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Patent Foramen Ovale (PFO) is a congenital cardiac anomaly, anatomically persistent in approximately
25% of the adult population. While traditionally associated with paradoxical embolism and cryptogenic
stroke, increasing evidence suggests a functional link between PFO and migraine with aura. However,
the biomechanical mechanisms underlying these associations remain poorly defined, particularly
regarding the role of PFO morphology in modulating local hemodynamics and red blood cell (RBC)
mechanical stress. This study employs computational fluid dynamics (CFD) combined with Lagrangian
particle tracking to assess the impact of PFO tunnel geometry on flow behavior and RBC loading

across eight representative morphologies. Velocity fields, wall shear stress (WSS), and particle-level
stress histories were computed under physiologically calibrated boundary conditions replicating
Valsalva-induced shunting. Results reveal a dichotomy between elongated/narrow and short/wide
morphotypes, with the former exhibiting jet-like flows, higher WSS, and significantly elevated RBC
stress metrics (up to 31 Pa and 0.49 Pa s of stress accumulation). The length-to-mean-quadratic-
diameter ratio (L/D?2,__ )emerged as a strong predictor of mechanical exposure (r = 0.98), while
outlet diameter correlated with potential systemic desaturation. This dual-scale analysis reveals a
mechanistic connection between pathological stress levels and tunnel geometry, identifying L/ D
as a candidate index for future imaging-based stratification of PFO-related clinical risk.
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Patent foramen ovale (PFO) represents a persistent interatrial channel that results from the failure of complete
anatomical fusion between the septum primum and septum secundum after birth. Its anatomical patency
persists in approximately 25% of the adult population!, rendering it one of the most prevalent congenital
cardiac anomalies®. Despite its frequent incidental diagnosis, PFO has been associated with diverse clinical
manifestations, ranging from paradoxical embolism to cryptogenic stroke>~”.

Growing evidence also suggests a functional correlation between PFO and migraine with aura (MwA)?,
with several observational studies reporting symptom alleviation following percutaneous PFO closure®~1°,
although the issue remains controversial. However, closure is currently recommended exclusively for secondary
prevention in stroke-prone patients, and not for migraine management'!. This discrepancy arises not only from
a lack of mechanistic understanding linking PFO-mediated shunt physiology to neurovascular disturbances,
but also from conflicting outcomes in randomized clinical trials”8. While recent meta-analyses have suggested
potential benefit of PFO closure in selected migraine patientsg’lz, the overall evidence remains inconclusive,
thereby limiting formal guideline recommendations!3-1>. Several pathophysiological hypotheses have been
advanced to explain the neurovascular consequences of PFO, including paradoxical embolism, transit of
vasoactive substances, arterial hypoxemia, and platelet activation mediated by oxidative stresss'2. The latter
has been recently demonstrated in the LEARNER study, where PFO-associated systemic stress was shown to
enhance platelet activation in patients with migraine and aura'®. Two further underexplored yet biologically
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plausible contributors are red blood cell (RBC) mechanotransduction under abnormal shear conditions, and the
passage of deoxygenated blood to the systemic circulation without pulmonary filtration!”!8,

RBCs are known to respond to mechanical stress by releasing ATP, nitric oxide intermediates, and reactive
oxygen species (ROS), all of which have been implicated in neurovascular activation and cortical spreading
depression, a central event in the genesis of migraine with aura'®?’. In vivo evidence from the LEARNER study
further supports this hypothesis, reporting a mild yet significant reduction in RBC count and microvesicle
release in patients with PFO, both of which normalized following device closure?!. Notably, shear stresses in
the “sub-hemolytic” range (10-60 Pa) have been shown to elicit such responses in vitro'”. Simultaneously,
elevated shunt volumes through PFOs have been associated with measurable drops in systemic arterial oxygen
saturation (SaQ2), especially during positional maneuvers, potentially leading to cerebral hypoxia!®22. Despite
these plausible links, the interplay between PFO morphology***, hemodynamics, and RBC biomechanics
remains insufficiently characterized. Current literature lacks a detailed, quantitative analysis of how anatomical
variability in the PFO tunnel modulates blood flow patterns and cellular stress exposure?>2°.

