioned 
before, the T-shaped geometry is obtained from a real 

TCPC, while Y-shaped construction is done by constrict-
ing main IVC (as Left Arm of Y-graft) and also add-
ing a deviational direction to the RPA (as Right Arm of 
Y-graft).

In order to consider the effect of vessels compliance, 
FSI-simulation is  conducted using ADINA-FSI software. 
The solid geometry of T-shaped and Y-shaped models can 
be seen in Fig. 2. Mesh independency of the study has been 
investigated by increasing the number of elements and 
comparing the outlet velocity flux of LPA. Approximately 
300,000 tetrahedral elements for fluid model and 200,000 
shell elements for solid model are used, with consideration 

Fig. 1   Sequence process of construction of T-shaped and Y-shaped geometries, a coronal plane, b axial plane, c sagittal plane, d 3D reconstruc-
tion part, e T-shaped geometry, f Y-shaped geometry

Fig. 2   Structure model, as vessel’s wall, with specific description of different vessels, a T-shaped geometry, b Y-shaped geometry
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of computational cost and precision of the simulation. The 
blood is considered as Newtonian fluid with a density of 
1060  kg/m3 and viscosity of 0.0035  Pa.s. The governing 
equation of FSI boundary condition is explained in the fol-
lowing section.

Veins and arteries have different mechanical properties. 
Experimental investigation of Hunter et  al. [9] shows that 
3.2  mm and 200  kPa are good assumptions for thickness 
and stiffness of pulmonary arteries, respectively. Similarly, 
Silver et  al. [19] showed that material properties for vena 
cava can be considered as 1.2 mm for thickness and 978 kPa 
for stiffness. It is easy to deduce that arteries are more elas-
tic compared to the veins; however, arteries are thicker than 
veins. Due to these characteristics, our primitive simulations 
showed that both vena cava and pulmonary arteries approxi-
mately have equal deformation. In other word, less stiffness 
of arteries than vena cava will be amended by its thicker 
wall. This outcome led us to consider mean mechanical 
properties for both vena cava and pulmonary arteries, and 
subsequently, it reduces the complexity of the numerical 
modeling. The mean thickness and stiffness of solid part are 
chosen to be 2.2 mm and 590 kPa, respectively.

2.2 � Flow simulation and boundary conditions

2.2.1 � The inlet and outlet boundary conditions

The inflow boundary condition for IVC and SVC is derived 
from echocardiography data of the patient. Figure 3 shows 
the inlet flux for both IVC and SVC during inspiration 
period of the cardiac cycle. As mentioned before, the fully 
developed flow condition is set up for both IVC and SVC 
by extending the entrance length.

The pulsatile flow (PF) from the heart is added to the 
TCPC flow through stenosed pulmonary artery. In this 
study, five distinct fluxes varying from 2 to 10 % of sys-
temic flow rate are considered as PA boundary conditions. 
The inlet flux of PA in all five models is depicted in Fig. 4.

In the present work, constant pressure outlet is consid-
ered for both LPA and RPA. According to clinical inves-
tigations, the flow distribution of IVC and SVC between 
LPA and RPA has crucial impact on patient’s health and 
has been always an important issue in Fontan surgeries [2]. 
Since the current study is focused on oscillation of TCPC 
flow, the outlet pressures are considered such that the blood 
flow distributes in pulmonary arteries as reported by White-
head et al. [22]. They expressed that the average LPA flow 
portion is about 45 % of total of pulmonary blood flow, and 
this is due to the smaller size of the left lung in compari-
son with the right one. Our primitive results showed that 
this flow distribution would be established by setting RPA/
LPA pressures at 2300/2000 kPa in T-shaped geometry and 
2500/2200 kPa in Y-shaped geometry.

2.2.2 � FSI boundary condition

The FSI boundary is considered for fluid–solid interfaces, 
where it defines the fluid load on the structure as well as the 
effects of the structural displacements on the fluid veloc-
ity field. Equations (1) and (2) represent the Navier–Stokes 
and Continuity equations for fluid region, respectively.

