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Abstract

Patient-specific cardiovascular simulation has become a paradigm in cardiovascular research and 

is emerging as a powerful tool in basic, translational and clinical research. In this paper we discuss 

the recent development of a fully open-source SimVascular software package, which provides a 

complete pipeline from medical image data segmentation to patient-specific blood flow simulation 

and analysis. This package serves as a research tool for cardiovascular modeling and simulation, 

and has contributed to numerous advances in personalized medicine, surgical planning and 

medical device design. The SimVascular software has recently been refactored and expanded to 

enhance functionality, usability, efficiency and accuracy of image-based patient-specific modeling 

tools. Moreover, SimVascular previously required several licensed components that hindered new 

user adoption and code management and our recent developments have replaced these commercial 

components to create a fully open source pipeline. These developments foster advances in 

cardiovascular modeling research, increased collaboration, standardization of methods, and a 

growing developer community.
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INTRODUCTION

Cardiovascular disease is the leading cause of death and disability worldwide. Central to 

both the causes and consequences of cardiovascular disease are local and regional 

disruptions in blood flow. The relationships between hemodynamics and cardiovascular 

diseases are subtle and multifaceted. While qualitative understanding and correlations are 

well documented,14,28,33,41,45,68 precise knowledge of hemodynamic conditions is needed to 

quantify risk and evaluate mechanisms. Simulation-based methods can provide a powerful 

framework in this regard. Advanced numerical methods are enabling increasingly realistic 

representations of cardiovascular physiology. Moreover, because the role of hemodynamics 

in any disease scenario is highly individualized, medical imaging and clinical data often 

forms the basis for patient-specific numerical simulations. These simulations can now 

provide a means to perform patient-specific treatment planning, virtual surgery and design 

optimization.

Image-based blood flow modeling was pioneered in the late 1990s and early 

2000s23,39,40,48,60,62 and, in the years since, has proven to be a powerful tool in basic 

science and clinical research. Indeed, HeartFlow recently introduced the first FDA-approved 

simulation-based service for routine clinical evaluation of coronary stenoses.61 In most 

image-based modeling applications, 3D angiographic data obtained from computed 

tomography (CT) or magnetic resonance imaging (MRI) is used to construct a geometric 

model of a vascular region. Image processing is used to construct a vascular model that is 

then imported into a computational fluid dynamics (CFD) package to generate a volumetric 

mesh and numerically simulate blood flow. While numerous image processing software 

packages exist, most are not designed to generate computer models well-suited for 

simulation purposes. And while numerous CFD packages exist, most are not designed to 

accommodate the sophisticated boundary conditions, physiologic models and physics 

specific to cardiovascular modeling.

The software package SimVascular was originally developed in the lab of Charles Taylor at 

Stanford University to provide a complete pipeline from medical image data segmentation to 

patient specific blood flow simulation and analysis. SimVascular provides boundary 

conditions that achieve physiologic levels of pressure, fluid structure interaction, and a 

highly accurate and efficient finite element flow solver. The software was released in 2007, 

under a team including some of the present co-authors, and remained the only software 

package for cardiovascular simulation that includes the entire pipeline from model 

construction to simulation analysis. However, the need for commercial components and 

licenses previously hindered new user adoption and prevented complete open source release. 

Moreover, the infrastructure for continued software development was lacking as well as 

necessary features for wider use.

To overcome the above barriers, the SimVascular revitalization project was launched in 

2013. A major goal of these efforts was the development and integration of open source 

alternatives for a truly open source SimVascular project. In addition, new functionality in 

nearly all facets of the pipeline has been added to enhance modeling accuracy, usability and 

efficiency. Examples of recent enhancements include direct 3D segmentation, discrete solid 

UPDEGROVE et al. Page 2

Ann Biomed Eng. Author manuscript; available in PMC 2019 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



modeling, mesh repair tools, fluid-solid interaction with variable wall properties, closed-

loop lumped parameter network modeling, and GUI updates. In addition, case studies, 

online documentation, CMake compatibility, a user forum, binary packages for all major 

operating systems, and other infrastructure to support the open source project have been 

brought online (www.simvascular.org). In this paper we describe the main features of the 

SimVascular software and briefly demonstrate its application to publicly available sample 

case studies.

METHODS

SimVascular Architecture and Maintenance

The source code is built upon a repository in which objects are stored, maintained, and 

tracked. The repository, which is a large hash table, facilitates memory management across 

the large scale software platform. The repository stores all data structures as a 

cvRepositoryData object. Figure 1 displays a simplified inheritance diagram for the 

SimVascular data struc tures. Stemming from the cvRepositoryData data structure, there are 

several objects used within SimVascular’s source code for data representation. These objects 

include cvDataObject (a general subclass of cvRepositoryData), cvSolidModel, and 

cvMeshObject. These are abstract base classes providing virtual functions for 

implementation in derived classes. They define a rigid structure for the derived classes that is 

important for the modularity of SimVascular. SimVascular uses external libraries for 

multiple Solid Model and Mesh Object classes (Fig. 1). Each of these packages are included 

in a derived class demonstrating SimVascular’s extensibility for new module plugins.

