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Goals:

AFIB-Challenge %

Model, Predict and Control Cardiac Arrhythmias

In particular Atrial and Ventricular Fibrillation

Extend developed tools and techniques for the
Other CMACS Challenges and for any Hybrid System



Results:
CMACS-AFIB

CMACS Specific Results

1st GPU-based 2D and 3D simulation of all important human cardiac models

1st automatic parameter-range identification for abnormal behavior in cardiac cells
1st GPU-based curvature analysis and classification of abnormal cardiac behavior
1st Low energy defibrillation of atrial and ventricular tissue in vitro and in vivo

Cross-Cutting Fundamental Results

An optimal linearization algorithm of for nonlinear experimental data signals
GPU-techniques for real-time simulation of nonlinear partial-differential equations
Robust verification and PR identification for MHA and time-dependent properties
Distributed control algorithms for nonlinear systems with stiff PDE

Optimal model repair techniques for discrete- and continuous-time Markov Chains
Techniques for checking g-bisimulation among continuous-time MDPs
Development of a time-frequency logic to better capture signal properties

Improve time-space performance of verification tools with GPU-Mutlicore techniques
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Motivation:
AFIB-Challenge

Normal Heart Beat Atrial Fibrillation

Heart disease is one of the leading causes of death in the world.
Ranks number one in industrialized countries.
In the USA alone:

» 1/3 of total deaths are due to heart disease.
*1in 5 people have some form of heart disease.

* 4.5 million do not die but are hospitalized every year.
« Economic impact: $214 billion a year.



Motivation:
CDC / Statistics

National Vital Statistics Report, Vol.49, No.11, October 12, 2006
Deaths and percent of total deaths for the 10 leading causes of death:
United States

Rank Cause of death Total Deaths Percentage
All causes 2,391,399 100.0
1 Diseases of heart 725,192 30.3
2 Malignant neoplasms 549,838 23.0
3 Cerebrovascular diseases 167,366 7.0
4 Chronic lower respiratory diseases 124,181 5.2
) Accidents (unintentional injuries) 97,860 4.1
6 Diabetes mellitus 68,399 2.9
7 Influenza and pneumonia 63,730 2.7
8 Alzheimer’s disease 44 536 1.9
9 Nephritis, nephrotic syndrome and nephrosis 35,525 1.5
10 Septicemia 30,680 1.3
All other causes 484,092 20.2

http://lwww.cdc.gov/nchs/data/nvsr/invsr57/nvsr57_14.pdf



Background:
Types of Arrhythmias

Arrhytmias occur in upper chambers (atria)
or lower chambers (ventricles) or both

Heart rate may be increased or decreased

May result from pacemaker dysfunction or
breakdown of electrical activity (reentry)

Some arrhymias are of genetic nature

Arrhytmias may be asymptomatic or they
may be immediately life-threatening




Background:
Problems Studying AFIB

Complicated structure Canine heart (MRI @120 microns resolution)

Pittsburgh NMR Center for Biomedical Research
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Background:
From Experiment to Model
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Modeling: Towers of Abstraction for
Analysis of Cardiac Abnormalities

Orovio-Cherry-Fenton-08 Minimal lonic Model
Controller Formal . _
Synthesis € Analysis € Variables: 4 Maesoscopic behavior

Parameters: 27 Abstract biological entities
concretization? assumption approximation?
technology
Tusscher-Noble2-Panfilov-03 Less Detailed lonic Model
—> Variables: 17

Parameters: 44

Recent experimental data
Mixed biological entities

experimental

data assumption . .
technology approximation?
\ 4
Controller Medical lyer-Mazhari-Winslow-04 Most Detailed lonic Model
. > > Variables: 67 Latest experimental data
Synthesis Treatment Parameters: 94 Concrete biological entities




- Modeling: From MM Hybrid Automaton
¥ to the Multi-Affine Hybrid Automaton

Minimal Model as a Nonlinear Hybrid Automaton 2D and 3D Simulation of Partial Differential Equations
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Modellng From MM Hybrid Automaton
" to the Multi-Affine H
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The Multi-Affine Hybrid Automaton
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r Modeling: From MM Hybrid Automaton
r to the Multi-Affine Hybrid Automaton

