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AGENDA

• What is modeling?

• Why bother modeling?

• What is modeling dependent on?

• Types of modeling with examples

• In depth and understand SSM



DEFINING MODELING

The use of computational or mathematical techniques to 

simulate and analyze the heart and cardiovascular system

FunctionStructure

Organized

Behavior

Respond to 

changing 

environment



WHY BOTHER WITH MODELING?
Study complex processes in a controlled environment

Understand how changes (eg HR or BP) affect the 

various components of the system

Device design

Gain insights into underlying mechanisms of the healthy 

and diseased heart

Test different treatment strategies without patient risk



MODELING DEPENDENT UPON

RV and LV fiber orientation

Doste R, et al Kovacs A, et al. Heart Failure Reviews. 2019;24:511-520Campanale, et al JCMR 2020



MODELING DEPENDENT UPON

Shape
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MODELING DEPENDENT UPON
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MODELING DEPENDENT UPON

V-V interaction

• Targeted ischemia of each 

wall of each ventricle

• Electrically isolating each 

wall

• Gluteralderhyde of walls

• Ripping the RV free wall off

(and it still generated pressure)

Up to 63% of RV ejection, 

depending on how you 

measure, is due to the LV! 



TYPES OF RV MODELING

Finite Element Analysis (FE)

Intraventricular flow with CFD



TYPES OF RV MODELING

Fluid Structure Interaction (FSI)

Electrophysiologic and electro-

mechanical modeling

Intraventricular flow with CFD

Finite Element Analysis (FE)

Statistical Shape Modeling (SSM)



RV INTRAVENTRICULAR FLOW

Applied CFD to echocardiographic 

data to simulate flows in 5 single 

RV vs 2 normal LVs



RV INTRAVENTRICULAR FLOW



RV FINITE ELEMENT ANALYSIS (FE)



STATISTICAL SHAPE MODELING 
(SSM)



STATISTICAL SHAPE MODELING 
(SSM)
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STATISTICAL SHAPE MODELING 
(SSM)
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MODELING DEPENDENT UPON
Shape of the RV



SSM OF THE RV

• N = 88 TOF patients

• Mean age = 16 yrs

• RV and LV volumes

• Pulmonary regugitation

ESED



SSM OF THE RV

Mode 

• 1 = overall RV size

• 2 = Septal-free wall dimension

• 3 = basal vs apical bulging 

(basal away from septum)

• 4 = Systolic septal bulging 

towards LV

Four PCA modes accounted for  

59% of overall variation



SSM OF THE RV

Using SSM, increasing PR: a) RV dilation, b) decreased LV septal-lateral 

dimension (LV fattening), c) paradoxical septal motion & d) RV basal bulging



SSM OF THE RV
Mode 

• 0 = overall RV size

• 1 = Apical bulge & RVOT 

diameter

• 2 = Longitudinal shortening,  

∢ of RV  inflow-outflow, 

globular RV 

• 7 = ∢ of RV  inflow-outflow, 

RV apical bulge

• 10 = Apical bulge, length 

from base to apex, 

circumference of the RV 

inflow portion and RVOT size



SSM OF THE RV
Mode 

• 0 = overall RV size

• 1 = Apical bulge & RVOT 

diameter



SSM OF THE RV
N=388 HLHS Fontan Patients

Low p1 High p1

Multivariable 
Analysis

Odds Ratio
(Death or heart transplantation)

(95% CI)
 2.5 %     97.5 %

p-value

Shape Mode p1* 2.67 1.44, 10.67 <0.01

RV Massi (gm/m2) 1.025 1.005, 1.041 0.01



SUMMARY
Modeling – math and 

computational methods for 

structure, fxn, behavior

• Understanding mechanics

• Test different Tx strategies

• Design device

Various types of 

modeling

SSM

• Variations from the 

“average”

• Insights into 

pathophysiology

• ? Predictor of 

eventsFellow/junior attending:

Modeling in Ebstein’s is wide open

Up to 63% of RV 

ejection is due to 

the LV!
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IT MAY BE DISHEARTENING TO 
THINK OF AN “AVERAGE” PERSON 
AND SOME OF US BELOW IT BUT…



MODELING THE RV - MOTION

Using REALIZE software



MODELING THE RV



RV FINITE ELEMENT ANALYSIS (FE)

RV pre-PVR stress and strain

Can RV pre-PVR stress and strain predict RV performance after PVR?