The source code is maintained as a repository on github (www.github.com/SimVascular). 

Maintenance and development is enhanced with multiple modern software development 

tools. CMake is used to build and test functionality of the source, while Travis CI is used for 

automated building on various versions of Linux with different library versions. Stable 

binary releases of the software are posted on Simtk (www.simtk.org/home/simvascular). 

Simtk also currently hosts user forums, email lists, and a bug tracker for SimVascular.

The SimVascular Pipeline

The SimVascular pipeline starts with image processing and segmentation and continues all 

the way through to post-processing of simulation results. Figure 2 displays nominal steps of 

image-based modeling in SimVascular, although alternative and additional steps may be 

employed. The GUI is comprised of an interactive display, as well as image and work tabs 

(Fig. 3). The image tabs provide control over how the image data is displayed. This includes 

functionality such as loading medical image data, point cloud visualization, and volume 

rendering. The work tabs encapsulate the core functionality of the model construction 

process. We briefly describe the main steps in the pipeline, and then provide additional 

details in the subsequent sections.

Paths—The segmentation process typically starts by creating pathlines along the vessels of 

interest. It is possible to create models using a lofted 2D segmentation method (“2D 

Segmentation Methods” in section) or direct 3D segmentation methods (“3D Segmentation 
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Methods” in section). When performing lofted 2D segmentation, the pathlines are used to 

resample the image data to a cross-sectional “intensity probe” window that can be moved 

along the vessel’s path (Fig. 4a). For direct 3D segmentation methods, paths are not 

necessary but can be used to help initiate region growing methods.

Segmentation—For the lofted 2D segmentation method, functionality is provided to move 

along each pathline and create a series of segmentations that delineate the luminal 

boundaries of the vessel (Fig. 4b). Alternatively, for direct 3D segmentation, functionality is 

provided to position seed surfaces (spheres) that will expand, merge and morph in 3D space 

to fill in the luminal boundary.

Model—After image segmentation, a solid model can be generated. Following the lofted 

2D approach, the series of segmentations are lofted together with splines (Fig. 4c). For either 

the lofted 2D or direct 3D approach, functionality for manipulating the model and 

identifying faces of the model (e.g., for specifying boundary conditions) is provided. 

Additionally, surfaces from 2D (Fig. 4d) and 3D methods can be combined into a single 

model using custom boolean operations.

Meshing—The meshing tab provides functionality to create a volumetric mesh of the 

model for subsequent computational modeling. SimVascular supports construction of 

unstructured tetrahedral meshes as well as several advanced meshing features including 

boundary layer meshing, radius-based meshing, regional refinement and adaptive meshing.

Simulations—The simulation tab includes three steps, in which a presolver, solver and 

postsolver are used to generate simulation results. There is functionality to assign boundary 

conditions, material properties, and set parameters for the solver. The svSolver can be run 

through the GUI; however, it is common for simulation files to be generated on a desktop 

computer and then copied to a high performance computing (HPC) cluster where the 

svSolver can be run in parallel.

Console—SimVascular contains an interpreter in which C++ functions bound by Tcl (or 

Python) can be called interactively through a command line console. This gives users the 

ability to use custom scripts, in addition to or in place of the GUI, to access a wide range of 

the SimVascular functionality and automate repeatable procedures.

Image Segmentation

Image data provides a set of scalar values defined on a structured grid. The data defines an 

intensity field in 3D space and objects or material within the image are identified by 

different intensity values or ranges. The first step in image-based modeling is to segment the 

image data in a region of interest (ROI) to extract the boundary or structure of an object 

from the intensity field. With SimVascular, the segmentation process is most commonly used 

to identify the luminal surface of a blood vessel; however other anatomical structures may be 

similarly segmented and modeled. Extensive research has been conducted in the field of 

image segmentation7,30,32,67 and SimVascular utilizes established techniques that 

incorporate both 2D and 3D image segmentation techniques.
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2D Segmentation Methods

Figure 4 displays the steps to generate an individual vessel using the lofted 2D segmentation 

approach. First, an approximate centerline is generated along the vessel (Fig. 4a). Along this 

path, a series of segmentations is generated by stepping a 2D cross-sectional imaging 

window along the vessel (Fig. 4b). Finally, the segmentations are lofted together to give a 

surface representing the lumen (Fig. 4c). Lofting is performed through generation of spline 

interpolating functions. To create a vascular network, multiple vessels are created 

sequentially, and then unioned via a set of boolean operations (Fig. 4d).

The 2D cross-sectional imaging window (Figs. 4a, 4b) is limited to a region around the path 

so that peripheral image data does not interfere with the local segmentation of the vessel of 

interest. There are a variety of methods implemented to segment the lumen, though the two 

main approaches are based on level set and threshold techniques.

