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Motivation

* Cardiovascular disease (CVD) — leading cause of death (1 in 4 in US)
e 1/100 children are born with a congenital heart defect
* High costs (> S500Billion in US)

Heart conditions | 107.2
Trauma-related disorders |G 2.3
Cancer | 1.7
Mental disorders | 731
COPD, asthma | 638
Osteoarthritis |G 62.4
Diabetes melitus [ 513
Hypertension |G 2.9
Back problems _ 39.3
Hyperlipideria |G 37.2
Normal live births NI 34.9
Systemic lupus and connective disorders _ 30.8
Other central nervous system disorders _ 25.9
Residual codes [N 235
Disorders of the upper Gl _ 23.5
Kidney disease N 23.0
Other circulatory conditions _ 22.7
Gallbladder, pancreatic, and liver disease _ 226
Other endocrine, nutritional, & immune disorders _ 22.1
e ; : ) ' 4 . : d . : Infectious diseases _ 21.9
\q°° \q°<° R \9\4’ @'LQ .\g’f’ \&0 .\q“f’ R .\q"?’ ,\q"° Swoke NN 20.6
Skin disorders |GG 20.6
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Braunwald, NEJM, 1997 CDC, AHA Statistics Report 2014
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Navier-Stokes Fluid Mechanics

©Mittal, JHU

We have not leveraged the full potential of

Mittal, JH
© Stanford CTR ©Seo & Mittal, JHU



Personalized Modeling

@ HeartFlow

. I 4 I
Disease Treatment —
mechanisms Planning
e |nvitro e Optimize outcomes e 0.58
experiments e Device design
- J \ J
4 . ) ) (\ . I
Non-invasive Predictive'
. (maging Medicine
e Complements e Long-term
routine diagnosis Personalized Prognosis
\_ ) Cardiac \_ Y, * 61% invasive catheterizations deferred
_ . o L .
I\/Iodelmg 83% reduction in angiograms

e HeartFlow Planner

PLATFORM, Douglas et al., Eur. Heart J., (2015)



Open-Source Software

Sharing tools with the research community
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Tweets by @simvascular

Alison Marsden

, f;\ SimVascular
\ @ @s ul
¢ New Feb 2021 @simvascular release Stanfo rd Unlvel’SIt)’
’ for Mac, Windows and Linux is out! This
’ includes: 1) Bug fixes, 2)
Enhancements to 1D Simulation
plugin, 3) Additions to Python API, 4)
Rewrite of Colliding Fronts plugin.

Shawn Shadden
UC Berkeley

The only fully opensource software package providing a complete pipeline @MarsdenStanford #OpenSource
. ) . 5 i #cardiovascular simtk.org/frs/?
from medical image data segmentation to patient specific blood flow group_id=...

Nathan Wilson

simulation and analysis. OSMSC

Feb 8, 2021

Marsden Lab

@MarsdenStanford

Registration now open for the
@simvascular pre-conference software
workshop at @SB3Corg. Join us for
hands on software training in blood flow
simulation and patient specific
modeling. Breakouts for experienced
and novice users. Sign up here:

i Berkeley [FEIVE® B Sim K

UNIVERSITY OF CALIFORNIA Embed View on Twitter

ife Like 4.8M Share



SimVascular

z

o
Yoy,
Provide a complete pipeline from medical image data to Features:
 Fully open sourced and free

patient-specific blood flow simulation and analysis

A # G

RT3
* Multiscale modeling, optimization,

uncertainty quantification, and FSI
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e Online documentation and tutorials

%3

I
* Medical engineering and education
e Cloud computing on AWS, Online Gateway

(XSEDE)

High quality modeling and simulation tool to advance

cardiovascular research

Updegrove et al., Annals Biomed Eng. 2017



git@github.com:SimVascular/svFSl.git

’- /% Hemo-

dynamlcs

: dv _
Cauchy equations | p pri V.o + pb

da @ .
=V ,Bgdt+l7.v—0

Time: 5.0 ms

C,V =

SimCardio: towards whole heart modeling

Navier-Stokes

—Uion + Isgim) + V.q(V)



Cardiac Development
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Pulmonary Hypertension

RCR Circuit

waveform

svFSI Applications

Aortic Dissection

Velocity Magnitude
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Aneurysm Tissue Damage

Coronary Artery Disease

Coronay

Sub-circuits

peak systole (t =3.12's) end diastole (f = 3.8 s)
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(a) without degradation
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(b) with degradation

Vedula et al., PLOS Comp Bio
Baeumler et al., BMMB
Seo et al., Comput. Mech.