Fig. 3   The inlet flux for IVC and SVC for acardiac cycle

Fig. 4   The inlet flux of PA for a cardiac cycle for models 1–5
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In these equations, ρfis the density of the fluid, �uf  is the 
fluid velocity, p is the pressure, and μ defines the fluid vis-
cosity. Furthermore, the governing equation of solid region 
is defined by Eq. (3),

where ρs is the density of solid,
−→
X s is the displacement of 

solid elements, and σs is denotation of Cauchy stress.
Fluid and solid domains at the interface are linked to 

each other by FSI boundary conditions, which are rep-
resented by Eqs.  (4) and (5), and kinematic and dynamic 
boundary conditions.

where �n f  and �n s are the normal vectors of fluid and solid 
surface at the interface boundary.

2.3 � Determination of performance parameter

The main purpose of this study is to investigate the effect 
of adding pulsatile flow on pulsatility of blood flow in pul-
monary arteries. In this purpose, pulsatility index (PI) is 
defined as a parameter for measuring the intensity of flow 
pulsation.

In this equation, QMAX and QMIN are maximum and min-
imum fluxes of passing flow through pulmonary arteries. 
Furthermore, QMEAN is the average of blood flow through-
out the cardiac cycle.

As mentioned before, TCPC leads both IVC and SVC 
flows to the pulmonary arteries without passing through the 
ventricle. Therefore, the blood pressure reduces in pulmo-
nary arteries, which is not suitable for patient’s respiratory 
system. For this reason, we also computed the energy loss 
which is another parameter for comparison between differ-
ent geometries. Total energy in each surface can be calcu-
lated by Eq. (7).

(1)ρf

(

∂�uf

∂t
+ �uf .∇�uf

)

+∇p = µ∇2�uf

(2)∇.�uf = 0

(3)ρs
∂2 �Xs

∂t2
= ∇.σs

(4)
∂ �Xs
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= �uf (t)

(5)�nf .σf = �ns .σs

(6)PI =
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QMEAN

(7)Ėi =

∫
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This equation expresses the total energy of fluid in each 
cross section along the blood flow. The first term in paren-
thesis shows the potential energy per unit mass of fluid ( p

ρf
) 

and the second term is the kinetic energy per unit mass 
( 1
2
�u2f ) . Since the blood velocity and pressure change across 

the computational domain, the integration calculates the total 
energy of fluid in each cross section. Consequently, the rate 
of total energy loss in the flow field is derived as follows,

3 � Results

3.1 � Pulsatility index (PI) and flow patterns

In this study, blood flow is simulated in two different types 
of TCPC geometry (MRI-based T-shaped and computer-
generated Y-shaped), in which PA is added virtually. Each 
geometry experiences 5 distinct models in which the aver-
age PF increases gradually from 2 to 10 % of systemic flow 
by the amount of 2 % in each step (Fig. 4). The term ‘with-
out PA’ means the original model where no extra pulsatile 
flow exists.

Figures 5 and 6 demonstrate the outflow flux of LPA and 
RPA, respectively. For better comparison between T-shaped 
and Y-shaped geometry, their results are superimposed. The 
velocity vectors for both geometries are depicted in Fig. 7. 
Since pulsatile blood flow increases in different models, 
three models are depicted in this figure. Models 3 and 
5, which contain 6 and 10  % of systemic flow, are com-
pared with the without PA model. The velocity vectors are 
depicted at a specific time (0.15 s) when the pulsatile blood 
flow reaches to the maximum intensity.

Figure  8 demonstrates the impact of increasing PF on 
PI value. The results show that by increasing the pulsatile 
flow, PI value changes in both geometries.

We have plotted wall displacement results in Fig. 9. The 
maximum displacement occurs in the IVC. This is because 
of jetting flow from PA which prevents the IVC flow. This 
results in increasing fluid pressure in IVC and consequently 
increasing wall displacement. As shown by increasing PF 
from a to c, the maximum wall displacement has been 
increased. This could be simply explained by increasing the 
IVC pressure by increasing the PF.
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3.1.1 � Left pulmonary artery

According to Fig.  5, as expected, T-shaped geometry has 
more LPA flow compared to Y-shaped one in all cases. This 
phenomenon happens due to the utilization of a Y-shaped 
graft for leading IVC flow toward RPA in Y-shaped geom-
etry. Similarly, comparison between the main model (with-
out PA) and the other 5 models (with PA) demonstrates that 
the LPA flow is affected by PF, in both geometries. In other 
word, collision of PF and LPA flow at the entrance of LPA 
causes deviation of IVC flow toward the RPA. This phe-
nomenon can be seen in Fig. 7.