Level Set—A contour is initialized by a seed point (small disk) and grows in the directions 

of changing intensity values to find the location of sharpest change. This picks out the vessel 

wall as a complete contour region (Fig. 5, left). A pair of windows displaying the image 

intensity and magnitude of the intensity gradient facilitates segmentation creation and 

editing. A moving level set front is governed by

ϕt = − v ∇ϕ − ∇g ⋅ ∇ϕ, (1)

where ϕt represents the front, v is the velocity normal to the front, and g is an edge detection 

function. The velocity term, v, is represented differently for two different stages. In the first 

stage, the velocity is represented by exponentially decaying functions. In the second stage, 

the velocity is represented by edge attraction functions. Parameters in the SimVascular GUI 

correspond to scalars governing the decay in the first stage and attraction in the second 

stage. For more details, see Ref. 67.

Threshold—Image intensity values are assumed to be centered at each pixel. A bilinear 

interpolation function is then used to create isocurves of a specified threshold value on the 

image. These isocurves are potential contours of the lumen. A circle of specified radius is 

centered on the path, and the smallest closed isocurve that completely encapsulates the circle 

is identified as the lumen boundary (Fig. 5, right).

Manual—Manual segmentation is useful for noisy data sets, images with complicated 

features, or cases where the automated methods fail to converge. Points along the lumen are 

manually selected by the user and (automatically) connected with a closed spline to 

represent the geometry.

Analytic—A 2D segmentation is created using a circle or ellipse of user specified 

dimensions. This can be helpful for ideal geometries, noisy data, or locations where no 

image data exists.
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Segmentations created by any of the above methods can be smoothed post creation. Also, in 

some applications multiple segmentations can be created using the same set of level set or 

threshold parameters, allowing for “batch mode” segmentation. In batch mode, for a 

specified range along the vessel path, segmentations are automatically generated with 

specified settings. Segmentations can then be checked and modified as needed using the 

editing or smoothing tools provided in SimVascular. In cases of appropriate image quality, 

this can be an efficient way to automatically generate a set of segmentations along each path.

3D Segmentation Methods

Direct 3D segmentation methods are also available in SimVascular, which are useful for 

segmenting vessel sections that do not lend themselves well to 2D cross section 

segmentation, such as aneurysms, and vessel junctions. This process begins by placing 3D 

seed “points” (small spheres) within vascular locations. These act as initial surfaces for 

active contours and level set algorithms. Seeds can be positioned by manual selection in the 

3D window using coordinate position sliders, or along SimVascular pathlines.

In addition to specification from seeds, initial contours from which a 3D surface is grown 

can be specified via several alternative methods. These methods include initialization from 

previous level set surfaces, surfaces created through 2D segmentation, and even 3D iso-

surfaces of the image data. After positioning seed points or selecting an initial contour 

surface, a 3D surface is grown using one of two level set algorithms: (1) a Laplacian fast 

edge grower, or (2) a geodesic smoothing level set. Both level set types are implemented by 

modifying the terms in Eq. (1). These level set algorithms propagate segmentation labels 

through an energy minimization of appearance, curvature, and propagation terms. 

Appearance features are controlled by modifying the parameters shown in the following 

equation:

E = 1
1 + (Δ(I * f ) ⋅ κ)m (2)

where * is the convolution operator, f represents a Gaussian smoothing kernel, and k and m 
represent contrast parameters for contrast scaling and proximity.

Model Creation

The segmentation process results directly, or indirectly, in a boundary representation of the 

blood flow domain (or other physical region of interest). The output of the 3D segmentation 

process is a triangulated surface that serves as a discrete boundary representation. For the 

lofted-2D segmentation approach, the segmentations must be lofted to construct a solid 

model as described below, which can be represented as either a triangulated surface, or 

analytic (CAD) model. Additional procedures are often needed to make the solid model 

compatible with computational modeling. SimVascular supports four different solid 

modeling approaches: (1) PolyData, (2) OpenCASCADE, (3) Parasolid, and (4) Discrete.

UPDEGROVE et al. Page 6

Ann Biomed Eng. Author manuscript; available in PMC 2019 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PolyData—The most extensive solid modeling package in SimVascular is PolyData. 

Combining custom-developed procedures with filters available in VTK (www.vtk.org) and 

VMTK (www.vmtk.org), the PolyData kernel provides multiple ways to create and 

manipulate a geometry. The PolyData kernel is first used to generate a model from the 

ordered 2D segmentations. Splines are formed along the length of the vessel that connect the 

2D segmentations, resampled to a specified number of points, and then connected and 

triangulated to form a complete PolyData surface. Each set of segmentations results in one 

lofted vessel. Additional lofted vessels are then combined using an ordered Boolean 

addition. A customized Boolean operation for triangular surfaces is used for this operation.65 

Other PolyData operations provided in SimVascular include smoothing, blending, 

decimation, subdivision, trimming, deleting cells, and filling holes. Many of these are 

available as localized operations, which can confine operations to a subset of the model. 