Liu et al. (in preparation)



svFSI — Ongoing Developments

Growth-Accommodating Heart Valve

NIH)

National Institutes
of Health

[ o —_—

AN

* Expanded polytetrafluoroethylene

EOA: 1.50 cm?
RF: 2.0%
PPD: 12.7 mmHg (ePTF E)

Patient : S

& ol  Material characterization —
EOA; 1.07icri viscoplastic with damage (Mullins)
PPiJIZt)O mmg 100+

o > e Contact model for valves
£ s * Immersed boundary method with
David Kalfa  Jeffrey Kysar Haim Waisman = ol . thin shell formulation for thinner
400_.0 02 04 06 08 Va |VeS

Time (sec)




svFSI — Ongoing Developments

b oo

Y.
Hypertrophic Obstructive Cardiomyopathy

Can modeling be used to plan septal myectomy?

* Thick heart tissue obstructs blood Dr. Hiroo Takayama
flow into aorta

svFSI| Features:

* Multiphysics cardiac model to
assess electrical activity, tissue
contraction, and blood flow pre-
and post-surgery

* Implications for sudden cardiac death

Normal heart Hypertrophic cardiomyopathy

¢

https://inmo.ie/MagazineArticle/PrintArticle/9090 Takayama et al. JTCVS 2019

* Optimization

* Automate model generation using
machine learning-based methods



https://inmo.ie/MagazineArticle/PrintArticle/9090

Venous Thromboembolism (VTE)

VTE — third leading cause of cardiovascular related death

Multifactorial (Virchow’s triad)

Multiscale-multiphysics modeling of VTE (FSI, coagulation

cascade specific to venous flow conditions)

Wolberg et al., Nat. Rev. Dis. Prim., 2015

b
Thrombomodulin '
i Thrombus
i Red blood
EPCR  Endothelial : cell
expression of | .
antithrombotic | Fibrin
TEPI factors
Heparan sulfate
S toRIPA
o °°°°° Nitric oxide
04% %0 Prostacyclin
£039 E Hypoxia
. invalve
Anticoagulants | pocket
in blood
7 Proteins
N CandS
© Antithrombin
e Abnormal
N n 1~ Endothelium flow/stasis

Tissue factor
05%%e PAI1

Endothelial
WEE dysfunction

P-selectin
E-selectin

Blood
hypercoagulability

ol ,
! ) Leukocyte
i >—< @ activation
i /o NO |
] 9562 Tissue factor-positive |
! °, microvesicles

! Unfractionated
Neutrophil : heparin

weight heparin

Platelet

svFSI — Ongoing Developments

Keefe Manning,
PennState

Low-molecular-

RNA aptamer

Fondaparinux
Idraparinux
Apixaban
Rivaroxaban

Lepirudin
Desirudin
Dabigatran



Ongoing Developments Beﬂ(e]ey

UNIVERSITY OF CALIFORNIA

Automatic Cardiac Segmentation and Model Creation

Raw Geometry

3D
3D Images Segmentation
Ensemble of Post Processing
CNNs & Marching Cube pr—
Single-Phase LV Model
AO
MO |
Mesh Surface
CFD-Ready registration Editing
LV Model
~
‘\v/ Whole Heart

Segmentation

* Deep-learning based segmentation, geometry
processing, and image registration

* Python-based framework



Closing Thoughts

Simulations have a greater role to play in clinical applications

(disease mechanisms, risk stratification, treatment planning, and
device design)

Open-source software being increasingly used for cardiovascular
research and education

Research thrusts — automated workflow (Al/ML, DD), uncertainty

guantification, multiphysics-multiscale modeling, reduced-order and
multi-fidelity modeling



Acknowledgments

Alison Marsden Shawn Shadden, Ellen Kuhl Jeff Kysar Haim Waisman  David Kalfa Jamie Hiroo Takayama
Berkeley .
‘ Harrington

Computing
Ju Liu Oguz, T.  ChiZhu, Francisco
Berkeley Sahli

National Institutes

of Health Extreme Science and Engineering
Discovery Environment
lan Chen Tzung Hsiai, UCLA Juhyun Lee, UTA Q Stanford
WY Children’s Health

Cardiologist
Stanford, VA Palo Alto

Cardiac Biomechanics Modeling <vw2316@columbia.edu>



