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1. Clinical Significance & Condition

Congenital heart defects argtructural abnormalities present at birth that disrupt normal blood flow through
the heart, affecting 8 of every 1,000 newborfi. There are at least 18 documented types of congenital heart
defects, including coarcataioof 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 congéali 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 ddulSingle ventricle defects cover a set

of cardiac abnormalities that re#t 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: hypoplkst heart syndrome, pulmonary atresia, tricuspid
atresia, and double inlet left ventricl@] [4]. Single ventricle heart patients are severely cyanotic at birth, and
these conditions are fatavith no interventions.

In order to provide adequate oxygenation, and separate the pulmonary and
systemic blood supplies, the blood returning to the heart ig®ally redirected

to the pulmonary arteries, bypassing the heart. This surgical course typicall
consists of three staged surgeries, a Blalock Taussig (BT) shunt and/or Norwo
procedure, a Glenn procedure, and finally a Fontan procedure (or total
cavgulmonary connection, TCPC).

The first stage is performed immediately aftbirth, and can vary among
patients depending on the defect and the pulmonary resistances. A systemic
pulmonary shunt (BT shunt, central shunt, or Sano shunt) is used to mai@?grgiéiyjfnrpriiif’;’mzrr‘fry shunt

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 graftRigurel) [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 fiélv In patients with aortic
atresia, a neemorta is also constructed during the first stage of surgery. Abou8(8% of hypoplastic left
ventricles have been found to be related to aortic atresia in several reJ@wBuring reonstruction of a nee

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 artfgied.

The second stage is typiyacompleted between the ages of@months[5]. The
Glenn procedure connects the superior vena cava to the right pulmonary artery in
order to improve oxygenation and decrease ventricle volume |dagute?2) [8]. If

the patient had previously gone through a stage one procedure, it is removed during
stage two [4]. Oxygen saturation in patients who have undergone the Glenn
;L?gﬁféii‘zgzrﬁfgf;:dugﬁ)w procedure typically is between 786%[4]. Another variation of the second stage is
with blue being deoxygenated the hemiFontan, where the pulmonary artery and superior vena cava are connected
blood, red being oxygenated w191 the right atrium and closed off to the rest of heart with a patch.

blood, and purple being a mix
of both.
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The third stage, a complete Fontan procedure, is typically completed between the ages y#ats[5]. This
final stage redirects the inferior vena cava to the pulmonary artery. In gwatibn 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 ttrough 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 thepulmonary artery with a synthetic tubghaped graft,
bypassing the heart altogetheFigure3) [4]. In both methods, a
small hole, or feastration, is often needed between the newly [T
formed channel and the atrium to reduce pressure in the Fontan S _
. . . Figure3 ¢ Complete Fontan Circulation: Laterial Tunnel
circuit [4] [5] A Complete Fontan procedure INCreases OXYQrontan (leff), Extracardiac Fontan (right). Arrows repres

saturation to virtually normal levefd]. Eg’l‘r’]g giyéx;*:e%“;oﬁng deoxygenatéblood and red

2. Clinical Data

Patent-specific volumetric imagdata was obtained to create physiological models and blood flow simulations.
Detailsof the imaging data used can be seefMablel. See Appendix 1 for details on image data orientation.

Tablel ¢ Patientspecific volumetre image data details(mm)

OSMSC Ilj Modality Voxel Spacing Voxel'Dimensions Physical Dimensions

| | | S R A S R A S
0063.X000| MR | 1.0000 | 0.5469 | 0.5469 | 120 | 512 | 512 | 120 | 280 | 280
0064 X000| MR | 1.5000 | 1.1719 | 1.1719| 64 | 256 | 256 | 96 | 300 | 300
0065X000| CT | 0.3691 | 0.3691 | 0.5000 | 512 | 512 | 296 | 189 | 189 | 148
0075X000| MR | 1.5000 | 0.6836 | 0.6836| 80 | 512 | 512 | 120 | 350 | 350
0076 X000 MR | 1.5000 | 0.6836 | 0.6836| 88 | 512 | 512 | 132 | 350 | 350

Available patiensspecific clinical data collectddr resting conditiongan be seen iifable2.