The present study addresses this gap by investigating how variations in PFO channel geometry influence flow
behavior and RBC stress levels, using high-resolution computational fluid dynamics (CFD) and particle-based
Lagrangian tracking. Specifically, we quantify the stress levels experienced by red blood cells as they transit the
PFO; we examine how morphological variability affects local flow features in terms of velocity profiles and wall
shear stress (WSS); and we assess the volumetric shunt bypassing pulmonary circulation. Eventually, this work
proposes morphotypes-based risk stratification grounded in clinically measurable PFO metrics, as obtained
from intracardiac ultrasound imaging. These objectives are pursued through a methodological framework that
couples CFD-derived velocity and shear stress fields with particle-based Lagrangian tracking to identify stress
history of individual RBC trajectories. Accordingly, a dual-scale biomechanical analysis aims to propose new
morphometric indices for risk stratification.

Materials and methods
Data collection
A retrospective analysis was conducted at the IRCCS Centro Cardiologico Monzino on a cohort of 31 patients
diagnosed with patent foramen ovale. The diagnostic protocol employed transcranial contrast-enhanced Doppler
ultrasonography (Dolphin/MAX TCD machine, Viasonix Ltd., R@Anana IL), incorporating microbubble
injection concurrent with the Valsalva maneuver to confirm PFO patency. Subsequent interventions for PFO
closure utilized intracardiac ultrasound-guided (ULTRA ICE", Boston Scientific, Marlborough US) device
implantation. During catheter-based procedures, the pressure in the atria was recorded during the Valsalva
maneuver, allowing identification of the transient pressure drop associated with PFO opening. This value,
representing the transatrial pressure gradient, was used to calibrate boundary conditions in the CFD simulations.
A systematic review of the literature was conducted to identify the most frequently reported morphological
characteristics of patent foramen ovale, with particular focus on quantifiable geometric metrics (Fig. 1, Left
Panel). Data were extracted from studies employing a variety of measurement techniques, including autopsy
investigations?’, balloon catheter-based assessments?®%°, and transesophageal echocardiography (TEE)*-3. Six
primary anatomical parameters emerged as recurrently reported: the length of the PFO channel (L), the inlet
diameter (D), the outlet diameter (Dou¢), the angle between the septum primum and septum secundum
(), and the thicknesses of both septa (th1 for septum primum, ths for septum secundum). Among these, the
subset of L, Djy,, and Do, was selected for quantitative modeling, given their prevalence and consistency across
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Fig. 1. Left Panel) Literature-derived synthesis of PFO morphologies. Reported metrics across multiple
studies include channel length (L), inlet diameter (Din), outlet diameter (Dout), interseptal angle (c), and
septal thicknesses (th1, tha). Data were extracted from autopsy analyses?’, balloon catheter measurements
and transesophageal echocardiography (TEE) studies®*-3*. Right Panel) Patient-derived PFO geometries.
Intracardiac echocardiographic images annotated to extract morphological parameters (L, Din, Dout) used to
parameterize virtual models.
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studies. The aggregated values for these three parameters were averaged to define a reference patient geometry
(Pat0).

In parallel, dynamic intracardiac echocardiographic (ICE) images were annotated by clinicians to extract
quantitative morphometric parameters of the PFO, including channel length (L), inlet diameter (D;y), and
outlet diameter (Dou:¢) (Fig. 1, Right Panel). The absence of significant interdependence among the three
morphological metrics in the cohort enabled the stratification of morphological variability. Eight representative
cases were delineated, including three extreme configurations characterized by the maximum channel length,
the minimum outlet diameter, and the maximum outlet diameter, respectively, along with four additional cases
derived through stochastic sampling within the observed metric ranges (Table 1).

The study was conducted according to the Declaration of Helsinki, it was approved by the institutional Ethics
Committee (n. CCM 1934, Comitato Etico degli IRCCS Istituto Europeo di Oncologia e Centro Cardiologico
Monzino) and written informed consent was obtained from all participants.

Model development

Given the absence of high-resolution, segmentable imaging, a paradigmatic cardiac model developed by
collaborating academic institutions®® was employed as the foundation for constructing eight patient-specific
geometries. This approach aimed to isolate the hemodynamic contributions of PFO morphology while
maintaining anatomical consistency. Internal atrial and venous surfaces were extracted, whereas ventricular
structures were omitted. The atrioventricular valves were modeled in the closed position to simulate atrial
systole, the phase during which PFO-mediated flow occurs.