Comparison in 1D
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These results appeared this year in
CAV’11, LNCS 6806, pp. 396-411, 2011



Modeling: Approximating the
Sodium Current of the lyer Model
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- Analysis: Real Time Simulation with
" NVIDIA Graphical Processing Units

Minimal Model in Four State Variables (4V) Beeler-Reuter (8 V) Ten-Tusscher-Panfilov (19V) lyer (65 V)
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Web Graphics Language (Fenton-Karma 2V) 3D Model of a Rabbit Heart (Fenton-Karma 3V Model)

PDE on GPU
] PDE on GPU +
| _| file:///Users/eziobartocci/Desktop/2dksepl3p.html v ’l'
(] Most Visited ¥ | | Facebook Friends | | Getting Started [5 Latest Headlines ~

a: up ) (down ) 1.5415 increment: 0.01
nb: up ) (down) 1.0 increment: o0.01
m- wn ) Cdawn ) 7 incramant: aan

Runs in your Browser and uses your GPU

These results are work in progress
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K Analysis: Parameter-Range Inference
. for Unexcitability with Rovergene

Spiral Wave Induced by Unexcitable Myocytes Genetic regulatory network with Parameters k,y
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By examining corner flows
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~ - Analysis: Parameter-Range Inference
~  for Unexcitability with Rovergene

=

Parameter-Range Identification Results Genetic regulatory network with Parameters k,y
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" with Time-de

Linear Hybrid Automaton of a Kripke Structure

S0 St S12 S13 Sia S S1i0 S1a1 5114 S115 16 S1.08
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guard: face invariant: all faces

flow: as below

Computation of Flows
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Summary of simulation relations
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PMA

-~ Analysis: Parameter-Range Inference
pendence in SpaceRover

SpaceRover Search Algorithm

v 't SpaceRover(M,p, P)
H system M =(f,IT), formula ¢ over I, rectangular set P of uncertain parameters
u’ of valid parameter sets
9u0 91,41 P,V’g’\P

3: ComputeParamConstraints()

4: TestParamSet(¥,¢)

5: return V

}

ComputeParamConstraints(f,I1, P)

{

/[ output: List of parameter constraints ¥

/l output: Function g with ¢(H,,H,)=u._.0O(c) where H,,H, are adjacent hyper-rectangles with
/I separating face F, c are its corners, and Q(c) = f(c,p) >0 on direction H, - H,

1.V =0,g:=CJ

2: forall ( hyper-rectangles H inf and cin C,, andiin 1:n) ¥ :=%Y U fi(c,p)

3: ¥ := RemoveRepeatedElementsAndSort(¥)

4: forall ( adjacent rectangles H,,H, inf ) g(H,,H,) := U, f(c,p)>0 on direction H, — H,
5: return (W, g)

}

TestParamSet(\V,/)

{

/I input: List of current parameter constraints /

/I input: List of parameter constraints ¥

/I output: list V of valid parameter sets

1: Q := Polytope(l)

2: (K;,(Q), L3, (Q), L}, (Q)) := ConstructTransitionSystems(Q)

3:if (SMV(K},(Q), 9)) V =V UQ; retun

4: elseif ( SpaceEx(L],(Q), ¢)) V =V uUQ;retun

5: elseif (—SpaceEx(L},(Q), ¢) ) return

6: else {c :=first(¥); ¥ := rest(¥); TestParamSet(¥, [ : —c); TestParamSet(¥, [ : ¢) } endif
}




- Analysis: Parameter-Range Inference
" with Time-dependence in SpaceRover

SpaceEx - Model Editor (0.8.406) - KS_existsP.xml

Linear Hybrid Automaton of a Kripke Structure
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Analysis: Spiral Classification
Algorithm for Isotropic Diffusion

Bachmann's Bundle
Sinoatrial (SA)

Node
3

by i I h _ -
Anterior Left Bundie Brancl
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Conduction =
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Tract
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Right Bundle Branch
Atrioventricular (AV) Node

