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1. Clinical Significance & Condition 
Coronary heart disease (CHD), also known as coronary artery disease is the leading cause of death in the U.S., 
causing about 25% of total deaths in the U.S [1, 2]. Coronary artery stenosis and occlusion is caused by plague 
build up, often fatty materials resulting in atherosclerosis, in the arteries supplying blood to heart muscle 
resulting in ischemia.  Coronary artery bypass grafts are used to reroute blood to the heart when coronaries 
have significant narrowing. 

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 seen in Table 1.  See Appendix 1 for details on image data orientation. 

 
Table 1 – Patient-specific volumetric image data details (mm). Voxel Spacing, voxel dimensions, and physical dimensions are provided in the Right-Left 

(R), Anterior-Posterior (A), and Superior-Inferior (S) direction. 

OSMSC ID Modality Voxel Spacing Voxel Dimensions Physical Dimensions 

    R A S R A S R A S 
0113_0003 CT 0.3906 0.3906 0.625 512 512 392 200.00 200.00 245.00 

0115_0005 CT 0.4883 0.4883 0.625 512 512 448 250.00 250.00 280.00 

0188_0000 CT 0.3138 0.3138 0.625 512 512 394 160.64 160.64 246.25 

0189_0000 CT 0.4883 0.4883 0.625 512 512 336 250.00 250.00 210.00 

 

Patient specific clinical data available can be found in Table 2. 

Table 2 – Available patient-specific clinical data 

OSMSC ID 
Age 

(Yrs.) Gender Heart Rate Stroke Volume (ml) 
0113_0003 65 M - - 

0115_0005 60 M - - 

0188_0000 50 F 62 61 

0189_0000 72 F 46 80 

3. Anatomic Model Description 

Anatomic models were created using customized SimVascular software (Simtk.org) and the image data 

described in Section 2. The models include the ascending aorta and coronary arteries of interest and may extend 

to the location to the descending aorta just above the celiac trunk. See  
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Table 3 for a visual summary of the image data, paths, segmentations and solid model constructed. 
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Table 3 – Visual summary of image data, paths, segmentations and solid model. 

OSMSC ID Image Data Paths 
Paths and 

Segmentations 
Model 

ID: OSMSC0113 

subID: 0003 

Age: 65 

Gender: M 

 

  

 

ID: OSMSC0115 

subID: 0005 

Age: 60 

Gender: M 

 

   

ID: OSMSC0188 

subID: 0000 

Age: 50 

Gender: F 
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ID: OSMSC0189 

subID: 0000 

Age: 72 

Gender: F 

 

 

 

 

 

Details of anatomic models, such has number of outlets and model volume, can be seen in Table 4. 

 
Table 4 – Anatomic Model details 

OSMSC ID Inlets Outlets  Volume (cm3) Surface Area (cm2) 
Vessel 
Paths 

2-D 
Segmentations 

0113_0003 1 -1 173.672543 448.345849 25 307 

0115_0005 1 25 165.955099 435.573017 27 347 

0188_0000 1 22 152.005892 362.090501 25 419 

0189_0000 1 16 126.801188 317.766559 21 366 

 

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 Parameters 
 

Simulations were run on data sets 0188_0000 and 0189_0000. See Appendix 4 for information on the physiology 

and simulation specifications. Solver parameters can be seen in Table 5. 

 
Table 5- Solver Parameters 

OSMSC ID Time Steps per Cycle Time Stepping Strategy 

0188_0000 1000 residual_control 1 min_iter 3 max_iter 10 criteria 0.01 

0189_0000 1000 residual_control 1 min_iter 3 max_iter 10 criteria 0.01 
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5. 2 Inlet Boundary Conditions 
 

A typical aortic waveform was prescribed to the inlet of the computational fluid dynamics (CFD) model (Figure 

1).  The waveform was scaled to be consistent with the cardiac output and heart rate calculated from clinical 

data. See Table 6 for the period and prescribed cardiac inflow for each simulation. 