Selection options include picking a spherical region, using single or multiple faces, 

identifying the region between two faces (e.g., vessel junctions), or even clicking on 

individual cells on the model.

A PolyData model is an unstructured triangulated surface. Discrete models generated in 

other segmentation programs (e.g. in STL format) can be imported into the SimVascular 

modeling pipeline as a PolyData model (Fig. 6). After importing, one can identify faces of 

the discrete model and perform the same set of operations that are available for models 

created in SimVascular.

OpenCASCADE—The OpenCASCADE (www.open-cascade.org) modeling kernel 

provides 3D solid modeling functionality found in most CAD software. OpenCASCADE is 

the solid modeling package utilized in FreeCAD (www.freecadweb.org). Using this 

component, one can use SimVascular to create a CAD model by lofting the 2D 

segmentations into a Non-Uniform Rational B-Spline (NURBS) surface. As an analytic 

surface, such a model lends well to typical CAD procedures such as blending, cutting, and 

Boolean operations. These functions are accessible through SimVascular’s GUI and console.

Parasolid—Parasolid (Siemens PLM Software, Plano, TX, USA) is an optional licensed 

solid modeling plugin, which is the solid modeling package utilized in SolidWorks 

(www.solidworks.com). Using this licensed component, one can also perform lofting of 2D 

segmentations into a NURBS surface and access typical CAD procedures through 

SimVascular’s GUI and console. In general, much of the functionality between Parasolid and 

OpenCASCADE is similar; however, Parasolid has generally been found to be more robust.

Discrete—The last solid modeling package, Discrete, is an optional plugin that simply 

provides a way to represent a discrete PolyData surface as a model that is usable by 

SimVascular’s commercial mesher, MeshSim (Simmetrix, Inc., Clifton Park, NY, USA).

At the end of the model creation step, faces on the model are labeled with a user specified 

name and identifier (ModelFaceID). These identifiers can later be used to specify boundary 

conditions or material properties in the simulation steps. When a model is created using 2D 

or 3D segmentation approaches in SimVascular, names and ModelFaceIDs are automatically 

prescribed. Customized naming and prescription of faces can be accomplished using built in 
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functionality, which is also helpful if the model is created using an external program and 

imported into SimVascular.

Meshing

After image segmentation and model construction, the next step for image-based blood flow 

modeling is discretizing the volumetric domain through mesh generation. The most robust 

meshing packages have traditionally been commercial codes, though in the past decade, high 

quality open source meshing tools have also become available.

SimVascular supports two meshing kernels for the user to choose from: (1) TetGen and (2) 

MeshSim. The open-source TetGen kernel is actually a combination of functionality from 

TetGen (www.tetgen.org), as well as custom code for adaptive meshing, code from VMTK 

(www.vmtk.org) for boundary layer meshing and radius-based meshing, and MMG 

(www.mmgtools.org) for fast and robust surface remeshing. The optional MeshSim kernel is 

a licensed mesher by Simmetrix (www.simmetrix.com). Both MeshSim and TetGen kernels 

provide a broad and similar range of meshing options (Fig. 7). Surface remeshing, local 

mesh refinement, and cylindrical mesh refinement are a few of the options available in both 

packages. Boundary layer meshing is supported, which enables smaller, thinner elements 

over near-wall regions where the gradient of the velocity normal to the surface changes most 

drastically. Also mesh adaption based on a-posteriori error estimates is supported to provide 

a more efficient discretization strategy. This is achieved by computing the second directional 

derivative, or the Hessian, of the solution (e.g., blood velocity magnitude). The eigenvalues 

of this Hessian matrix at each mesh point are used as an indication of how much the solution 

is changing around this point, and the mesh is locally refined/coarsened accordingly.51

Simulation

The meshing procedure produces an unstructured volumetric mesh that can be used as the 

computational domain for simulation of blood flow and pressure. The SimVascular 

simulation module includes three parts: (1) Presolver (svPre), (2) Flowsolver (svSolver), and 

(3) Postsolver (svPost).

Boundary Conditions—Boundary conditions are essential to obtaining valid, 

physiologically realistic cardiovascular simulation results. The foremost boundary condition 

is the traction (no-slip, no-penetration) boundary condition applied at the lumen surfaces 

(“walls”). The other boundaries can be considered inflow (“inlet”) and outflow (“outlet”) 

boundaries, and it is important that boundary conditions specified on these surfaces 

represent the physiology of the vasculature outside the 3D computational domain. For 

example, boundary conditions are essential for obtaining realistic values of pressure required 

for accurate fluid structure interaction simulations. SimVascular provides different options 

for boundary condition assignment at the three boundary types. Dirichlet or Neumann 

boundary conditions can be applied at either inlets or outlets of the model, which enables a 

broad range of options for boundary condition specification. These values can be directly 

prescribed, or implicitly prescribed from reduced order models of the upstream or 

downstream vasculature. Along these lines, inflow and outflow boundary conditions can be 

prescribed in an “open-loop” or “closed-loop” manner (Fig. 8). For the latter, inflow 
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conditions become coupled to the dynamics of the model itself, which can be necessary in 

surgical planning applications where one virtually changes the vascular geometry in a 

manner that may alter inflow conditions from the nominal or measured values.

