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1. Clinical Significance & Condition

Congenital heart defects are structural abnormalities present at birth that disrupt normal blood flow through
the heart, affecting 8 of every 1,000 newborns [1]. There are at least 18 documented types of congenital heart
defects, including coarcataion of the aorta, single ventricle defects, and complete atrioventricular canal defect
[2]. A large amount of anatomical variation is present within these individual congenital heart defect types.

In a study that examined congenital heart disease in the general population, the prevalence of single ventricle
defects was found to be 0.13 per 1000 children and 0.03 per 1000 adults [3]. Single ventricle defects cover a set
of cardiac abnormalities that result in one of the two ventricles being underdeveloped. With one ventricle being
of inadequate functionality or size, only one ventricle is available to pump the blood throughout the entire body.
Some examples of single ventricle defects include: hypoplastic left heart syndrome, pulmonary atresia, tricuspid
atresia, and double inlet left ventricle [2] [4]. Single ventricle heart patients are severely cyanotic at birth, and
these conditions are fatal with no interventions.

In order to provide adequate oxygenation, and separate the pulmonary and
systemic blood supplies, the blood returning to the heart is surgically redirected
to the pulmonary arteries, bypassing the heart. This surgical course typically
consists of three staged surgeries, a Blalock Taussig (BT) shunt and/or Norwood
procedure, a Glenn procedure, and finally a Fontan procedure (or total
cavopulmonary connection, TCPC).

The first stage is performed immediately after birth, and can vary among

patients depending on the defect and the pulmonary resistances. A systemic-
Figurel ¢Systemiepulmonary shunt

pulmonary shunt (BT shunt, central shunt, or Sano shunt) is used to maintain ) ;
for a single ventricle hart.

adequate ventricle volume load and providing sufficient pulmonary blood flow.

This is accomplished by connecting a systemic artery, such as the brachocephalic artery, to the pulmonary
arteries with a tube graft (Figure 1) [4] [5]. For situations where there is too much blood flow to the lungs, the
pulmonary artery can be narrowed with a synthetic band to restrict blood flow [4]. In patients with aortic
atresia, a neo-aorta is also constructed during the first stage of surgery. About 65-80% of hypoplastic left
ventricles have been found to be related to aortic atresia in several reviews [6].
During reconstruction of a neo-aorta, the distal stump of the pulmonary artery and
homograft tissue are used to direct flow through the ascending aorta to the carotid
and subclavian arteries [6, 7].

The second stage is typically completed between the ages of 2-6 months [5]. The
Glenn procedure connects the superior vena cava to the right pulmonary artery in
order to improve oxygenation and decrease ventricle volume load (Figure 2) [8]. If

the patient had previously gone through a stage one procedure, it is removed durin
Figure2 ¢Glenn procedure. P P Ve & & P &

Arrows represent blood flow,  stage two [4]. Oxygen saturation in patients who have undergone the Glenn
with blue being deoxygenated
blood, red being oxygenated
blood, and purple being a mix  the hemi-Fontan, where the pulmonary artery and superior vena cava are connected
of both.

procedure typically is between 75-85% [4]. Another variation of the second stage is

through the right atrium and closed off to the rest of heart with a patch.
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The third stage, a complete Fontan procedure, is typically completed between the ages of 1-5 years [5]. This
final stage redirects the inferior vena cava to the pulmonary artery. In combination with the previous stage,
deoxygenated blood bypasses the heart completely and is routed directly to the pulmonary artery so the single
ventricle is only pumping oxygenated blood throughout the body.
A complete Fontan procedure is typically done through a lateral
tunnel or extracardiac method. A lateral tunnel Fontan
incorporates the wall of the atrium with a baffle from the inferior
vena cava to the pulmonary artery. On the other hand, an
extracardiac Fontan connects the inferior vena cava to the
pulmonary artery with a synthetic tube-shaped graft, bypassing
the heart altogether (Figure 3) [4]. In both methods, a small
hole, or fenestration, is often needed between the newly formed Figure3 c Complee Fontan Circulation: Laterial Tunnel

channel and the atrium to reduce pressure in the Fontan circuit ~ontan (eff), Extracardiac Fontan (right). Arrows repres

blood flow, with blue being deoxygenated blood and red
[4] [5]. A complete Fontan procedure increases oxygen saturation being oxygenated blood.

to virtually normal levels [4].

