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Engineer-Clinician Partnerships

Patient care advanced by 
Technology

Technology driven by clinical 
needs
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Engineer-Clinician Partnerships

Simulation is a critical next step in 
the partnership
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Predictive Patient-Specific Modeling
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Motivation for Cardiovascular 
Modeling

Personalized 
Medicine

Virtual surgery and 
treatment planning

Test novel 
surgical 

concepts

Prediction of post-
surgical conditions

Patient risk 
stratification

Augmenting clinical 
imaging

Fundamental 
disease mechanisms

Vascular Growth and 
Remodeling

Mechanobiology
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Cardiovascular Model Fidelity
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Lumped parameter 
models

1-D Wave Propagation 
Models

3-D Finite Element Models
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Fluid Structure Interaction Uncertainty Quantification

Assimilation of clinical data

Shape Optimization

Machine Learning for 
Image Segmentation

Cardiovascular Modeling: Challenges

Interactive Virtual Surgery
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Clinical Applications

Cardiac Development

Coronary Artery Bypass Grafts Single Ventricle Hearts

Ventricular Hemodynamics Pulmonary Hypertension

Aortic Dissection



Clinical Examples
Coronary Artery Bypass Surgery

Abhay Ramachandra

Justin Tran

Owais Khan
With Andrew Kahn, Jack Boyd, Daniele Schiavazzi
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CABG Surgery
• CABG surgery performed in ~400,000 cases annually in US

• Graft options:  arterial graft (LIMA), saphenous vein graft (SVG), 
artificial grafts

• Most patients 
require multiple 
grafts

• SVGs are used 
in majority of 
patients (70%)

• 50% graft failure 
within 10 years

LIMA

SVG
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Vein Graft Failure: changing 
biomechanical loads

Pre-op	
Native	vein		
low	pressure,	low	
flow

Post-op	
20X	increase	in	
pressure	
4X	increase	in	flow

Vein	undergoes	a	complex	remodeling	process	in	
response	to	sudden	change	in	mechanical	load

Surgical	clamps	
removed
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CABG Simulation Pipeline
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Solution Domains

⇢~v,t +⇢~v ·r~v = �rp+r · ⌧ + ~f

r · ~v = 0

Navier-Stokes in 3D domain

p2
d2P

dt2
+ p1

dP

dt
+ p0P = q2

d2Q

dt2
+ q1

dQ

dt
+ q0Q+ b1

dPim

dt

ODEs for LPN coupled to outlets

numerically coupled system of equations

Sankaran, S., Esmaily Moghadam, M., Kahn, A.M., Guccione, J., Tseng, E., and Marsden, A.L., “Patient-specific multiscale 
modeling of blood flow for coronary artery bypass graft surgery,” Annals of Biomedical Engineering 40(10), (2012). 
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Simulation Results

WSS

Wall Strain
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Mechanical Stimuli: Arterial vs. Vein Grafts

Statistically significant differences in WSS, area of low WSS, wall strain

Ramachandra, A. B., Kahn, A. M., Marsden, A.L., “Patient specific simulations reveal significant differences in mechanical stimuli in venous and 
arterial coronary grafts,” Journal of Cardiovascular Translational Research, Vol. 9 (4), pp 279–290, (2016). 
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Parameter Estimation and UQ
With Daniele Schiavazzi, Notre Dame

Schiavazzi, D. E., Doostan, A., Iaccarino, G., Marsden, A. L., “A Generalized Multi-resolution Expansion for Uncertainty Propagation with 
Application to Cardiovascular Modeling,” Computer Methods in Applied Mechanics and Engineering, Vol. 314 (1), pp. 196-221, (2017). 
Schiavazzi, D. E., Hsia, T. Y., Marsden, A. L.  “On a sparse pressure-flow rate condensation of rigid circulation models,” Journal of 
Biomechanics, Vol. 49 (11), pp. 2174-2186, (2016).
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Uncertainty Propagation 