Inlets—At the inlet (or inlets), a flow rate or pressure waveform is typically prescribed. The 

waveform is fit to a truncated Fourier series so that the flow rate (or pressure) at arbitrary 

time points can be queried. When a volumetric flow rate is specified, it is mapped to the inlet 

plane using a specified profile; plug, parabolic and Womersley profiles are currently 

supported in SimVascular. This mapping can account for non-circular inlet planes. In 

addition, SimVascular supports the ability to map planar phase contract magnetic resonance 

imaging (PCMRI) velocity measurements to the inlet plane of the model for scenarios where 

such measurements are available.70

Outlets—There are a number of techniques used in SimVascular for outflow boundary 

conditions that model the effects of the downstream vasculature, including impedance 

boundary conditions, Wind-kessel-type boundary conditions (resistance, RC circuit, RCR 

circuit, etc), and more complicated lumped parameter network (LPN) models like coronary 

boundary conditions.22 These boundary conditions effectively model the pressure-flow 

relationship at each outlet due to the respective downstream vascular bed. Impedance and 

Windkessel-type boundary conditions are coupled implicitly to the 3D computational 

domain by prescribing pressure in a weak manner in the flowsolver as described in detail in 

Ref. 66. In addition, the coupled LPN network can be modified without needing to 

recompile the solver, thus making it very simple to implement a variety of boundary 

conditions.

We can view outlet boundary conditions as being specified by a lumped parameter (LP) 

model of the downstream vascular domain. Unlike distributed models (such as the 3D 

computational domain) that are governed by PDEs, LP models are governed by ODEs. 

Therefore, providing the ability to couple ODEs that represent the dynamics of the 

downstream vascular domain opens vast possibilities for modeling downstream physiology. 

In fact, such models can represent the entirety of the circulation outside the 3D 

computational domain, in which case one achieves a “closed-loop” model and the ODEs 

serve to both modulate outflow conditions and inflow conditions (Fig. 8, right). Except for 

very simple LP models, the ODEs cannot be solved analytically, and must be solved 

numerically. For such couplings, SimVascular contains an efficient and stable numerical 

scheme for implicitly coupling ODE models with the flowsolver for the 3D domain without 

significantly increasing the overall simulation cost,18,35 which has been used in several 

recent applications.25,54

Walls—No-penetration, no-slip boundary conditions are applied for rigid wall simulations. 

Alternatively, the flowsolver can be used to model fluid structure interaction (FSI). For FSI 

simulations, the fluid and solid domains are coupled using the coupled momentum method 

(CMM),19 with the wall modeled as a linear elastic material, which can have uniform or 

variable elastic modulus and thickness along each vessel.
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Solver Methodology—Blood flow is modeled using the incompressible Navier-Stokes 

equations,

ρv̇i + ρv jvi, j − p, i − τi j, j = 0,
vi, j = 0,

(3)

where ρ is blood density, vi is the ith component of the fluid velocity and vi its time 

derivative, p is the pressure, and τij is the viscous portion of the stress tensor. The flowsolver 

inside of SimVascular evolved from the academic finite element code PHASTA (Parallel, 

Hierarchical, Adaptive, Stabilized, Transient Analysis) for solving the Navier-Stokes 

equations in an arbitrary domain with the streamline-upwind/Petrov-Galerkin (SUPG) and 

pressure-stabilizing/Petrov-Galerkin (PSPG) methods.69

The SUPG/PSPG formulation is defined on the finite-dimensional trial solution and weight 

function spaces Sh
k, Wh

k, and Ph
k. The domain is denoted by Ω ∈ ℝ3, and its boundary by 

Γ = ΓD ∪ ΓN. Dirichlet boundary conditions are applied on ΓD and, Neumann, or flux type, 

boundary conditions are applied on ΓN. Ω is discretized by nel linear elements, Ωe. The weak 

form of Eq. (3) becomes

BG wi, q; vi, p = ∫
Ω

wi ρv̇i + ρv jvi, j

+wi, j − pδi j + τi j − q, ivi dΩ

+∫
ΓN

wi pδin − τin + qvin dΓ = 0,

(4)

where w ∈ Wh
k and q ∈ Ph

k.

