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Extending models from the 
laboratory to the clinic: 
Patient-specific models of 
heart failure

Extending models to smaller 
spatial scales and shorter 
temporal scales: Molecular to 
Markov Models

Extending models to longer 
time-scales: Ventricular growth 
& remodeling models

Evolution of Multi-Scale Models of the Heart
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Cellular

Flaim et al., AJP 2006

Flaim et al., Heart Rhythm 2007

Tissue

SCN5A-I1768V mutation 
augments the late Na+ 

current  

Early afterdepolarizations 
occur in  midmyocardial 
and endocardial but not 

epicardial myocytes 

Endocardial 
afterdepolarizations 

trigger epicardial APs 
resulting in “R or T” 

extrasystoles 

THEN



 NOW: Smaller Spatial and Temporal Scales



Genetic Mutations

Myofilament Functional Response

NOW: Thin Filament Activation by Calcium



Whole Cell

dATP to Myosin Molecule

NEXT: Extending to Thick 
Filament and Whole Cell 

Mechanoenergetics

Myosin-ADP.Pi,	50ns Myosin-dADP.Pi,	50ns
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With Bassingthwaighte & Regnier (UW) and Beard (UM)
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Multi-scale modeling of the mouse heart: From 
genotype to phenotype

Andrew McCulloch (PI) 
Tom Borg (Co-PI), University of South Carolina 
Bob Price (Co-PI), University of South Carolina 
Award number: BES-0506252      April 12, 2007, NSF 
                                                                                 

THEN



β-adrenegeric regulation of myocyte 
excitation-contraction coupling



With	Colleen	Clancy	(UCD)	and	Robert	Harvey	(Univ		Nevada	Reno)	

NOW: Extending to Smaller Spatial Scales

Hake J et al (2012) J Physiol 590:4403-4422



NEXT: 
From Thermodynamic to 
Kinetic Markov Models 
of PKA Activation and 

Regulation



Ventricular-Vascular Coupling Model

Kerckhoffs et al., Ann Biomed Eng 2007
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Circulatory model: t-? t? t
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Rodriguez EK, Hoger A, McCulloch AD (1994) Stress-dependent finite growth in soft 
elastic tissues. J Biomech 27:455-467

Way Before Then



Kerckhoffs et al. Europace  2012. Lengthening growth ratio [1/day]! Thickening growth ratio [1/day]!

Increasing!
fiber length!

Increasing!
fiber thickness!

ΔL!

Δd!

Chronic Remodeling: 
Anisotropic Myocyte Growth Model



Ventricular Hypertrophy and Residual Stress

Mitral Valve Regurgitation Aortic Stenosis

Kerckhoffs et al. Mech Res Comm  2012.



Calcium	
MAPK	
Cytoskeleton	
PI3K-Akt	
Receptors	
Transcription	
Genes

NOW:	Myocyte	Mechanosignaling	Network	Model

9 receptors
65 signaling 

molecules
11 transcription 

factors
645 target genes
116 signaling 

reactions
645 transcriptional 

reactions
16 translation 

reactions
115 references (45 

heart or myocyte 
studies)



Anisotropic Biaxial Stretch of  
Aligned Neonatal Mouse Ventricular Myocytes

Camelliti	2006

14%
3.6%

Transverse
Stretch

Longitudinal
Stretch

Boateng	2009



Differentially	Expressed	Genes	(FDR<0.05)

bi

(53) (168)

(35) (795)



Agent-Based Model 
of Scar Remodeling

BiomedicalEngineering 
     University of Virginia

Cardiac 
Biomechanics 

Group

Rouillard et al. J Physiol 2012, Rouillard et al. J Mol Cell Cardiol 2012



THEN: Peak Torsion and Maximum Untwisting Rate 
Decrease When MLC2V is Dephosphorylated in the 

Mouse

Sheikh et al (2012) J Clin Invest.

IEGGSSNVFSMFEQTQIQEFK!



NOW: Patient-Specific Modeling of Dyssynchronous Heart Failure

Electromechanical	Model

CT	Imaging Cardiac	CatheterizaKonEnSite	NavX	Mapping SPECT	Imaging



Echocardiographic Responses to CRT
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NOW: Add Ectopic Stimulation to Simulate CRT



Does CRT Improve Ventricular Mechanical 
Efficiency?



Computed Reduction in Septal Myocardium Performing 
“Negative” Work May Predict CRT Response



Effect of V-V Pacing Delay on Electrical Dyssynchrony

BiV1BiV3 BiV5BiV6 BiV2 BiV4BiV8 BiV7

THEORETICAL	LV	ES	VOLUME	REDUCTION	(6	MONTHS)	
(ΔESVLV)	(%)



RMSE:	4%

PREDICTED	DYSSYNCHRONY	METRIC

TRAIN	LEARNING	ALGORITHM

Next: 
Machine Learning Hidden Features In Clinical 

Data From Models
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