Tran, J. S., Schiavazzi, D. E., Kahn, A. M., and Marsden, A.L., “Uncertainty quantification of 
simulated biomechanical stimuli in coronary bypass grafts,” in review. 
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Statistics on model predictions

Tran, J. S., Schiavazzi, D. E., Kahn, A. M., and Marsden, A.L., 
“Uncertainty quantification of simulated biomechanical stimuli in 
coronary bypass grafts,” in review. 
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Growth and Remodeling

• Adapted Humphrey arterial 
G&R model to veins

• Predict response to changes in 
hemodynamics (pressure, 
shear stress) 

• radius, thickness, wall 
composition

• Test hypotheses of vein graft 
failure

A. Valentín and J. D. Humphrey, Phil. Trans. R. Soc. A 2009

What is the biomechanical response to altered hemodynamics 
and wall mechanics in a vein graft?
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Vascular G&R Model
Equilibrium Equations

Constitutive Equations

Mass Addition and Removal

Elastin

SMC + Collagen

Addition

Removal

Evolution

Kk(⌧̃) = Kk
h +Kk

h�⇣(⌧̃)2

Mk(s) = Mk(0)Qk(s) +

Z s

0
mk(⌧)qk(s, ⌧)d⌧

Circumferential

Axial

Mass

Stored Energy

A. Valentín and J. D. Humphrey, Phil. Trans. R. Soc. A 2009
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Could gradual loading 
ameliorate vein maladaptation?

Step Change Gradual 
Change

Measure deviation from homeostasis

Ramachandra, A. B., Sankaran, S., Humphrey, J.D., Marsden, A.L., “Computational simulation of the adaptive
capacity of vein grafts in response to increased pressure,” Journal of Biomechanical Egnineering, Vol. 137, pp. 031009-1, (2015).

Ramachandra, A. B., Humphrey, J. D., Marsden, A. L., “Gradual loading ameliorates maladaptation in computational simulations 
of vein graft growth and remodeling,” Journal of the Royal Society Interface, Vol. 14 (130), May 2017. 
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Evidence of benefit of gradual loading

Step	
change

3	days

8	days



Clinical Examples
Hemodynamics in Pulmonary Hypertension

Weiguang Yang

With Jeff Feinstein and Marlene Rabinovitch

Melody Dong
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J.D. Rich & S. Rich, Circ, 2014.

Pulmonary Arterial Hypertension (PAH)

Altered Hemodynamics 
contributes to PAH Progression

S. Chien, Am J Physiol Heart Circ Physiol, 2007

Elevated pulmonary artery (PA) pressure (>25 mmHg) and 
abnormal shear contribute to pulmonary vascular remodeling 

5 year survival rate for children of 60-70%
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Methods: Simulating 
hemodynamics in entire PA tree

Flow

Proximal PA 
Hemodynamics

PA Morphometry tree

 
Distal PA Hemodynamics

1Huang W., et al., “Morphometry of the human pulmonary vasculature,” J Appl Physiol, 81(5):2123-33, 1996. 
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Study Cohort Clinical Data
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PH Cohort with Varying Disease 
Severity
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Proximal vessels: WSS
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MPA WSS is significantly decreased in 
moderate and severe patients
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Distal vessels: WSS
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Towards Fluid Solid Growth
An integrated framework for solid-fluid mechanics

Ju Liu
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Challenges of incompressible solids

• Biological tissues are incompressible 
with Poisson ratio = 0.5

• Most solid mechanics codes 
inadequately deal with incompressible 
materials

• Limitations in element type or 
model complexity

• “Fudge” material properties

• Linear tetrahedral elements lead to 
well-known “locking” phenomenon 
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Helmholtz vs. Gibbs
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The large slope of the strain-stress curve (here, density-pressure curve) is the bane
of incompressible finite elasticity solvers

A.M. Legendre
(1752-1833)

H. Helmholtz (1821-1894) J.W. Gibbs (1839-1903)
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A unified framework for fluids and solids
• Compressible and incompressible Navier Stokes

• Compressible and incompressible hyper-elastodynamics

• Inelastic materials (anisotropic visco-hyper-elastodynamics, elastoplasticity, etc.)