Table2 ¢ Available patientspecific clinical data

Aorta Aorta Aorta IVC LPA RPA SVvC
OSMSC ID| Age Gender| BSA | CI Psys Pdia Pavg Pavg Pavg Pavg Pavg

(mmHg) (mmHg) (mmHg)| (mmhg) (mmHg) (mmHg) (mmHQ)

0063 3 M 0.63 | 3.8 80 50 63 11 10 10 11
0064 6 F 0.71 | 2.7 95 63 78 9 6 6 9
0065 5 F 0.68 | 2.8 - - - 11 7 9 11
0075 17 F 155 | 23 102 67 78 18 17 17 18
0076 27 F 0.68 | 3.8 140 95 108 15 14 14 15
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3. Anatomic Model Description
Anatomic modet were created using customized SimVascular software (Simtk.org) and the eindatp

described irsection 2.SeeAppendix2 for a description ofnodeling methods.SeeTable3 for a visual summary
of the imagp data, paths, segmentations and solid modehstructed.

OSMSC ID

ID:
OSMSC0063
Age: 3
Gender: M

Table3 ¢ Visualsummary of imag data, paths, segmentations and solid model.

Image Data

ID:
OSMSC0064
Age: 6
Gender: F

ID:
OSMSC0065
Age: 5
Gender: F

ID:
OSMSC0075
Age: 17
Gender: F
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ID:
OSMSC0076
Age: 27
Gender: F

N/A N/A

Details of anatomic modslsuch has number of outlets and model voluroan be seen ifable4.

Table4 ¢ Anatomic Model details

OSMSC ID Inlets Outlets | Volume (cmi) | Surface Area (cf)  Vessel Paths 2-D Segmentations

0063_X000 2 20 17.3673 90.6586 22 125
0064_X000 2 20 21.2094 106.402 23 100
0065_X000 4 23 26.3423 141.003 25 154
0075_X00 2 26 68.5137 262.946 28 160
0076_X000 2 20 46.5195 188.944 N/A N/A

4. Physiological Model Description

In addition to the clinical data gathered for this model, several physiological assumptions were made in
preparation for running the simulationSeeAppendix Jor details.

5. Simulation Parameters & Details
5.1 Simulation P arameters

SeeAppendix 4 and the peaeviewed publication featurinthesemodek [9] for information on the physiolog
and simulation specificationSolver parameters can be seeriliable5

Table5 ¢ Solver Parameters

OSMSC ID\ Time Steps per Cycle Time Stepping Strategy

0063_2000 4275 Fixed step 4
0063 _3000 4433 Fixedstep- 4
0063_4000 5450 Fixed step 4
0064 _2000 4275 Fixed step 3
0064_3000 6650 Fixed step 3
0064 4000 5450 Fixed step 3
0065_2000 4275 Fixed step 3
0065_3000 4433 Fixed step 3
0065_4000 5450 Fixed step 3
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0075 _2000 4275 Fixed step 3
0075_3000 3325 Fixed step 3
0075_4000 5450 Fixed step 3
0076_2000 4275 Fixed step 4
0076_3000 4433 Fixed step 4
0076_4000 5450 Fixed step 4

5.2 Inlet Boundary C onditions

PCMRI data was used to generate a flow waveform to be appliedthe inlets of the computational fluid dynamics (CFD) model as the volumetric
inflow rate (Q).A two-part polynomial model was used to account for the effects of respiration on pressures/flow rates and superimposed on the IVC
PCMRI derived waveforrfiL0]. No significant resspiration effects are seen in the SVC, internal jugular vien (1JV) and broncheocephilic cien (BrS)
therefore the PCMRI derived waveform with no respiration model modification was ugE@l. These waveforms were then modified to represent light,
moderate and heavy exercise (sd@&ble6 for physiological state of each simulationgee
Figure4 for a plot of total inflow for each model SeeTable7 for the period and cardiac output for each

simulation.

Table6 ¢ Physiological Exercise State Simulated

OSMSCIID PhysiologicaExercise State]

0063_2000 Light
0063 3000 Moderate
0063_4000 Heavy
0064 2000 Light
0064 3000 Moderate
0064_4000 Heavy
0065_2000 Light
0065. 3000 Moderate
0065 4000 Heavy
0075_2000 Light
0075_3000 Moderate
0075_4000 Heavy
0076_2000 Light
0076_3000 Moderate
0076_4000 Heavy
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Table7 ¢ Inflow detailsfrom waveforms seen in