Momentum stabilization is required for advection dominated flows, and pressure 

stabilization is otherwise required to support the use of linear tetrahedral elements (P1–P1) 

in the SimVascular flowsolver for velocity and pressure, which is computationally efficient 

in terms of memory and mesh size. The following stabilized weak form is thus considered
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B wi, q; vi, p = BG wi, q; vi, p
Eq.4

+ ∑
e = 1

nel ∫
Ωe

τM v jwi, j + q, i Li
 momentumandpressurestailization 

+ τCwi, iv j, j
 incompressibilityconstraintstabilization 

dΩ

+ ∑
e = 1

nel ∫
Ωe

wiv jvi, j + τv jwi, jvkvi, k
 compensationforthestabilizationterms 

dΩ = 0,

(5)

where w ∈ Wh
k and q ∈ Ph

k. Li represents the residual of the ith momentum equation,

Li = v̇i + v jvi, j + p, i − τi j, j . (6)

This formulation includes both the momentum and pressure stabilization,20 which are 

controlled by the stabilization parameter, τM. The incompressibility constraint is also 

stabilized and is controlled by the stabilization parameter, τC. The addition of these 

stabilization terms causes inconsistencies in the conservation of momentum, so Taylor et al.
63 introduced the final term of the weak form to compensate for the momentum imbalance. 

For further details, see Ref. 69.

The above weak form contains stabilization terms for momentum, pressure, and the 

incompressibility constraint. In addition, backflow stabilization as described in15 has been 

added to the SimVascular solver to prevent instabilities at Neumann boundaries that may 

experience backflow due to flow reversal (either total reversal due to conservation of mass, 

or partial reversal due to vortical structures near the outlet). This backflow stabilization 

method has been shown to provide a more robust and effective way to deal with numerical 

divergence caused by flow reversals at Neumann boundaries compared to more common 

methods.15

The stabilized FEM formulation of Navier Stokes is discretized in time using the generalized 

alpha time-stepping scheme in the SimVascular flowsolver. A recently developed linear 

solver with specialized preconditioners tailored to handle large vascular resistances coupled 

at outflow boundaries is used to handle cardiovascular simulations and reduce solution time,
16 providing an alternative to the original commercial linear solver LesLib (Altair, Inc., 
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Mountain View, CA). The flowsolver can be run with a single core or with multiple cores 

using the Message Passing Interface (MPI). A related version of the flowsolver has 

demonstrated excellent scalability on large clusters,72 which can enable the study of 

transiently or transitionally turbulent flow conditions.

Hemodynamics Analysis—SimVascular can post-process the simulation files to extract 

or calculate relevant hemodynamic quantities such as velocity, pressure, wall shear stress 

(WSS), and oscillatory shear index. Files can be exported to VTK formats to facilitate 

visualization of the data in leading open source scientific visualization softwares such as 

ParaView and VisIt, as well as more custom postprocessing by applying VTK classes and 

filters, which can be scripted using Python. For example, recent studies have analyzed flow 

fields produced by SimVascular to compute Lagrangian coherent structures,3,4,6,55 residence 

times in aneurysms,57,58 turbulent kinetic energy,1,29 particle tracking,43,46 and to model 

surface transport processes relevant for thrombosis.2,21

RESULTS

Case Studies and Validation

SimVascular has been used in a wide range of applications from studying blood flow in the 

heart, brain, and lungs and for various disease and surgical planning scenarios (e.g., Ref. 1, 

5, 8, 11, 17, 31, 36, 44, 52 among others). In vitro validation in the thoracic aorta compared 

flow measurements from PCMRI in deformable phantoms to SimVascular FSI simulations.
27 The average difference between measured and simulated flow was approximately 13% 

(mean), which is is within the reported 10% accuracy of PCMRI flow measurements. The 

difference between the measured and simulated mean pressure was approximately 1.8%. 

Similar validation efforts were carried out in the coronary arteries and found similar 

agreement between measured and simulated flows.26 In vivo validation has been performed 

by comparing fluctuating/turbulent kinetic energy computations obtained with SimVascular 

with measurements obtained using 4D flow imaging in aortic coarctation in Ref. 1 as shown 

in Figure 9. In that study the quantified mean differences between in vivo measurements and 

CFD predictions of fluctuating kinetic energy were on the order of 10% and within 

expectations due to modeling and measurement errors. In addition, in vivo measurements of 

flow velocities in abdominal aortic aneurysms were shown in Ref. 3 to compare well to 

computations obtained using SimVascular, and simulated predictions of flow in Y-graft 

Fontan procedures were compared to in vivo clinical data in Ref. 71. SimVascular has also 

been used in several recent CFD challenges for image-based hemodynamics modeling, e.g. 

Ref. 56. Moreover, simulation-derived designs from SimVascular have been translated to 

clinical use, an example of which is the pilot study of the Fontan Y-graft.34,37

As a compelling exposition of SimVascular’s application to image-based hemodynamics 

modeling, the Open Source Medical Software Corporation (OSMSC) has compiled models 

and results from over 100 unique studies using SimVascular (Fig. 10). Figure 11 breaks 

down the contents of the cardiovascular and pulmonary model repository available to users 

at www.vascularmodel.com. We briefly present the results from two of these studies, as well 
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as an example where FSI has been used for simulation of a coronary artery bypass graft 

(CABG).