0= du
dt
−v,  or a mesh motion equation for ALE-CFD,

0= dρ
dt
+ρ∇⋅v

0= ρ dv
dt
−∇⋅σdev +∇p−ρb

⎧

⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪

⎩

⎪⎪⎪⎪⎪⎪⎪⎪⎪
Elasticity :

σdev = J−1!F P :!S( )!FT ,     !S= 2∂
!G
∂!C

,   ρ−1=
dĜ
dp

,    βθ =−
d2Ĝ
dp2

dĜ
dp

.

Viscous fluids:

σdev = µ ∇v+∇vT( )+λ∇⋅vI.
J.	Liu	and	A.L.	Marsden.	A	unified		conFnuum	and	variaFonal	mulFscale	formulaFon	for	fluids,	
solids,	and	fluid-structure InteracFon.	CMAME	2018.
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Verification: Cube compression 
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J.	Liu	and	A.L.	Marsden.	A	unified		conFnuum	and	variaFonal	mulFscale	
formulaFon	for	fluids,	solids,	and	fluid-structure InteracFon.	CMAME	2018.
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Verification: Anisotropic hyperelastic 
material

G !C,Hi( )=G g
!C( )+ G fibre

i=1,2
∑ !C,Hi( ),

G g
!C( )= c

2
tr !C( )−3( ),   G fibre

!C,Hi( )= k1

2k2

exp k2
!Ei

2( )−1( ).
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T.	Gasser,	et	al.	HyperelasFc	modeling	of	arterial	layers	with	distributed	collagen	fibre	orientaFons.	
Journal	of	the	Royal	Society	Interface,	2005.	
J.	Liu	and	A.L.	Marsden.	A	robust	and	efficient	iteraFve	method	for	finite	elastodynamics	with	
nested	block	precondiFoning.	JCP,	submiUed.
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Linear Solver Technology: 
Nested Block Preconditioner
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J.	Liu	and	A.L.	Marsden.	A	robust	and	efficient	iteraFve	method	for	finite	
elastodynamics	with	nested	block	precondiFoning.	JCP,	submiUed.
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Solid&domain Fluid&domain

σ dev =σ elastic σ dev =σ viscous

Calculate(solid(displacement

Calculate(fluid(mesh

!! 
Solve! βθ

!p+∇⋅v =0
ρ !v −∇⋅σ dev +∇p− ρb=0

⎧
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⎭⎪
!using!VMS!and!Gen2α

Segregated(algorithm(

Solve(a(Laplace(equa4on,(or(
a(system(of(linear(elas4city((
for(mesh(mo4on(

Unified Framework for FSI



Marsden research group - Cardiovascular Biomechanics Computation Lab

Wave Propagation in an Elastic Tube

Liu, J., Marsden, A.L., “A unified continuum and variational multiscale 
formulation for fluids, solids, and fluid-structure interaction,” CMAME 2018.   
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FSI Benchmark: Flow over an 
elastic beam

0 1 2 3 4 5 6 7 8 9 10
Time (s)

-1.5

-1

-0.5

0

0.5

1

1.5

B
ea

m
ti
p

ve
rt

ic
al

d
is
p
la

ce
m

en
t
(c

m
)

