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INTRODUCTION
The interatrial septum (IAS) is more than a simple passive anatomical 
barrier separating the low-pressure systemic venous and high-pressure 
pulmonary venous systems. Dynamically, the IAS behaves as a 
hyperelastic, compliant membrane that deforms in response to 
changing pressure gradients between the right atrium (RA) and left 
atrium (LA). This structural compliance absorbs kinetic energy during 
atrial diastole and modulates systemic and pulmonary venous return to 
optimize ventricular lling.

For decades, correcting secundum atrial septal defects (ASDs) focused 
primarily on eliminating left-to-right shunting to mitigate right 
ventricular volume overload and pulmonary vascular disease. Both 
transcatheter device closure using Nitinol mesh occluders and surgical 
closure using synthetic materials like polyethylene terephthalate 
(Dacron) or expanded polytetrauoroethylene (GORE-TEX) offer 
high technical success rates.However, introducing a rigid, non-
compliant mass into a highly mobile, hyperelastic structural 
framework fundamentally alters regional tissue mechanics. The stark 
compliance mismatch between native tissue and rigid implants forces 
the adjacent myocardium to absorb a disproportionate share of cyclical 
mechanical energy. Long-term follow-up reveals that this chronic 
stress accumulation can trigger severe structural complications. These 
include device malposition, progressive atrioventricular valvular 
regurgitation, atrial arrhythmias, and rare, catastrophic tissue erosions 
into adjacent arterial structures like the aortic root and the Right Sinus 
of Valsalva (RSOV).

This investigation details the biophysical proles governing IAS 
compliance. We analyze the uid-structure interactions, 
hydrodynamic boundary layers, and continuum mechanics changes 
that emerge when this compliant architecture is replaced by rigid, 
xed, or tensioned repairs.

DISCUSSION
1. Baseline Tissue Mechanics and Normal Compliance Values of the 
Interatrial Septum The native IAS consists of a central, broelastic 
membrane (the fossa ovalis) bordered by muscular rims (the limbus 
fossa ovalis). It exhibits non-linear, anisotropic, hyperelastic material 
properties. Anatomically, its structural compliance 

Under normal physiological conditions, the mean compliance of the 
human IAS falls between 1.2 x10^2 mL/mmHg and 2.5 x10^2 
mL/mmHg. The material behaviour of the septum can be represented 
using a modied strain energy density function W. This models the 
tissue's hyperelastic response across a range of operational states:

During the normal cardiac cycle, the IAS undergoes a dual-phase 
excursion. In ventricular systole, the descent of the atrioventricular 
valve plane draws the IAS inferiorly, while pulmonary venous inow 
expands the LA. This motion causes the septum to bulge gently toward 
the RA. In ventricular diastole, venous return lls the RA, shifting the 
transmural pressure gradient and driving the IAS back toward the LA. 
This cyclic deformation absorbs kinetic energy from atrial blood ow, 
smoothing localized pressure transitions and maintaining a steady 
hydraulic head for ventricular lling.

2. Mechanical Consequence of Rigid Implants (Dacron, GORE-TEX, 
and Nitinol Occluders) Introducing a rigid transcatheter device (e.g., 
Nitinol mesh occluders) or a stiff synthetic patch (Dacron or GORE-
TEX) alters the local stress tensor across the interatrial wall. These 
prosthetic materials possess Young's Moduli E several orders of 
magnitude higher than native atrial tissue:
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This stark compliance mismatch permanently alters the local 
mechanical boundary conditions. When a rigid device or patch covers 
the fossa ovalis, the regional compliance drops effectively to zero 

Because the synthetic material cannot strain or deform during the 
cardiac cycle, all kinetic energy and physical displacement are 
transferred directly to the surrounding muscular rims. The tissue-
prosthesis interface becomes a site of high stress concentration. The 
mismatched boundaries yield an abrupt jump in the localized stress 
tensor 

At the junction interface, the sudden step change in the deformation 
gradient tensor F creates localized shear strains. This mechanical 
discontinuity forces adjacent myocardial cells to undergo non-
physiological deformation. Over time, this chronic stress promotes 
localized tissue remodelling, eccentric hypertrophy of the muscular 
rims, and progressive focal brosis.

3. Biophysical Dynamics of Direct Suture Closure for Defects >8 mm

Direct primary suture closure of an ASD avoids introducing synthetic 
material but alters tissue architecture by shifting the regional stress 
eld. For a circular secundum defect of diameter D, the primary tissue 
decit area is dened by 

Closing this defect via direct suturing requires drawing opposing 
tissue margins together, which induces permanent baseline static 
tension across the remaining septum.

The radial tension T generated by drawing opposing margins together 
can be approximated using a linearized thin-walled membrane model:

This high static tension creates signicant clinical vulnerabilities:

Suture Line Tension: The baseline static force along the suture line 
regularly exceeds approx. 1.8 - 2.5 N/cm.

Tissue Ischemia and Tearing: During atrial diastole, further expansion 
pushes these high tension points past the ultimate tensile strength of the 
atrial tissue                MPa, risking focal tearing or tissue necrosis.