Pulmonary Arteries

The pulmonary arteries supply blood from the heart to the lungs for oxygenation. Pulmonary 

arterial hypertension (PAH) and pulmonary embolisms are common diseases associated with 

the pulmonary arteries. Image data from a woman aged 67 was used to construct an 

extensive model of the pulmonary arteries from the main pulmonary artery to various levels 

of branching in the left and right pulmonary pathways (Fig. 13). A total of 100 arteries were 

modeled. The inflow waveform was adapted from Ref. 12 to represent a typical resting 

pulmonary waveform. Resistance boundary conditions were used at all outlets. Resistance 

values were distributed inversely to outlet area and with total values chosen to match 

physiologic flow splits and pulmonary pressures. Wall shear stress values in the proximal 

arteries were observed to match values in previous studies, and flow rates through the main 

pulmonary arteries were consistent with measured values from PCMRI.42 This application 

was used to evaluate wall shear stress and other quantities in normal and PAH patient 

specific models, revealing significant differences between healthy and diseased states, which 

helped to reveal mechanisms for PAH progression.59

Aortic and Femoral Arteries

The second example is a model extending from the aortic root to the femoral arteries (Fig. 

12). This model was constructed from a large CT dataset of a 21-year old female subject. 

The aortic inflow waveform was taken from Ref. 47 and averaged to a mean cardiac output 

of 4.6 L/min. Three element Windkessel models were applied at each outlet with resistances 

and capacitances tuned to achieve desired flow distribution amongst the various outlets and 

physiologic pressure pulse. Various literature sources were used to support the distribution 

ratios to each model outlet. For example, 13% of the cardiac output was distributed to the 

carotid arteries, 65% to the descending thoracic aorta, and 22% to the subclavian arteries. 

Descending thoracic flow was further divided to the remaining arterial beds based on target 

flow rates from the literature. Target arterial pressures were based on typical pressures for a 

young healthy adult. The simulation results match a target diastolic pressure of 80 mmHg 

and systolic pressure of 120 mmHg.

Coronary Artery Bypass Graft

Coronary artery bypass graft surgery is performed in roughly 400,000 patients annually in 

the United States.10 Vein graft failure continues to be a major clinical challenge in patients 

post CABG surgery. Simulations including material wall properties and vessel wall 

deformation may give insight into flow and wall mechanics leading to vein graft failure and 

optimal choice of surgical method. In this example, a model including the aorta, the 

coronary arteries, and the graft were constructed from CT images with SimVascular. Vessel 

wall thickness and material properties were prescribed based on literature values.13,50 For 

the boundary conditions at the aortic inlet and outlet, a closed-loop LPN was used that 

included circuit blocks for the heart, the systemic circulation, and the coronary circulation. 

Because flow in the coronary arteries is out of phase with the systemic circulation, coronary 

specific boundary conditions were applied at each of the coronary artery outlets. The model 
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was tuned to send 4% of the cardiac output to the coronary arteries.9 In addition, target 

pressures and flow splits were matched using values taken from literature. Velocity during 

end diastole and wall displacement during peak systole are displayed in Figure 14. Signifi-

cant differences in biomechancial conditions between venous and arterial grafts were 

identified.49

DISCUSSION

SimVascular provides a complete pipeline for image-based hemodynamics simulation. Many 

custom features have recently been developed to enable efficient and flexible computer 

model construction from medical image data. While this software has benefited from more 

than a decade of development and use in state-of-the-art cardiovascular modeling research 

studies, the recent redevelopment of SimVascular has expanded and hardened its 

functionality and ease of use. Moreover, these recent efforts have made SimVascular 

completely open source, documented, and available on all major operating systems, which 

enables community use for research and education for the first time.

Because geometric fidelity and boundary conditions are of critical importance in accurate 

cardiovascular simulation, new features have focused on providing enhanced functionality 

for model construction, manipulation, and repair, as well as the specification and numerical 

treatment of physiologic boundary conditions, multidomain modeling, and fluid structure 

interaction. Many of these features are not possible in other softwares. The SimVascular 

solver has undergone significant development to include support for multiscale boundary 

conditions, backflow stabilization, and a new linear solver with specialized preconditioning 

to improve performance. Significant efforts have also been made to refactor and harden the 

SimVascular code for stable releases and standardized development.