The fossa ovalis location was identified?”*°. Within the SolidWorks CAD software environment, a
simplified geometric conduit connecting the atria was constructed, comprising a cylindrical segment (fossa
ovalis), a transitional region, and an inclined conical section representing the PFO channel. Dimensions were
parameterized based on the extracted metrics (Din, Dout, and L). Surface smoothing and coarse remeshing of all
geometries were performed using Meshmixer. Subsequent refinement within the ANSA (BetaCAE) environment
subdivided the models into 16 macroregions with variable triangular mesh densities. Three boundary layers with
a growth rate of 1.1 were generated. The final tetrahedral volumetric mesh contained nine million elements.
To verify mesh independence, simulations were conducted on three successively refined grids derived from
the most geometrically irregular patient case. Refinement was applied by scaling the base element size while
preserving a constant growth ratio. The variable used to assess convergence was the averaged pressure over the
PFO inlet section. Richardson extrapolation and Grid Convergence Index (GCI) analysis were performed, and
the selected mesh (9 million elements) yielded < 5% deviation from the finest mesh, confirming numerical
reliability with acceptable computational cost®. Figure 2 exhibits the whole process of the model development.

CFD simulations

The mesh models were imported into Ansys Fluent for transient computational fluid dynamics simulations,
conducted under the assumptions of rigid walls*’ and laminar flow (Reynolds number subsequently evaluated to
verify this assumption). Blood was approximated as an incompressible Newtonian fluid (density: 1060 kg/ m?;
dynamic viscosity: 0.003 Pa s)*%. The incompressible Navier-Stokes equations were solved in conservative form:

V-v=0 (1)

p(% +V~Vv) = —Vp+ uV3v )

where v is the velocity vector, p the pressure, p the fluid density, and ;. the dynamic viscosity.

Inflow partitioning within the right atrium was established based on literature values, allocating 65% of
the total 5 L/min flow to the inferior vena cava (IVC) and 35% to the superior vena cava (SVC)***1-%3, For the
left atrium, inflows were distributed among the four pulmonary veins in proportion to their respective cross-
sectional areas*"*>. A reference pressure was applied to one pulmonary vein to ensure numerical stability.

To account for atrial compliance without resorting to a full fluid-structure interaction (FSI) framework,
outflow boundary conditions were imposed on the atrial walls, implemented as Neumann conditions (zero

Pat0 Patl Pat2 Pat3 Pat4 Pat5 Pat6 Pat7
Features Mean Literature | DoutmiM® | Doutma>M® | LmaM® | Sampled (Monzino) | Sampled (Monzino) | Sampled (Monzino) | Sampled (Monzino)
L [mm] 10.16 9.60 14.60 16.03 10.72 9.19 8.65 12.18
Dy [mm] 524 1.22 3.40 2.50 5.42 5.60 2.56 3.32
Dout[mm] | 3.63 0.78 3.06 1.26 2.52 2.38 123 2.81

Table 1. Geometric parameters used for the eight PFO models included in the analysis. We selected a set of
configurations to ensure representative anatomical variability. Pat0 corresponds to averaged morphometric
values obtained from literature. Patl to Pat3 are patient-specific geometries extracted from clinical data
provided by Centro Cardiologico Monzino, representing the minimum Dgyt, maximum Doyt, and maximum
L patient, respectively. Pat4 to Pat7 were synthetically generated using stochastic sampling within the observed
dimensional ranges, in the absence of significant correlation among the three primary metrics (L, Din, Dout),
to comprehensively explore the parameter space.
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Fig. 2. Workflow for atrial geometry reconstruction and PFO model parametrization. (1) Internal surfaces

of the atria, venous inlets, and atrioventricular valves (closed configuration) were extracted from a high-
resolution anatomical model developed by TU Delft, Leiden University, and University of Groningen. The fossa
ovalis was identified to define the PFO insertion site. (2) A simplified interatrial conduit representing the PFO
was created in SolidWorks, composed of a cylindrical and a conical segment. Eight variants were generated by
varying inlet diameter (Din), outlet diameter (Dout), and channel length (L). (3) Surface smoothing and coarse
remeshing were performed to ensure topological consistency. (4) The geometry was volumetrically meshed in
ANSA with tetrahedral elements, three boundary layers (growth rate 1.1), and partitioned into macroregions
for boundary condition assignment.

gradient) on all three velocity components, as described by Redaelli et al. (2004) *’. This configuration mimics
atrial expansion during late systole and prevents the entire venous inflow from being forced through the PFO
(Fig. S1). Flow balancing between the atria was ensured using the following equations:

Qout- R = Z Qin-r — QPFO (3)
Qout- L = Z Qin-L + QpFo (4)

Qin-L = Qinr =5 L (5)
Z Z min

The magnitude of this outflow was iteratively tuned to replicate the physiological interatrial pressure gradient
measured during catheterized Valsalva maneuvers (AP = 4 mmHg). Although this method assumes spatially
uniform atrial dilation, it allows for a realistic division of flow between atrial expansion and trans-PFO shunting.