Figure 8 states that low inflow of PA in case 1 not only 
has a small effect on pulsatility of LPA flow, but also is a 
reason of decreasing the PI value. However, the presence of 

PA in models 2–5 causes significant changes in PI value as 
it increases about 100 % in model 5. Comparison between 
two geometries in Fig. 8 shows that generally adding PF is 
more effective on T-shaped geometry compare to Y-shaped 
one. The effectiveness of T-shaped geometry is more pro-
nounced in models 2 and 3 as the rise in PI value for the 
T-shaped is approximately 15  % more than the Y-shaped 
geometry.

3.1.2 � Right pulmonary artery

According to Fig. 6, it can be seen that pulsatility of RPA 
flow in both geometries is naturally far more than LPA. 
This statement is also confirmed by comparing PI val-
ues presented in Fig. 8. Comparison of flow rates in RPA 

Fig. 5   Blood flow rate in LPA for both T-shaped and Y-shaped
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between the two types of geometries shows that approxi-
mately both have identical PI value. As it can be seen from 
Fig.  8, the PI value in the RPA increases proportional to 
the extra flow added by PA. In contrast to LPA where the 
PI value changes in higher PA inflow rates, the PI value in 
RPA principally increases by 7  % just by adding 2  % of 
cardiac output to the TCPC. In addition, Fig.  8 expresses 
that in cases 2–5 the pulsatility index increases linearly to 
64 % in comparison to the without PA model.

3.2 � Energy loss in TCPC

Figure  10 is depicted in order to compare energy loss 
between the two geometries. For better perception, the cal-
culated parameter in this figure is the percentage of energy 

loss which is imposed by adding PF. We called it percent-
age of energy loss and defined it by following formula,

where Ėmodel i is the energy loss in the model i and 
Ėwithout PA is the energy loss in the without PA model.

Collision of IVC and SVC flows, especially in T-shaped 
geometry, is the most important factor in energy loss. 
Entrance of pulsatile flow from cardiac and collision of 
this flow with LPA blood flow reinforces the energy loss. 
Likewise, higher pulsatile flow from cardiac increases the 
energy loss in TCPC. Comparison between geometries 

(9)

Percentage of Energy Loss in model i

=
Ė mod el i − Ėwithout PA

Ėwithout PA

× 100%

Fig. 6   Blood flow rate in RPA for both T-shaped and Y-shaped
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shows that utilization of Y-shaped geometry and conse-
quently better combination of IVC and SVC flow reduces 
the energy loss significantly. For example, energy loss 
of Model 5 compared to without PA model in T-shaped 
geometry is 54  %, while it is about 27  % in Y-shaped 
geometry.

4 � Discussion

In this study, the impact of new approach to increase the 
pulsatility of blood flow in pulmonary arteries of a patient-
specific TCPC is investigated. This approach expresses that 
an extra flow from the single ventricle can be added to the 
TCPC in order to increase the pulsatile index of the TCPC 
flow. According to this approach, this extra fluid will be 
directed to the TCPC through the stenosed main pulmonary 

Fig. 7   Velocity vector Plot for T-shaped and Y-shaped geometry at T = 0.15 s. Increasing the intensity of pulsatile blood flow and its impact on 
deviation of LPA blood flow (For better observation, vectors with magnitudes lower than 0.14 m/s are removed)

Fig. 8   The PI Value of different models for both T-shaped and 
Y-shaped geometries
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artery. In this study, T-shaped and Y-shaped geometries 
are also compared together. The results show that adding 
an extra pulsatile blood flow from cardiac increases the 
PI value significantly in both geometry, but comparison 
between the two geometries shows no significant difference 
in PI value. On the other hand, addition of extra pulsatile 
flow imposes extra energy loss to the system, which makes 

serious postoperative complications for the patient. The 
results show that using Y-shaped geometry decreases this 
energy loss, significantly.

Besides, the comparison between the models without 
PA, for both T-shaped and Y-shaped geometries, with the 
results reported by Marsden et al. [13], shows that the gen-
eral flow pattern of blood flow and average velocity mag-
nitude in fluid domain in our study is in agreement with 
Marsden results.