SimVascular is an active software project undergoing continuous progression with further 

enhancements forthcoming. Currently, a new graphical user interface is being constructed in 

a modern framework with Qt and Python. The framework is built upon the Medical Imaging 

Interaction Toolkit (MITK; www.mitk.org) to facilitate handling and processing of image 

data. In addition, new methods for image segmentation based on machine learning and 

artificial neural networks are in development.38 These methods will provide users with 

improved and automated image-to-model capabilities to reduce the time to construct 

accurate image-based models. In addition, modules for optimization, uncertainty 

quantification, and parameter estimation to match clinical data are under development.53,64 

Lastly, new algorithms to convert a discrete model (typical output of direct 3D segmentation 

methods) to an analytic model (CAD standard) are being developed, and will enable users to 

import/export models that are editable in most CAD frameworks.
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FIGURE 1. 
Inheritance diagram of cvRepositoryData. Derived classes in aqua are open source while 

derived classes in gray are commercial and optional.
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FIGURE 2. 
The SimVascular pipeline leads the user from visualization of image data through to 

completion of blood flow simulations. Steps 2–4 correspond to the lofted 2D segmentation 

process. Adapted from Ref. 29.
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FIGURE 3. 
The SimVascular pipeline is mirrored in the main work tabs of the GUI (enclosed in red 

box). Paths → Segmentation → Model → Meshing → Simulations.
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FIGURE 4. 
Creation of a vascular geometry using the lofted 2D segmentation approach involves moving 

a cross-sectional image window along each vessel path (a) to create a series of 

segmentations (b) that are lofted to form each vessel (c). A solid model is generated by the 

union of individual vessel models (d).

UPDEGROVE et al. Page 23

Ann Biomed Eng. Author manuscript; available in PMC 2019 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 5. 
Left: A slice along the vessel pathline is segmented using level set segmentation techniques. 

Right: The same slice is segmented using threshold techniques.
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FIGURE 6. 
A geometry imported into SimVascular and prepared for meshing using the PolyData solid 

model package. (1) The imported geometry (2) Extra and undesired portions of the geometry 

are removed and holes are filled (3) The geometry is smoothed, decimated, and subdivided.
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FIGURE 7. 
A variety of meshing options are available in SimVascular. (a) Uniformly prescribed element 

size on mesh (b) Boundary layer mesh (c) Mesh with spherical refinement (d) Radius-based 

mesh.

UPDEGROVE et al. Page 26

Ann Biomed Eng. Author manuscript; available in PMC 2019 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 8. 
On the left, “open-loop” boundary conditions are prescribed on a model of an aorta (from 

Ref. 29). RCR circuits are applied to represent the downstream vasculature. On the right, 

“closed-loop” boundary conditions are applied to a Hemi-Fontan model (from Ref. 25).
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FIGURE 9. 
In vivo validation of SimVascular’s finite element flow solver for aortic coarctation. (left) 

Comparison of fluctuation intensity (TKE) fields from PCMRI and from SimVascular (CFD) 

during systole. (right, top) Percentage of the descending aorta (boxed region) with 

fluctuation intensity above various thresholds at systole. (right, bottom) Integral of the 

fluctuation intensity field over the descending aorta (boxed region) vs. time. Figures adapted 

from Ref. 1.
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FIGURE 10. 
A sampling of the wide variety of model categories and simulation results available online in 

the vascular model repository at http://www.vascularmodel.com.
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FIGURE 11. 
The vascular mode repository combines the results of over 100 studies of varying image 

data, model complexity, and simulation type.
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FIGURE 12. 
The image volume and the constructed model for the aortic and femoral arteries of a 21 year 

old female (left two panels). Representative simulation results of the time-averaged pressure 

field and oscillatory shear index (OSI)24 field are shown (right two panels).
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FIGURE 13. 
Time averaged wall shear stress and average pressure over one cardiac cycle for the 

pulmonary arteries of a 67 year old woman.
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FIGURE 14. 
Model of the aorta, coronary arteries, and a bypass graft constructed from CT. Velocity 

magnitude volume render during end diastole (left) and wall displacements during peak 

systole calculated from FSI simulation (right). Adapted from Ref. 49.

UPDEGROVE et al. Page 33

Ann Biomed Eng. Author manuscript; available in PMC 2019 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	METHODS
	SimVascular Architecture and Maintenance
	The SimVascular Pipeline
	Paths
	Segmentation
	Model
	Meshing
	Simulations
	Console

	Image Segmentation
	2D Segmentation Methods
	Level Set
	Threshold
	Manual
	Analytic

	3D Segmentation Methods
	Model Creation
	PolyData
	OpenCASCADE
	Parasolid
	Discrete

	Meshing
	Simulation
	Boundary Conditions
	Inlets
	Outlets
	Walls
	Solver Methodology
	Hemodynamics Analysis


	RESULTS
	Case Studies and Validation
	Pulmonary Arteries
	Aortic and Femoral Arteries
	Coronary Artery Bypass Graft

	DISCUSSION
	References
	FIGURE 1.
	FIGURE 2.
	FIGURE 3.
	FIGURE 4.
	FIGURE 5.
	FIGURE 6.
	FIGURE 7.
	FIGURE 8.
	FIGURE 9.
	FIGURE 10.
	FIGURE 11.
	FIGURE 12.
	FIGURE 13.
	FIGURE 14.