5.70 s 8.59 s

C.J.	Greenshields	and	H.G.	Weller.	A	unified	formulaFon	for	conFnuum	mechanics	applied	to	fluid-structure	interacFon	in flexible	tubes.	IJNME	2005
J.	Liu	and	A.L.	Marsden.	A	unified		conFnuum	and	variaFonal	mulFscale	formulaFon	for	fluids,	solids,	and	fluid-structure InteracFon.	CMAME	2018.
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Roadmap to patient-specific FSG
1. Stabilized FEM for nonlinear 

incompressible solids using tets

2. FSI 5. Visco-elasticity

6. Add the Stress-driven mass production 
& removal model to enable G&R 

8. FSG

3. Iterative solver 
technology

4. Anisotropic 
material

7. Scalable FSI 
linear solver

J.	Liu	and	A.L.	Marsden.	A	unified		conFnuum	and	variaFonal	mulFscale	formulaFon	for	fluids,	solids,	and	
fluid-structure InteracFon.	CMAME	2018.
J.	Liu	and	A.L.	Marsden.	A	robust	and	efficient	iteraFve	method	for	finite	elastodynamics	with	nested	
block	precondiFoning.	JCP,	submiUed.
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Towards FSG

smooth muscle -
circumferential

elastin -
isotropic

Gmh Geh Gch Gch Gch

collagen -
circumferential

collagen -
axial

collagen -
diagonal (+/- 45o)

radius - a

thickness - h

Natural configuration

with Chris Breuer and Jay Humphrey

FLUID-STRUCTURE 
SOLVER

STRUCTURE-GROWTH
SOLVER

UPDATED GEOMETRY 
AND WALL PROPERTIES

PRESSURE  and 
WALL SHEAR 
DISTRIBUTION 

ITERATE TO 
CONVERGENCE
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Cardiovascular Modeling: Challenges

Whole heart modeling Vascular Mechanobiology

Microvasculature Endothelial Gene Expression Autoregulation and Adaptation

Thrombosis and 
Biochemistry

FLUID-STRUCTURE 
SOLVER

STRUCTURE-GROWTH
SOLVER

UPDATED GEOMETRY 
AND WALL PROPERTIES

PRESSURE  and 
WALL SHEAR 
DISTRIBUTION 

ITERATE TO 
CONVERGENCE



Alison Marsden
Stanford University

Shawn Shadden
UC Berkeley

Nathan Wilson 
OSMSC

www.simvascular.org

@SimVascular

http://www.simvascular.org
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FSI: CMM and ALE methods Local / Adaptive Mesh Refinement

Coupled LPN Modeling
Combined 3D / 2D segmentation

New GUI with Python

SimVascular Capabilities

Coronary Physiology



10/8/2015 Simtk.org: SimVascular: Cardiovascular Modeling and Simulation: Project Activity

https://simtk.org/project/stats/usagemap.php?group_id=188 1/1

Home
About Simtk.org
Jobs and Grants

Alison Marsden

News
Create Project

Log Out
My Page

See our new page for funding opportunities and job openings

 Search Simtk.org
 Go 

Advanced Search

Follow

Update

Statistics

Geography of use

55247 Page Hits in the past 180 Days (10347 Unique Visitors)
559 Stanford Page Hits (28 Unique Visitors)

 more than 1000         101 to 1000         26 to 100         6 to 25         2 to 5         1

Request Website Feature | Report Website Bug | Feedback | Simbios | BCR | Our Pledge Your Responsibility

Simtk.org is maintained through Grant R01 GM107340 from the National Institutes of Health (NIH).

It was initially developed as part of the Simbios project funded by the NIH as part of the 

NIH Roadmap for Medical Research, Grant U54 GM072970.

Information on the National Centers for Biomedical Computing can be obtained here.
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Downloads &
Source Code
Examples and Samples

SB3C Workshop Files

SimVascular

This projects does not
store source code in
Simtk's Subversion
repository.

SimVascular: Cardiovascular Modeling and Simulation
Project Overview

Project Stats

Geography of use

 

• 2,683 unique users

• 6,692 unique downloads

• Google Scholar search for 
“SimVascular” produces ~200 
publications/abstracts since 2013

• Used in coursework for project-
based learning via GATEWAY

• Vascular Model Repository 
provides 120 compatible data sets

http://vascularmodel.com
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