4.1 � Left pulmonary artery

Starting systolic phase of cardiac cycle and consequently 
addition of PF causes deviation of IVC toward RPA. This 
is due to collision of PF with LPA flow at the entrance of 
LPA. As seen in Fig.  7, this collision generates vortices 
which act as an obstacle for IVC flow to enter to the LPA. 
The velocity vectors of TCPC show how much effective is 
the PF on the skewness of streamlines. The more the PF is, 
the more the skewness of streamlines is resulted. By addi-
tion of PF, a portion of IVC flow deviates from entering to 
the LPA; however, this portion is partially substituted by 
the PF from cardiac.

Diastolic phase of cardiac cycle results in cutting off the 
PF; however, the IVC flow cannot enter to the LPA simulta-
neously. This is due to the laxation time, which is required 

Fig. 9   Displacement magnitude contours at t = 0.15 s; a Y-shaped model without PF, b Y-shaped model 3, c Y-shaped model 5

Fig. 10   Percentage of energy loss by increasing extra pulsatile flow
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for settling down the formed vortices and inertia of the 
skewed flow. According to Fig.  5, this relaxation time is 
about 0.1 s.

4.2 � Right pulmonary artery

As mentioned before, adding PF to the TCPC causes 
more deviation of IVC flow to the RPA in both geom-
etries. Furthermore, utilization of Y-graft also increases 
the RPA flow rate. According to the incompressibility 
of fluid and mass conservation law, the reduced flow of 
LPA should be added to the RPA; however, Fig. 6 dem-
onstrates that the velocity profile of RPA does not change 
significantly. In other words, in comparison with LPA, 
extra flow added to the RPA is not remarked in RPA 
velocity profile. This is because of larger area of RPA 
surface in comparison with LPA. Due to this reason, uti-
lization of Y-shaped graft does not have any significant 
effect on RPA velocity profile.

4.3 � Imposed energy loss

Single-ventricle patients have chance of survival by under-
going sequences of surgeries. These surgeries are finalized 
by Fontan operation in which combination of poor-oxy-
genated and rich-oxygenated blood is prevented by direct 
connection of the IVC and SVC to the pulmonary arteries. 
Consequently, poor-oxygenated and low pulsatile blood is 
directed to the pulmonary arteries without being pumped by 
the heart. Hence, the pressure drop and energy loss in TCPC 
are a crucial issue that have high influence on the health of 
respiratory system of the patients. In this study, the impact 
of directing a pulsatile flow through PA in both T-shaped 
and Y-shaped geometries is investigated. The results show 
that, although adding PF significantly increases the PI 
value, this approach increases energy loss which cannot be 
ignored. On the other hand, the results show that utilization 
of Y-shaped geometry reduces the energy loss by preventing 
of collision of IVC and SVC flows.

4.4 � Limitations

However; the focus of this study is on hemodynamic inves-
tigation of blood flow, the effect of PF flow on vessel wall 
cannot be ignored. For example, the jet flow of PF to the 
LPA wall, as can be seen in Fig. 7, can damage endothe-
lial cells of the LPA and trigger formation of aneurysms on 
the vessel’s wall. Besides, measurement of blood flow in 
pulmonary arteries using Doppler echocardiography or PC-
MRI can be used as trustworthy validation tool which will 
increase the reliability of the simulation. Unfortunately, 
such information was not available in our study.

5 � Conclusion

In this study, the hemodynamic of blood flow in a patient-
specific TCPC has been investigated using a new proposed 
approach for increasing the pulsatility of blood flow in pul-
monary arteries. In this approach, a pulsatile flow is taken 
from the cardiac of the patient and added to the TCPC 
through stenosed PA. This new approach has been tested 
numerically on two different types of TCPC, T-shaped and 
Y-shaped. To provide more realistic results, the compliance 
of vessels has been considered using FSI approach. The 
results demonstrated that PI value increases significantly 
by adding pulsatile flow to TCPC in both geometries, but 
approximately identical in both T-shaped and Y-shaped 
geometries. Moreover, it has been found that although this 
approach increases the pulsatility of blood flow in TCPC, 
it also imposes significant energy loss. The most impor-
tant outcome of the present study is significant reduction 
of energy loss using Y-shaped geometry. Consequently, 
according to this study, Y-shaped geometry can be a benefi-
cial replacement for T-shaped one and would have signifi-
cant improvement on patient’s health as well. We believe 
more comprehensive study is necessary to make a solid 
conclusion about this new procedure; however, this study 
provides a new inside for solving an old problem.
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