2. Clinical Data

Patient-specific volumetric image data was obtained to create physiological models and blood flow simulations.
Details of the imaging data used can be seeniin Table 1. See Appendix 1 for details on image data orientation.

Tablel ¢ Patientspecific volumetric imge data details(mm)

OSMSC Q Modality Voxel Spacing Vfoxel Dimensions = Physical Dimensions

| R A, S R A S R A S
0096_0000 | MR | 1.1 | 0.5469 | 0.5469 | 80 | 512 | 512 | 8 | 280 | 280

0097_0000 MR 1.1 | 0.5859 | 0.5859 88 512 512 | 96.8 | 300 300
0098_0000 MR 1.0 | 0.5469 | 0.5469 80 512 512 80 280 280
0099_0000 MR 1.0 | 0.5469 | 0.5469 | 120 512 512 | 120 | 280 280
0100_0001 MR 1.2 | 0.5859 | 0.5859 88 512 512 | 105.5 | 300 300

Available patient-specific clinical data collected for resting conditions can be seen in Table 2.

Table2 ¢ Available patientspecific clinical data

OSMSC ID  Age Gender Cl SVC Pavg

(L/min/m?  (mmHg)

0096_0000 3 F 3.7 8
0097_0000 3.9 M 3.1 9
0098_0000 2.8 F 3 9
0099_0000 4.75 M 3.2 12
0100_0001 3 M 4.4 15
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Details for available PCMRI can be seen in Table 3.
Table3 ¢ Available PCMRI

OSMSCI Slice Location Number of Frames Voxel Spacingmm)

X Y
SVC 20 0.7813 0.7812
LPA 20 0.7812 0.7812
0096_0000 RPA 20 0.7812 0.7813
IVC 20 0.7812 0.7813
Aorta 20 0.7813 0.7813
SVC 20 0.9375 0.9375
SVC_lower 20 0.9375 0.9375
LPA 20 0.9375 0.9375
0097_0000 RPA 20 0.9375 0.9375
Aorta 20 0.9375 0.9375
IVC 20 0.9375 0.9375
Aorta 20 0.7813 0.7812
IvVC 20 0.7812 0.7812
0098_0000 LPA 20 0.7813 0.7812
RPA 20 0.7813 0.7813
SVC 20 0.7813 0.7813
IvVC 20 0.7031 0.7031
0099_0000 RPA 20 0.7031 0.7031
LPA 20 0.7031 0.7031
IvVC 20 0.9375 0.9375
LPA 20 0.9375 0.9375
0100_0001 RPA 20 0.9375 0.9375
SVC 20 0.9375 0.9375

3. Anatomic Model Description

Anatomic models were created using customized SimVascular software (Simtk.org) and the image data
described in Section 2. See Appendix 2 for a description of modeling methods. See Table 4 for a visual summary
of the image data, paths, segmentations and solid model constructed.

© 2013 Open Source Medical Software Corporation. All Rights Reserved. Page4



Table4 ¢ Visualsummary of imag data, paths, segmentations and solid model.

OSMSC ID Paths an_d
Segmentations

ID:
OSMSC0096
sublID: 0000

Age: 3
Gender: F

ID:
OSMSC0097
subID: 0000
Age: 3.9167

Gender: M

ID:
OSMSC0098
sublID: 0000
Age: 2.833
GenderF
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ID:
OSMSC0099
sublID: 0000

Age: 4.75
Gender: M

ID:
OSMS@100
subID: 00
Age:3
Gender: M

Details of anatomic models, such has number of outlets and model volume, can be seen in Table 5.

Table5 ¢ Anatomic Model details

OSMSCII# Inlets Outlets Volumecni) Surface Area (cR) Vessel Paths 2-D Segmentations

0096_0000 1 21 18.6967 86.7102 23 104
0097_0000 1 22 10.9205 75.6944 26 107
0098_0000 1 33 13.8144 94.6307 33 209
0099_0000 1 21 11.7712 81.3937 21 178
0100_0001 1 28 22.5878 103.495 28 140

4. Physiological Model Description

In addition to the clinical data gathered for this model, several physiological assumptions were made in
preparation for running the simulation. See Appendix 3 for details.