Figure4
OSMSC IC Period(seq | Mean Flow (L/Min) Profile Type
| | SVC IVC NY Total
0063 _2000 1.71 1.27 1.73 - 3.00 Parabolic
0063_3000 1.33 1.27 2.59 - 3.86 Parabolic
0063 _4000 1.09 1.90 3.42 - 5.32 Parabolic
0064 _2000 1.71 0.89 2.30 - 3.19 Parabolic
0064 _3000 1.33 0.89 341 - 4.30 Parabolic
0064 4000 1.09 1.34 4.53 - 5.87 Parabolic
0065_2000 1.71 0.49 2.20 0.09 0.28 3.05 Parabolic
0065_3000 1.33 0.49 3.26 0.09 0.28 4.11 Parabolic
0065_4000 1.09 0.73 0.14 0.41 4.35 5.63 Parabolic
0075 _2000 1.71 1.11 3.76 - 4.87 Parabolic
0075_3000 1.33 1.11 5.55 - 6.66 Parabolic
0075_4000 1.09 1.67 7.45 - 9.11 Parabolic
0076_2000 1.71 0.96 2.71 - 3.67 Parabolic
0076_3000 1.33 0.97 4.05 - 5.01 Parabolic
0076_4000 1.09 1.43 5.33 - 6.77 Parabolic
0063_2000 0063_3000
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Figure4 ¢ Inflow waveforms in L/min

5.3 Outlet Boundary Conditions

RCR boundary conditions were applied to each outlet. Initial LPA/RPA flow splits were prescribed at 45/55, with
a 20:40:40 split between the upper, middle, and lower lobes, respectively, for both the left and right pulmonary
artery. Resistances valuesmgalecreased by 5%, 10% and 15% from calculated rest values to simulate light,
moderate and heavy exercise, respectively. See Appendix 5 for more details on RCR calculations and Exhibit 1
for the values used in each simulation.

6. Simulation Results

Simulation results were quantifiedif the lastcardiac cycle Paraview (Kitware, Clifton Park, NY), an epen
source scientific visualization application, was usedisualizethe results A volume rendering ofelocity
magnitude for three time points during the cardiac cycde be seein Table9 for each model

Table8 ¢ Volumerenderingvelocity during max flowand min flow.

OSMSC ID Max Flow Min Flow
ID: " :
OSMSCO0063
sublD: 2000
Age: 3
Gender: M
ID:
OSMSC0063
sublD: 3000
Age: 3
Gender: M
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ID:
OSMSC0063
sublD: 4000

Age: 3
Gender: M

ID:
OSMSC0064
sublID: 2000

Age: 6
Gender: F

ID:
OSMSC0064
sublID: 3000

Age: 6
Gender: F

ID:
OSMSC0064
subID: 4000

Age: 6
Gender: F

ID:
OSMSC0065
sublD: 2000

Age: 5
Gender: F

ID:
OSMSC0065
sublD: 3000

Age: 5
Gender: F

ID:
OSMSC0065
sublID: 4000

Age: 5
Gender: F

L=
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ID:
OSMSCO0075
sublD:2000
Age: 17
Gender: F

]

_T. . —

o

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



ID:
OSMSCO0075
sublD: 3000

Age: 17
Gender: F

ID:
OSMSCO0075
sublD: 4000

Age: 17
Gender: F

ID:
OSMSC0076
sublID: 2000

Age: 27
Gender: F

ID:
OSMSCO0076
sublD: 3000

Age: 27
Gender: F

ID:
OSMSCO0076
sublD: 4000

Age: 27
Gender: F

Surface distribution ofiine-averagedlood pressurd TABP)time-averagedwall shear stress (TAWSS) and
oscillatory shear idex (OSI) were also visualized and can be se&abte9.
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Table9 ¢ Time averaged blood pressure (TABf)ye-average wall shear stress (TAWSS)d oscillatory shear index (OSl) surface distributions

OSMSC ID " Time Averaged Pressure

ID: OSMSC0063
subID: 2000
Age: 3
Gender: M

ID: OSMSC0063
subID: 3000
Age: 3
Gender: M

ID: OSMSC0063
subID: 4000
Age: 3
Gender: M
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ID: OSMSC0064
sublID: 2000
Age: 6
Gender: F

ID: OSMSC0064
subID: 3000
Age: 6
Gender: F

ID: OSMSC0064
sublID: 4000
Age: 6
Gender: F

ID: OSMSC0065
subiD: 2000
Age: 5
Gender: F

ID: OSMSC0065
subID: 3000
Age: 5
Gender: F
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