Geometric Distortion: The permanent radial pull distorts the 
geometry of the surrounding muscular rims. This alters the spatial 
orientation of the tricuspid and mitral valve annuli and compromises 
general right atrial lling mechanics.

4. Advanced Hydrodynamics and Fluid-Structure Interactions (FSI)

To evaluate ow transitions across closed septa, we couple the Navier-
Stokes equations governing blood ow with the electrodynamics 
equations of the structural domain. The uid domain is governed by:

When a rigid patch               is introduced, the velocity of the structural 
boundary at the interface drops to zero                 This turns the patch 
into an unyielding hydraulic wall. As the incoming blood bolus strikes 
the rigid boundary during atrial diastole, it cannot absorb kinetic 
energy through wall deformation.

This rigid boundary condition causes distinct hydrodynamic changes:

Boundary Layer Stagnation: The uid velocity drops to zero abruptly 
across a narrow boundary zone, maximizing the localized velocity 
gradien

Elevated Wall Shear Stress (WSS): Localized WSS Localized WSS 
at the tissue-prosthesis interface spikes signicantly:

Turbulent Eddy Formation: The lack of structural dampening prevents 
the smooth dissipation of kinetic energy. Fluid elements ricochet off 
the rigid patch, generating small micro-turbulent eddies and localized 
ow separation zones along the posterior LA and RA walls. This 
localized stagnation and high shear environment can promote brin 
deposition, platelet activation, and micro-thrombus formation.

Mechanics of Structural Erosion: Micro-Erosion, Aortic Snuggle, and 
RSOV Fistula Device erosion represents a severe mechanical 
complication of transcatheter secundum ASD closure. The primary 
anatomical driver is the close spatial relationship between the anterior 
rim of the fossa ovalis and the posterior wall of the aortic root. When 
the anterior or aortic tissue rim is decient <5 mm, the expanded 
retention discs of an occluder must ride directly against or straddle the 
aortic root.

Micro-Erosion and the "Aortic Snuggle"

The term "aortic snuggle" describes the chronic structural adaptation 
where the left or right atrial retention discs wrap around and compress 
the adjacent aortic root. Because the aorta expands and recoils with 
every systolic pulse approx. 100,000 cycles/day, it continuously rubs 
against the static, rigid Nitinol mesh frame.
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This interaction induces micro-erosion via a dual mechanical pathway:
High Radial Sizing Forces: Direct compressive stress 

from an oversized device exceeds the capillary perfusion pressure of 
the aortic adventitia approx. 30 - 40mmHg. This causes localized 
ischemic necrosis of the aortic wall tissue.

Cyclic Interfacial Friction: The mechanical rubbing produces a surface 
shear stress that exceeds the structural threshold of the endothelial 
lining. This leads to progressive cellular denudation and wear of the 
underlying medial layers.

Progression to Right Sinus of Valsalva (RSOV) Perforation

The mechanical wearing routinely targets the non-coronary and right 
coronary cusps of the aortic root due to their direct anatomical 
alignment with the anterior atrial septum. As micro-erosion 
compromises the aortic wall, structural thickness h(t) degrades over 
time:
\

Etiological Matrix for Erosion
A patient's overall risk prole depends on a combination of anatomical 
and procedural factors:

Choosing a sucal patch material establishes the long-term material 
property boundary conditions for the interatrial septum. The table 
below highlights the biomechanical proles of different patch options:

Biomechanical Divergence
Ÿ Living Atrial Wall Patches: Behave as active biological tissues. 

They preserve structural viability and allow normal electrical 
propagation, which helps reduce the incidence of post-operative 
atrial tachyarrhythmias.

Ÿ Autologous Non-Fixed Pericardium: Retains its open elastin-
collagen architecture. Host broblasts quickly populate the 
matrix, remodelling the graft into a semi-compliant tissue layer 
that responds well to long-term hemodynamic loads.

Ÿ Glutaraldehyde-Fixed Patches: Chemical cross-linking 
introduces methylene bridges between collagen triple helices. 
This articial stabilization locks the matrix in place, preventing 
ber sliding and creating a rigid structural barrier. Over time, these 
xed biological patches are prone to chronic calcication, 
progressive retraction, and localized tissue friability at the repair 
margins.

Direction of Closure and Spatial Wave Transmission

The spatial alignment of an ASD repair alters how mechanical strain 
waves propagate across the heart during the cardiac cycle. If an oval 
defect is closed along its longitudinal axis (cranio-caudal), tension 
concentrates along the horizontal planes.

The propagation velocity of a mechanical strain wave c through the 
atrial wall can be modelled using the Moens-Korteweg relationship:

This directional tension alters adjacent structures:

Ÿ Longitudinal Closures: Redirect mechanical strain toward the 
septal leaet of the mitral valve. The localized pull deforms the 
posterior annulus, which can impair normal leaet coaptation and 
lead to eccentric mitral regurgitation.