5. Simulation Parameters & Details
5.1 Simulation P arameters

Simulation results for 0100_0001 are currently unavailable. See Appendix 4 and the peer-reviewed publication
featuring these models [9] for information on the physiology and simulation specifications. Solver parameters
can be seen in Table 6.
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Table6 ¢ Solver Parameters

OSMSC Id Time Steps per Cycl Time Stepping Strategy

0096_0000 1000 Residual Control - Min: 2, Max: 8, Criteria: 0.01
0097_0000 1000 Residual Control - Min: 2, Max: 8, Criteria: 0.02
0098 0000 1000 Residual Control - Min: 2, Max: 8, Criteria: 0.03
0099_0000 1030 Residual Control - Min: 2, Max: 8, Criteria: 0.04

5.2 Inlet Boundary C onditions

PC-MRI data was used to generate a flow waveform to be applied to the inlets of the computational fluid
dynamics (CFD) model as the volumetric inflow rate. See Figure 4 for a plot of total inflow for each model. See
Table 7 for more inflow details.

Table7 ¢ Details forwaveforms seen irFigure4

OSMSCI Period (sec)| Mean.Flow (L/min)  Profile Type

0096_0000 0.5357 1.67 Womersley
0097_0000 0.7228 0.92 Womersley
0098_0000 0.5263 0.91 Womersley
0099_0000 0.6976 0.88 Womersley
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Figure4 ¢ Inflow waveforms in L/min
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5.3 Outlet Boundary Conditions

RCR boundary conditions were applied to each outlet using the flow splits from PCMRI seen in Table 8. See
Appendix 5 and the published peer-reviewed journal article [9] for more details on RCR calculations and Exhibit

1 for the values used in each simulation.

Table8 ¢ LPA and RPA Flow splits

OSMSC IE  LPA RPA

0096_0000 40% 60%
0097_0000 40% 60%
0098_0000 50% 50%
0099_0000 20% 80%
0100_0000 30% 70%

6. Simulation Results

Simulation results were quantified for the last cardiac cycle. Paraview (Kitware, Clifton Park, NY), an open-
source scientific visualization application, was used to visualize the results. A volume rendering of velocity
magnitude for three time points during the cardiac cycle can be seen in Table 10 for each model.

Table9 ¢ Volumerenderingvelocity duringmax flowand min flow.

1D Max Flow Min Flow

ID:
OSMSCO0096
sublID: 0000

Age: 3
Gender: F

ID:
OSMSC0097
sublID: 0000
Age: 3.9167

Gender: M

ID:
OSMSCO0098
subID: 0000

Age: 2.833
Gender: F
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ID: i
OSMSC0099 -
sublD: 0000 f

Age: 4.75 ) N
Gender: M _ N

ID:
OSMSCaoo
subID: 00
Age:3
Gender: M

Currently
Unavailable

Currently
Unavailable

Surface distribution of time-averaged blood pressure (TABP), time-averaged wall shear stress (TAWSS) and
oscillatory shear index (OSl) were also visualized and can be seen in Table 10.

Table10¢ Time averaged blood pressure (TABP), tianeerage wall shear stress (TAWSS)d oscillatory shear index (OSI) surface distributions

OSMSC ID

TAWSS

_Time AveragedPressurex

ID: OSMSC0096
sublID: 0000
Age: 3
Gender: F

ID: OSMSC0097
sublID: 0000
Age: 3.9167
Gender: M

ID: OSMSC0098
subiD: 0000
Age: 2.833

Gender: F

¥ H

ID: OSMSC0099
sublID: 0000
Age: 4.75
Gender: M

Xk

ID: OSMSCA00
sublD:000L
Age:3
Gender: M

Currently
Unavailable

Currently
Unavailable

Currently
Unavailable
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Exhibit 1: Simulation RCR Values