Setting: MHA simulation on 1024X1024 grid under isotropic diffusion

Principled Bad behavior detection
Parameter Identification = Parameter-space + Using wave curvature — Spiral Classification
partitioning Algorithm (SCA)
D =
Why wave curvature: 8 =0, — — g et e -
r _ >
6 = curved wave propagation velocity .
6, = flat wave propagation velocity = e
D = constant based on properties of medium A it
r = radius of curvature - -~
Wave break (fibrillation) at critical radius: r, :02 60=0, 0 <0,

0



Analysis: Spiral Classification
Algorithm for Isotropic Diffusion

/ K

th Parallel Isopotential Weighted Average Symbolic
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Algorithm (PIRA) Fitting Evaluation {
Simulation results Level 1 X(8) = (1 =PI +3t(1— t)*P; +3t3(1 - )P + 3P3. , "
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- AN Squares (PMS) Level 0 ,
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CASE STUDY: Spiral re-entry with circular core. CASE STUDY: Spiral reentry with linear core. 22



Analysis: GPU / Multi-core
Model Checking

Optimizing Spin software model checker with GPU / Multi-cores

— Exploring and comparing OpenCL/CUDA technologies
— Developing GPU-based efficient hashing algorithms

— Developing a GPU-based State Exploration Engine

— Developing a GPU-based State Verification Engine

Optimizing SAT/SMT solvers with GPU / Multi-cores

— SMT solvers seem most promising

This is work in progress
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Control: Termination of Arrhythmias
with Low Energy Defibrillation

In the heart, fibrillation is one of the most dangerous arrhythmias, is produced by fast
reentrant (spiral) waves of electrical activity and can occur in the atria or ventricles

Atria: Atrial fibrillation (AF) is the most common tachyarrhythmia worldwide.
Ventricle: Ventricular fibrillation (VF) is the leading cause of death in the US.

Based in concepts of complex systems and nonlinear dynamics we have developed a method to
terminate reentrant arrhythmias in both atria and ventricles uses much lower energies compared to
standard defibrillators (up to 360J [1000V, 30-45 Amps ] which not only are very painful, they can

damage cardiac tissue
d ) In vivo atrial fibrillation termination

Termination by synchronization 1 Shock 5 Low Energy Shocks
using multiple low energy shocks - .
rather than one big one.

|n—>

|
.‘.ﬂlyl\l\"\‘d‘}f‘" "J“‘.\\;‘}‘ j\‘ }u“'wl_“l\ml\?\l‘."'-_w« LA

I s 5 C[Y) iy \’\v\J‘w\'u\".’\fw\“\j\:\‘d’"ﬁ AW

Computer simulation A
(proof of principle) Defibrillation with 90% energy reduction 24



Control: Termination of Arrhythmias
with Low Energy Defibrillation

Low Energy Defibrillation (LEAP) tested for Canine Hearts

Ventricular fibrillation Atrial fibrillation

= 3t In vitro - S ol In vivo Invitro |
> T > L
5 2L i 6 15¢ —‘7 .
@ 1.51J 5 11| 1.05 J i
g1t l . © 0 OIG J l
> = 2T 1 . m
a oL i 014y = | a ol L ofass 0.08 J ===

Defibrillation LEAP Defibrillation LEAP Defibrillation LEAP

For Both AF and VF we have found successful defibrillation with LEAP using
about10% of the energy required by the standard 1 shock defibrillation protocol

Furthermore, using high resolution mCT

We obtained detail vessel distribution of These results appeared this year in
the heart and found a scaling law which  Nature Jul 13;475(7355):235-9; 2011
was used to obtain a theory that explains

the mechanism behind LEAP.
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Control: Model Repair for
Discrete-Time Markov Chains

Property to Satisfy
pgl/gF[die = 1]

Optimization Constraint to Satisfy and Transfer Function

min wyvf + wyvd + we s

8U1U2U3 . 4(’1)2'01 — Uzt — ’U1U3) . 2(’01 + vy — Ug) -1 1 <0
8U2U3 + 4U2 4 42)3 —6 8 —

Yie {l,---,3},—05< v, <05

Solution found for w=[1,1,1] Solution found for w=[10,5,1]

/

’

&
81’1Z +2 < 0.751- N\ III\,\ 1
43 0.7 A 7q 1
is infeasible 23 s

Pys[Fs=2vs=5]le

These results appeared this year in TACAS 2011, LNCS 6605, pp. 326-340, 2011
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