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Introduction

• Oxygenated blood

• Deoxygenated blood

• Lungs supply oxygen, organs consume 
oxygen.

• Double pump mechanism. 



Introduction: Single ventricle physiology 

• Congenital heart defect in which there is only one functioning ventricular chamber.

• Requires complex medical and surgical interventions to ensure survival.

• Abnormal physiology known as the Fontan circulation is established early in patients
life. 



Introduction: Single ventricle physiology

• Passive blood flow to the lungs à chronically low cardiac output 
(C.O.(L/min) = heart rate (beats/min) x stroke volume (L/beat)
• Ohm’s Law: V = IR ~ P = QR
• Adding parallel resistor to decreases total resistance, increase Q



Introduction

Goals:
• Implement a pulsatile model to study effects of fenestration on blood 

flow and oxygen content.
• Identify optimal properties of fenestration for maximum benefit. 



Methods: Blood flow model

• We compartmentalize the circulation into 
chambers with a unique index 𝑖.

• The dead volume 𝑉!,dis equal to the 
residual chamber volume at zero 
pressure. 

• For veins and arteries, compliance is 
constant, but for ventricles it is time 
dependent.



Methods: Blood flow model

• Systolic compliance = min (contraction)
Diastolic compliance = max (relaxation)

• Elastance is reciprocal of compliance.



Blood Flow Model ct. 

• Each compliance chamber in the model 
is connected by resistor elements and 
diodes (to model valves) in each 
direction. 

• Systemic organs, lungs, aortic and 
tricuspid valve are resistance elements. 

• Equal resistances in both directions 
represents no valve. 

• A valve with no leak is modeled by the 
resistance in one direction being small 
and finite while the opposite direction 
has infinite resistance. 



Flow through the fenestration: Gorlin
Equation
• Fenestration (hole) between systemic veins and pulmonary arteries is 

taken to be a nonlinear resistor.
• Depends on cross-sectional area 𝐴! and magnitude of blood flow 𝑄Fe

through it. 



Oxygen model



Numerical Methods

• Backward Euler for blood flow: 

• Forward Euler for oxygen:



Results and Discussion: Calibration 
Hemodynamic variables calculated from our calibrated model with a closed fenestration, compared to the clinical data 
reported by Liang et al. (Liang et al., 2014). The indexing in the first four variables assumes a body surface area of 1.5 m!



Results: Closed fenestration 

Results from our calibrated model with a closed fenestration. Three pressure waveforms 
from the end of the simulation are shown in panel (A) and a volume loop for the single 
ventricle is shown in panel (B). The end-systolic and end-diastolic parts of the pressure-
volume loop are indicated by the red and black markers respectively.



Results: Blood and oxygen transport with 
open fenestration 

𝑅p = 0.5517 mmHg min L"#









Increased Rp values and 
decreased rate of oxygen 
consumption:







Maximizing oxygen delivery: 



Conclusion 

• From our model, we found that an open fenestration from the 
systemic veins to the pulmonary veins in the Fontan circulation 
resulted in an increase in cardiac output and a decrease in pulmonary 
artery pressure. 
• More pronounced changes in these variables as the fenestration 

opened occurred for higher pulmonary resistance values. 
• For high risk parameters, oxygen delivery increased for a certain range 

of fenestration sizes and a maximum could be identified. 
• The reduction of systemic venous pressure without any significant 

loss in oxygen delivery shows that the fenestration may be beneficial 
for the baseline conditions and not just for high risk Fontan patients. 



Context within literature
• Barnea et al. studied the trade-off between loss of oxygen saturation and increase in 

cardiac output in the Norwood circulation using a steady-state model. The results 
showed that the Norwood could be “balanced” to optimize oxygen delivery to systemic 
circulation.

• Marsden et al. constructed 3D models for the total cavopulmonary connection to 
minimize energy loss in Fontan circulation. 

• Puelz et al. developed a one-dimensional/compartmental model of the Fontan 
physiology with a fenestration that was combined with a non-pulsatile description of 
oxygen transport 

• Conover et al. used compartmental modeling to study the surgical stages for HLHS, 
including the Fontan physiology 

• Liang et al. constructed compartmental models of normal and Fontan circulations in 
order to systematically compare their hemodynamics 

• To our knowledge, this is the first simulation of the fenestrated Fontan circulation that 
employs a fully time-dependent model for both hemodynamics and oxygen transport. 
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