Simulations utilized the PISO algorithm for pressure-velocity coupling, with first-order discretization for
pressure and second-order Upwind schemes for momentum equations. A second-order implicit temporal
discretization scheme was employed with a timestep of 0.0001 s (Courant number < 1), ensuring solution
convergence within 300 iterations at a residual threshold of 1 x 10™*. Mechanical stress on red blood cells
(RBCs) was assessed by simulating the motion of spherical particles through the PFO tunnel and quantifying the
stresses acting along their trajectories. To this end, approximately 30000 rigid, non-deformable particles with a
diameter of 8 yum, representative of RBCs, were released from the IVC and SVC inlet surfaces, with one particle
injected from the centroid of each surface mesh cell to ensure uniform spatial coverage. Particle trajectories were
computed by integrating the force balance equation using the Discrete Phase Model (DPM). For low-inertia
particles such as RBCs, the dominant force is the drag exerted by the surrounding fluid. This equation was solved
for each particle by numerically integrating its motion over time using a Lagrangian framework superimposed
on the Eulerian fluid field, under the one-way coupling assumption (i.e., no influence of particle motion on the
fluid flow). A rebound condition was imposed for particles impacting the vessel walls. Simulations continued
until all particles exited through a hemispherical surface surrounding the fossa ovalis, which defined the outlet
of the PFO shunt.

Metrics

The Eulerian approach was employed to compute volumetric velocity fields and wall shear stress distributions
within the PFO region, facilitating inter-patient comparisons of hemodynamic variability. The volumetric flow
rate Q through a surface A was calculated as:

Q:/v~ndA ©
A

All quantities were extracted from the final, stabilized state of the transient simulation. The shear vector was
computed by Fluent as the viscous shear force per unit area acting at the wall, defined as:
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Tw:p(Vv+VvT)~n—[u(Vv+VvT)~n-n]n (7)

where n is the unit normal vector to the wall. The scalar wall shear stress (WSS) was extracted as the magnitude
|7w| of the shear vector.

Lagrangian particle tracking simulations, conducted within Fluent, incorporated a user-defined function
to calculate the scalar stress (SS) for each particle at each time step, following the formulation by Apel et al*.;

1
SS = ﬁ\/afl + 03, + 035 — 011022 — 011033 — 022033 + 3 (715 + Ti5 + 733) (8)

where o;; are the normal stresses and 7;; are the shear components of the Cauchy stress tensor. The scalar stress
is an invariant measure of the local deviatoric stress and is commonly used to estimate the mechanical load that
would be experienced by deformable particles such as red blood cells in reality, although they are modeled here
as rigid tracers in a continuum-based CFD framework?”*. Postprocessing in MATLAB involved the extraction
of particle trajectories at planes located 4 mm upstream and downstream of the PFO. Scalar stress vs. time curves
were smoothed using LOESS filtering and uniformly resampled. Derived metrics included positive shear stress
loading rate (SR™), negative shear stress loading rate (SR ™), and stress accumulation, computed as follows*:

nt—1
1 |SSi+1 — SS;|
+_ L } : + 9
SR nt — At ©)
n- —1
_ 1 |SSit1 — SS;|
_ § 10
SR nT i At (10)
n—1
SAzzissi +2SS”1At (11)
i=1

where nt and n™ are the number of intervals with positive and negative scalar stress slopes, respectively, and
S.S; is the instantaneous scalar stress at time ¢;. Comparative analysis of these metrics across cases was visualized
in terms of median values and 5 and 95 percentile.

Results

Hemodynamic metrics’ analysis

The computational fluid dynamics simulations performed on eight distinct patient-specific PFO geometries
enabled the quantification of trans-PFO volumetric blood flow (Qpro), ensuring that boundary conditions
replicated the in vivo interatrial pressure gradient. As expected, Qpro constitutes a minor fraction of total
cardiac output (CO), exhibiting substantial variability in @pro across morphological phenotypes. Figure 3
reports the flow rates through the 8 PFO geometries with values ranging from 0.015 L/min (0.3% CO) in Pat1 to
0.60 L/min (12% CO) in Pat0. Intermediate values were observed in Pat2, Pat4, and Pat7 (0.30 L/min).