Tablel1l¢ RCR values for 0096_0000 in cgs units

ID ‘ Face Name Rp C Rd

2 RUL2U 1077.65 2.06E-05 6408.92
3 RUL2 718.54 6.54E-05 2505.22
4 RUL2P 866.82 3.19E-05 4799.07
5 RML 770.89 4.70E-05 3258.82
6 RUL 626.25 6.10E-05 2563.71
7 RULP 662.44 5.44E-05 3062.12
8 RLLR 388.16 1.64E-04 1084.82
9 RLLRP 660.42 5.46E-05 3040.88
10 RLLLR 425.06 8.95E-05 1804.86
11 RPA 291.96 1.45E-04 1375.67
12 LUUL 771.54 4.69E-05 3264.79
13 LMR 1013.39 2.06E-05 6361.85
14 LUL 878.27 3.22E-05 4971.54
15 LULP 806.11 3.74E-05 4452.30
16 LML 1590.75 1.77E-05 7736.36
17 LMML 888.47 2.98E-05 5080.26
18 LMMLU 1545.22 1.63E-05 8237.38
19 LLL 743.06 7.17E-05 2328.36
20 LLA 834.35 4.01E-05 3505.07
21 LLL2 558.85 7.83E-05 2057.99
22 LPA 523.99 1.13E-04 1483.37
Table12 ¢ RCR values for 0097_0000 in cgs units
| ID _ Face Name Rp C Rd
2 LNL 1 1852.56 9.39E-06 14741.28
3 LNL 2 1391.89 1.16E-05 11834.60
4 LNL_3 1919.39 1.02E-05 13282.55
5 LUL 1870.70 9.25E-06 14783.98
6 LUL_2 2301.65 6.81E-06 17415.06
7 LUL_3 4712.07 3.38E-06 33458.95
8 LULL 2150.79 8.01E-06 14366.31
9 LLL_2 1520.13 1.68E-05 7983.56
10 LML_2 1495.92 1.61E-05 8045.86
11 LML 1613.78 1.12E-05 11760.78
12 LSL 1792.84 8.11E-06 14569.13
13 LPA_2 1418.33 1.80E-05 7214.62
14 RSL 1754.58 1.19E-05 12033.59
15 RSL_2 693.33 3.16E-05 4678.45
16 RSL_3 1074.24 2.07E-05 6373.68
17 RUL 906.83 2.91E-05 5285.19
18 RUL_2 1820.76 1.63E-05 8385.27
19 RLL_2 1070.84 2.07E-05 6338.63
20 RPA_2 905.66 2.91E-05 5272.12
21 RLL 802.16 5.18E-05 3249.01
22 RML 790.58 3.99E-05 4082.74
23 RUL_2_3 1381.30 2.01E-05 6833.62
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ID FaceName Rp C Rd

Table13 ¢ RCR values for 0098_0000 in cgs units

2 Ipa2 857.30 | 3.93E-05 | 3602.39
3 1202 1615.83 | 1.12E-05 | 11786.25
4 1203 1044.73 | 2.04E-05 | 6464.02
5 1204 900.13 | 2.93E-05 | 5210.45
6 1205 1510.95 | 1.81E-05 | 7486.53
7 1206 2493.40 | 6.40E-06 | 19541.10
8 1207 2396.54 | 6.98E-06 | 16981.70
9 1208 1341.45 | 2.01E-05 | 6786.11
10 1209 743.32 | 4.27E-05 | 3597.69
11 1210 1659.05 | 1.71E-05 | 8089.75
12 1212 1610.89 | 1.22E-05 | 10258.76
13 1214 1835.22 | 9.08E-06 | 13812.07
14 1215 2371.17 | 6.65E-06 | 18186.94
15 1216 2585.74 | 5.05E-06 | 20589.47
16 1217 2588.95 | 5.04E-06 | 20625.74
17 rpa_bif 1404.63 | 1.99E-05 | 6895.02
18 rpa2 1460.17 | 1.73E-05 | 7835.52
19 r101 1335.02 | 2.02E-05 | 6692.42
20 r102 1512.80 | 1.83E-05 | 7413.14
21 r103 3485.76 | 3.93E-06 | 28800.12
22 r104 1386.04 | 1.16E-05 | 11752.13
23 r105 1511.51 | 1.42E-05 | 8781.23
24 r106 1518.74 | 1.68E-05 | 7970.19
25 r109 1152.76 | 2.20E-05 | 5974.04
26 r110 3510.83 | 4.66E-06 | 23770.97
27 r112 1546.32 | 1.23E-05 | 9922.97
28 r113 1128.47 | 1.99€-05 | 6720.07
29 r116 1432.34 | 2.02E-05 | 6829.78
30 r117 1785.19 | 1.36E-05 | 10132.47
31 rml120 1618.38 | 1.37E-05 | 9494.96
32 rmi121 919.77 | 2.86E-05 | 5429.73
33 rmli122 1601.13 | 1.71E-05 | 7770.57
34 rml1201 2380.94 | 6.63E-06 | 18295.56
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Table14 ¢ RCR values for 0099_0000 in cgs units