   
Table 6 – Period and Cardiac Output from waveforms seen in Figure 1 

OSMSC ID Period (s) 
Cardiac Output 

(L/min) 
Profile Type 

0188_0000 0.9677 3.8 parabolic 

0189_0000 1.3044 3.7 parabolic 

 

 

 

 
Figure 1 – Inflow waveforms in L/min 
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5. 3 Outlet Boundary Conditions 
A three element Windkessel model was applied at the descending aorta, subclavian, and carotid outlets. For 

more information refer on RCR parameters to Exhibit 1 and Appendix 5. To define the parameters in the 

Windkessel model the mean flow to the aorta outlet was assumed to be 96% of the cardiac output. The 

coronary arteries were assumed to take 4% of the cardiac output with a split of 60% and 40% for the left and 

right coronary arteries respectively. Lumped parameter boundary conditions were applied at the coronary 

outlets using the coupled domain method [3].  Coronary boundary condition parameters were tuned to match 

target flow splits and pressures. Coronary Boundary parameters can be found in Exhibit 1. Target Pressures for 

both models were set based on clinically acquired data.  See Table 6 for target flow splits and pressures. 
 

Table 7 – Flow distributions and Pressures 

OSMSC ID Coronary Flow Left Coronary Flow Right Coronary Flow Heart Rate DP (mmHg) SP (mmHg) 

0188_0000 4% 60% 40% 62 90 140 

0189_0000 4% 60% 40% 46 90 140 

 

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 8 for the simulation. 

Table 8 – Volume rendering velocity during peak systole, end systole, and end diastole. 
All renderings have the scale below with units of cm/s 

OSMSC ID Peak Systole End Systole End Diastole 

ID: OSMSC0188 

subID: 0000 

Age: 50 

Gender: F 
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ID: OSMSC0189 

subID: 0000 

Age: 72 

Gender: F 

 

 

 

 

 

Surface distribution of time-averaged blood pressure (TABP), time-averaged wall shear stress (TAWSS) and 

oscillatory shear index (OSI) were also visualized and can be seen in  

Table 9. 

Table 9 – Time averaged blood pressure (TABP), time-average wall shear stress (TAWSS), and oscillatory shear index (OSI) surface distributions 

OSMSC ID 
Time Averaged 

Pressure 
TAWSS OSI 

ID: OSMSC0188 

subID: 0000 

Age: 50 

Gender: F 

 

 

 

ID: OSMSC0189 

subID: 0000 

Age: 72 

Gender: F 
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Exhibit 1: Coronary Simulations Boundary Conditions 
 

Information on how RCR values were obtained is included in Appendix 5. RCR values for the final simulations are 

shown on Tables 10-11. Coronary boundary parameters and Intramyocardial pressure plots from Sungupta et. al 

(2011) for each simulation are shown on Tables 12-13 and Figure 2, respectively [3].  

 

Table 10 – RCR Values for 0188_0000 

Solver ID Face Name Artery Name Rp C Rd 

2 aorta_outlet Descending Aorta 311.12 0.000962 5345.62 

4 archfourth archfourth 11441.21 0.000026 196580.77 

5 lcca Left Common Carotid 2734.47 0.000109 46983.25 

3 lsubcl Left Subclavian 2255.83 0.000133 38759.30 

6 rcc Right Common Carotid 1792.97 0.000167 30806.56 

7 rsubcl Right Subclavian 3056.24 0.000098 52511.69 

 

Table 11 - RCR Values for 0189_0000 

Solver ID Face Name Artery Name Rp C Rd 

3 ao_br1 Right Subclavian 1677.98 0.000093 28830.66 

4 ao_br2 Left Common Carotid 1957.69 0.000080 33636.70 

5 ao_br3 Right Common Carotid 731.38 0.000213 12566.38 

6 ao_br3_1 Right Subclavian 2014.53 0.000077 34613.24 

2 aorta_outlet Descending Aorta 272.25 0.000572 4677.76 

 

Table 12- Coronary Parameter Values for 0188_0000 

OSMSC ID 
Solver 

ID Face Name dQinidT dPinidT q0 q1 q2 p0 p1 p2 b0 b1 b2 

0188_0000 12 lc1_fix 0 100 1142429.6 5634792.5 363132.2 1 6.1476 1.0179 0 5.9152 0 

0188_0000 11 lc1_sub1 0 100 1025257.3 5056865.1 325887.8 1 6.1476 1.0179 0 5.9152 0 

0188_0000 10 lc1_sub2 0 100 617529.5 3045833.8 196287.6 1 6.1476 1.0179 0 5.9152 0 

0188_0000 9 lc1_sub3 0 100 869239.9 4287342.1 276296.2 1 6.1476 1.0179 0 5.9152 0 