Ÿ Transverse Closures: Direct stress elds outward toward the 
tricuspid valve annulus and the superior vena cava (SVC) inow 
tract. This pattern can compromise tricuspid leaet alignment and 
alter the architecture of the triangle of Koch, potentially irritating 
localized conduction pathways and triggering atrial brillation or 
bundle branch blocks.

Ÿ Long-Term Impact on Valvular Mechanics and Ventricular Filling 
Dynamics

Altering IAS compliance produces long-term structural changes that 
extend well beyond the interatrial wall. Both the mitral and tricuspid 
valve annuli depend on the structural integrity of the central brous 
skeleton of the heart, which directly connects to the margins of the 
interatrial septum.

Mitral Valve Annular Distortion
A rigid interatrial patch limits the normal base-to-apex motion of the 
brous skeleton during the cardiac cycle. During ventricular systole, 
the mitral annulus normally undergoes dynamic translation and 
narrowing to optimize leaet coaptation. When the adjacent septum is 
rigid, this protective translational damping is lost. The mitral annulus 
experiences elevated asymmetric pull along its septal margin, which 
can accelerate chordal stress, promote annular dilation, and cause late-
onset mitral regurgitation.

Ventricular Filling Dynamics
The ventricular lling proles switch from a compliant, low-resistance 
system to a high-stiffness, pressure-sensitive regime. Left ventricular 
LV diastolic lling can be characterized using the early diastolic lling 
velocity E to late atrial lling velocity A Ratio E/A ratio.

When the IAS is rigid, the left atrium can no longer vent excess lling 
volume by bulging into the right atrium during early diastole. This 
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restriction causes an abrupt spike in the pulmonary venous capillary 
wedge pressure during atrial contraction. Over time, this chronic 
pressure loading can induce left atrial remodelling, pulmonary venous 
hypertension, and diastolic lling dysfunction (Heart Failure with 
preserved Ejection Fraction, HFpEF).

Mathematical Probability and Stochastic Modelling of Adverse Events

Clinical complications like device erosion or valvular breakdown 
behave as stochastic events driven by overlapping mechanical factors. 
We can model the probability of long-term structural failure or erosion 
P_f using a multi-variable Weibull survival distribution:

The scale parameter \(\eta \) can be modeled as a function of 
mechanical stress and anatomical metrics

Damping Role of Right Atrial Chamber Compliance

The right atrium (RA) is one of the most compliant chambers in the 
human heart. It exhibits a low baseline elastic modulus and an 
extended volume-preservation range. This exceptional volumetric 
compliance C_RA allows the RA to act as an effective mechanical 
buffer for the cardiovascular system.

When a rigid patch or device alters IAS mechanics, the surrounding 
structures must absorb the redistributed kinetic energy. The highly 
compliant RA chamber dampens these structural forces through 
several pathways:

Ÿ Volumetric Buffering: The thin, distensible RA free wall expands 
easily to absorb the localized hydrodynamic reections and 
turbulent eddies deected by a rigid patch.

Ÿ Preserving Low Venous Pressures: By expanding its volume under 
minimal pressure changes, the RA prevents upstream systemic 
venous congestion, protecting cava inow patterns.

Ÿ Energy Dissipation: The compliant RA wall dampens the high-
frequency mechanical shockwaves generated during peak atrial 
contraction, shielding the adjacent tricuspid valve annulus from 
severe structural strain.

Quantitative uid-structure models show that a normally compliant 
RA chamber can absorb and dissipate up to 30% - 35% of the excess 
structural energy redistributed by a rigid septal patch. This buffering 
capacity helps shield the heart from immediate clinical failure, though 

it can lead to gradual, progressive RA chamber dilation over long 
observational periods.

Future Developments: Smart Materials and AI-Driven Patch 
Engineering

To resolve the challenges of compliance mismatch, future cardiac 
patches must transition from inert physical barriers to smart, 
responsive materials. Next-generation structural designs leverage 
auxetic materials—which expand radially when stretched 
longitudinally—exhibiting  a negative Poisson's ratio           a negative 
Poisson's ratio . These unique structural mechanics allow the patch to 
expand and contract in complete sync with the surrounding muscular 
rims during the cardiac cycle, minimizing stress concentrations at the 
tissue interface.

Concurrently, advanced Articial Intelligence (AI) and machine 
learning algorithms are transforming pre-operative planning and 
device manufacturing. By processing real-time 3D transesophageal 
echocardiography (TEE) and multi-detector computed tomography 
(MDCT) imaging datasets, deep learning models can accurately map 
the unique, non-linear pressure gradients and regional stress 
distributions across a patient's interatrial septum.

These personalized biomechanical proles can then drive multi-
material 3D bioprinters to produce individualized patches with 
variable local stiffness proles. By matching the precise material 
properties of the patient's native tissue rims, these custom engineered 
patches distribute mechanical forces evenly across the septum. This 
personalized approach holds the promise of eliminating micro-
erosion, avoiding valvular strain, and preventing late-stage device 
complications entirely.
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