| ID Face Name . Rp C Rd
2 Left_PA_1_Final 1910.81 8.92E-06 15172.60
3 Left_PA_2_Final 3034.44 4.11E-06 27495.97
4 Left_PA_3_Final 1857.75 7.91E-06 15238.92
5 Left_PA_4_Final 3411.27 | 4.10E-06 27780.73
6 Left_PA_5_Final 270077 | 4.88E-06 21891.67
7 Left_PA_6_Final 2665.79 4.43E-06 24842.86
8 Left_PA_7 Final 4256.68 3.15E-06 33848.07
9 Left_PA_8_Final 3399.73 4.65E-06 23934.46
10 Left_PA_9_Final 4644.42 3.24E-06 34375.17
11 LPA_main_Final 1745.67 7.66E-06 16384.49
12 Right PA_1 Final 694.08 7.77€-05 2127.43
13 Right_PA_2_Final 660.75 5.46E-05 3044.37
14 Right_PA_3_Final 766.97 3.17E-05 4406.97
15 Right PA_4 Final 906.72 2.91E-05 5283.94
16 Right_PA_5_Final 868.71 3.53E.05 4704.88
17 Right_PA_6_Final 1170.91 2.18E-05 6044.93
18 Right_PA_7_Final 1143.72 |  2.22E-05 5889.49
19 Right_PA_8_Final 828.76 3.60E-05 4617.71
20 Right_PA_10_Final 877.93 3.22E-05 4967.59
21 Right_PA_11_Final 925.29 2.84E-05 5491.54
22 RPA_main_Final 1341.59 2.01E-05 6787.42
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Appendix

1. Image Data Orientation
The RAS coordinate system was assumed for the image data orientation. Voxel Spacing, voxel dimensions, and
physical dimensions are provided in the Right-Left (R), Anterior-Posterior (A), and Superior-Inferior (S) direction
in all specification documents unless otherwise specified.

2. Model Construction
All anatomic models were constructed in RAS Space. The models are generated by selecting centerline paths
along the vessels, creating 2D segmentations along each of these paths, and then lofting the segmentations
together to create a solid model. A separate solid model was created for each vessel and Boolean addition was
used to generate a single model representing the complete anatomic model. The vessel junctions were then
blended to create a smoothed model.

3. Physiological Assumptions
Newtonian fluid behavior is assumed with standard physiological properties. Blood viscosity and density are
given below in units used to input directly into the solver.

Blood Viscosity0.04 g/cmes’
Blood Density 1.06 g/cm®

4. Simulation Parameters
Conservation of mass and Navier-Stokes equations were solved using 3D finite element methods assuming rigid
and non-slip walls. All simulations were ran in cgs units and ran for several cardiac cycles to allow the flow rate
and pressure fields to stabilize.

5. Outlet Boundary Conditions

5.1 Resistance Methods
Resistances values can be applied to the outlets to direct flow and pressure gradients. Total
resistance for the model is calculated using relationships of the flow and pressure of the model.
Total resistance is than distributed amongst the outlets using an inverse relationship of outlet area
and the assumption that the outlets act in parallel.

5.2 Windkessel Model
In order to represent the effects of vessels distal to
the CFD model, a three-element Windkessel model
can be applied at each outlet. This model consists of
proximal resistance (R,), capacitance (C), and distal

resistance (Ry) representing the resistance of the
proximal vessels, the capacitance of the proximal
vessels, and the resistance of the distal vessels Figure5 - Windkessel model

downstream of each outlet, respectively (Figure 1).
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First, total arterial capacitance (TAC) was calculated using inflow and blood pressure. The TAC was
then distributed among the outlets based on the blood flow distributions. Next, total resistance (Ry)
was calculated for each outlet using mean blood pressure and PC-MRI or calculated target flow
(Re=Prmean/ Quesired)- Given that Ri=R,+Rg, total resistance was distributed between R, and R4 adjusting
the R, to R; ratio for each outlet.
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