0188_0000 8 lc1_sub3_sub1 0 100 634683.1 3130440.3 201740.1 1 6.1476 1.0179 0 5.9152 0 

0188_0000 13 lc2 0 100 1023944.5 5050390.2 325470.6 1 6.1476 1.0179 0 5.9152 0 

0188_0000 18 lc2_sub1 0 100 983037.1 4848622.9 312467.7 1 6.1476 1.0179 0 5.9152 0 

0188_0000 16 lc2_sub1_sub2 0 100 1014848.6 5005526.3 322579.3 1 6.1476 1.0179 0 5.9152 0 

0188_0000 17 lc2_sub1_sub3 0 100 1779089.4 8774982.8 565500.6 1 6.1476 1.0179 0 5.9152 0 

0188_0000 14 lc2_sub2 0 100 1926989.6 9504469.3 612512.1 1 6.1476 1.0179 0 5.9152 0 

0188_0000 15 lc2_sub2_sub1 0 100 1926989.6 9504469.3 612512.1 1 6.1476 1.0179 0 5.9152 0 

0188_0000 23 rc1 0 100 1050015.6 555818.9 45420.4 1 0.8585 0.1369 0 0.4956 0 

0188_0000 19 rc1_sub1 0 100 755960.7 400162.9 32700.5 1 0.8585 0.1369 0 0.4956 0 

0188_0000 20 rc1_sub2 0 100 417164.8 220823.4 18045.3 1 0.8585 0.1369 0 0.4956 0 

0188_0000 21 rc1_sub3 0 100 771729.3 408509.8 33382.6 1 0.8585 0.1369 0 0.4956 0 

0188_0000 22 rc1_sub4 0 100 753244.7 398725.1 32583.0 1 0.8585 0.1369 0 0.4956 0 
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Table 13- Coronary Parameter Values for 0189_0000 

OSMSC ID 
Solver 

ID Face Name dQinidT dPinidT q0 q1 q2 p0 p1 p2 b0 b1 b2 

0189_0000 9 lc1 0 100 390290.7 2391645.0 143068.3 1 7.5920 1.1739 0 7.3771 0 

0189_0000 13 lc1_sub1 0 100 795241.9 4873127.9 291510.6 1 7.5920 1.1739 0 7.3771 0 

0189_0000 14 lc1_sub1_sub1 0 100 987909.2 6053765.2 362136.4 1 7.5920 1.1739 0 7.3771 0 

0189_0000 10 lc1_sub2 0 100 751519.4 4605202.9 275483.3 1 7.5920 1.1739 0 7.3771 0 

0189_0000 11 lc1_sub2_1 0 100 1254198.0 7685544.7 459749.5 1 7.5920 1.1739 0 7.3771 0 

0189_0000 12 lc1_sub3 0 100 786947.8 4822302.6 288470.2 1 7.5920 1.1739 0 7.3771 0 

0189_0000 7 lc1_sub4 0 100 692988.2 4246531.7 254027.6 1 7.5920 1.1739 0 7.3771 0 

0189_0000 8 lc1_sub5 0 100 590044.7 3615708.7 216291.8 1 7.5920 1.1739 0 7.3771 0 

0189_0000 17 rc1_sub1 0 100 384505.3 793232.9 130504.3 1 2.8602 1.0742 0 2.2264 0 

0189_0000 16 rc1_sub1_1 0 100 447775.3 923758.7 151978.6 1 2.8602 1.0742 0 2.2264 0 

0189_0000 15 rc1_sub2 0 100 601361.0 1240605.5 204106.9 1 2.8602 1.0742 0 2.2264 0 

 

 

 

Figure 2- Left and Right Intra myocardial Pressure 
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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 Viscosity: 0.04 g/cm•s
2 

Blood Density: 1.06 g/cm
3
 

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 (Rp), capacitance (C), and distal 

resistance (Rd) representing the resistance of the 

proximal vessels, the capacitance of the proximal 

vessels, and the resistance of the distal vessels 

downstream of each outlet, respectively (Figure 1). 

 

Figure 3 - Windkessel model 
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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 (Rt) 

was calculated for each outlet using mean blood pressure and PC-MRI or calculated target flow 

(Rt=Pmean/Qdesired). Given that Rt=Rp+Rd, total resistance was distributed between Rp and Rd adjusting 

the Rp to Rt ratio for each outlet. 

 

 

 

 

 

 