Tang D, et al



RV FLUID STRUCTURE 
INTERACTION (FSI)

Combination of flow and 

stress strain associated with 

RV morphology, material 

properties and BP



RV INTRAVENTRICULAR FLOW



RV INTRAVENTRICULAR FLOW

Applied CFD to echocardiographic 

data to simulate flows in 5 single 

RV vs 2 normal LVs



Statistical Shape Modeling 
of HLHS (FORCE)

• Shapeworks Studio 

(NIH/NIGMS CIBC) to derive 

mean template from 329 HLHS 

patients 

• Quantified shape variations 

(shape mode) representing 

deviation from the mean. 

• Relationships between RV 

shape and adverse outcomes 

(mortality/transplant, heart 

failure, plastic bronchitis, 

protein losing enteropathy) 

assessed

Shape 

Mode

Score for 

SV_23

p0 26.2406

p1 -83.6655

p2 -18.6506

p3 39.3181

p4 -11.784

p5 22.2453

Shape 

Mode

Score for 

SV_25

p0 -141.724

p1 64.0497

p2 22.1053

p3 -59.9196

p4 -19.135

p5 26.0906

(Smaller size)

Loke et al. Shape Variations in Right Ventricular 3D Geometry are 

associated with adverse outcomes in Hypoplastic Left Heart 

Syndrome Patients: A Fontan Outcomes Registry using CMR 

Examination (FORCE) Study. AHA Scientific Sessions 2024

Circulation Volume 150, Number Suppl_1

https://doi.org/10.1161/circ.150.suppl_1.4114497



SSM OF THE RV

Using SSM, increasing PR: a) RV dilation b) RV basal bulging, c) decreased 

LV septal-lateral dimension (LV fattening) and d) paradoxical septal motion



RV FINITE ELEMENT ANALYSIS (FE)



• Circumferentially dilated RV with loss 

of concavity in septal wall.

• p1 – apical bulge variant 

• p3/p5 –crescent-shaped RV body to a 

spherical RV body
Mean Shape Template329 patients

Low p3High p3

p3/p5 (“dumpling“/小籠包) ("potsticker") 

p1 (“apical bulge”)



• Twenty-eight patients (8.5%) 

with mortality/heart transplant 

at 2.5±2.4 years after CMR. 

• p1 associated with 

mortality/heart transplant

• Independent of size/mass; 

corresponded to reduced 

GCS (inferior and apical 

segments).

Bivariable Analysis Mortality/Transplant
(n = 28)

No Mortality/Transplant
(n = 300)

p-value

Shape Mode p1* 0.28 ± 0.29 -0.02 ± 0.47 0.04

Shape Mode p3* -0.01 ± 0.35 0.00 ± 0.30 0.11

Shape Mode p5* 0.03 ± 0.18 0.00 ± 0.20 0.85

HLHS Type 

(MA/AA, MS/AS, MS/AS)
MA/AA – 9 (32%)

MS/AA – 10 (35%)

MS/AS – 9 (32%)

MA/AA – 110 (37%)

MS/AA – 92 (28%)

MS/AS – 98 (33%)

Body Surface Area (m2) 1.4 ± 0.4 1.38 ± 0.4 0.53

Age (years) 14.1 ± 6.4 14.6 ± 6.4 0.72

Gender (male) 20 (71%) 190 (63%) 0.34

EF (%) 40.6 ± 13.9 44.1± 10.1 0.09

RV EDVi (mL/m2) 144 ± 63 115 ± 36 <0.01

RV Massi (gm/m2) 78 ± 29 63 ± 18 <0.01

Average GLS (%) 17.2 ± 6.2 18.5 ± 4.7 0.18

Average GCS (%) 19.7 ± 7.1 22.2 ± 6.2 0.04

Presence of ≥ Moderate TR 8 (29%) 49 (16%) 0.08

Multivariable 
Analysis

Odds Ratio (95% CI)
 2.5 %     97.5 %

p-value

Shape Mode p1* 2.67 1.44, 10.67 <0.01

RV Massi (gm/m2) 1.025 1.005, 1.041 0.01

Low p1 High p1



Statistical Shape Modeling Reveals the link 
between RV shape, hemodynamic force, and 
myocardial function in patients with rTOF

Shape mode M1 – related to PI 

and alterations in intraventricular 

forces; apical bulge and 

enlargement of RVOT diameter



Pulmonary artery shape 
variations in repaired 
Tetralogy of Fallot

Mean template of 

pulmonary arteries (n = 

103)

*Unpublished. To be presented at ACC 2025



STATISTICAL SHAPE MODELING 
(SSM)
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