Absolute flow rates were lowest in elongated and constricted PFO morphologies manifesting elevated
hydraulic resistance, as seen in Patl and Pat3. While configurations with a wider cross-sectional area, such as
Pat0 and Pat2, exhibited comparatively higher Qpro values. Figure 3 shows the velocity vector fields and the WSS
contour maps for the eight analyzed cases. The velocity vector maps are shown in a representative cross-sectional
area of the PFO channel. Data reveal substantial inter-morphological divergence in peak velocity (Vinax), with
recorded values spanning from 0.80 m/s (Pat6) to 2.70 m/s (Patl). The distal PFO egress, located between the
septum primum and septum secundum, consistently coincided with the site of peak velocity in all morphologies.
The comparison of velocity magnitudes highlights that an elongated and narrow channel morphology promotes
a jet-like outflow regime with increased velocity peaks. This is most prominent in Patl and Pat3, where Viax
attains values exceeding threefold those of shorter, broader PFO geometries. Reynolds numbers computed at the
PFO outlet, where flow velocity and geometric constriction are maximal, remained well below the transitional
threshold (Re < 2300) in all cases, supporting the validity of the laminar flow assumption.

The right panels of Fig. 3 depict the spatial distribution of wall shear stress, revealing peak shear concentrations
at the distal exit of the PFO channel, consistent with velocity maxima loci. The maximum WSS (WSSpax)
exhibits considerable inter-morphological variability, with recorded values ranging from 25 Pa (Pat2) to 106 Pa
(Patl). Notably, elongated and narrow PFOs (Pat1, Pat3) display severe localized shear stress amplification, while
shorter, wider channels attenuate WSS magnitudes.

Correlation analysis between morphological determinants and hemodynamic metrics

To quantitatively assess the impact of PFO morphology on hemodynamics, a morphometric stratification
approach was introduced (Table 2). By combining the three initial parameters (Din, Dout, and Length), the
following metrics were extracted and analyzed: length-to-mean-quadratic-diameter ratio (L/ D2...), length-
to-mean-diameter ratio (L/Dmean), length-to-outlet-quadratic-diameter ratio (L/D2%.), length-to-outlet-
diameter ratio (L/Dout), conicity (Dout/Din) and convergence (L/|Dout — Dinl|). Among the extracted
metrics, the length-to-mean-quadratic-diameter ratio (L/ D2...) was identified as a key descriptor for
classification:
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Fig. 3. Velocity vector maps and identification of high wall shear stress (WSS) zones from CFD on eight
PFO geometries. For each morphology, the left panel (“a”) illustrates the velocity vectors within the PFO,
highlighting inter-morphological variability in peak velocity magnitudes, ranging from 0.80 m/s in broad,
short configurations (Pat6) to 2.70 m/s in elongated, narrow geometries (Patl). The right panel (“b”) displays
the spatial distribution of WSS, revealing peak values localized at the distal PFO outflow region, coinciding
with high-velocity jet emergence. The WS Smax magnitude in Patl and Pat3 is threefold and twofold higher,
respectively, compared to all other cases. The respective Qpro values are also reported.
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Vmax WSSmax QPFO
Din -0.61 -0.72 0.75
Dout -0.64
Length 0.08
L/Dinean”
L/ Dmean
L/Dou®
L/Dj, 0.83 -0.69
Conicity (Dout/Din) -0.10 -0.23 0.36
Divergence (L/IDgy-Dinl) 0.08 0.00 -0.07

Table 2. Correlation between morphometric indices and hemodynamic parameters extracted from CFD. Both
peak velocity within the PFO and W .S Smax exhibit strong positive correlations with the derived length-to-
mean-quadratic-diameter ratio (L/ D2...). Similar relationships are observed when using the length-to-
outlet-quadratic-diameter metric, reinforcing the role of tunnel constriction in shaping intrachannel flow
characteristics. Additionally, outlet diameter correlates strongly with Qrro, suggesting a primary role in
governing trans-PFO blood transport. Pearson correlation coefficients are reported.

o« L/DZ..n >3 — Elongated and narrow morphologies (e.g., Pat1, Pat3) are associated with significantly high-
er peak velocities and WSSax, indicative of a stenotic flow regime and localized shear stress concentration.

o L/DZ..n <3 — Shorter and wider PFOs (e.g., Pat0, Pat2, Pat6) exhibit lower velocity gradients and WSS
values, corresponding to a flow behavior closer to physiological conditions.

A Pearson correlation analysis confirmed the strong relationship between L/ D2... and hemodynamic
parameters, with correlation coefficients of r = 0.93 for peak velocity and r = 0.96 for maximum WSS (Table 2).
On the other hand, Qrro exhibited a strong correlation (r = 0.95) with the PFO outlet diameter, indicating
that a narrower Doyt is the predominant factor constraining the volumetric flow rate through the PFO channel.
This relationship underscores the critical role of outlet morphology in modulating trans-PFO hemodynamics.

RBC stress metrics’ analysis

Particle-tracking simulations (e.g., Video S1, Video S2, representative of the two distinct morphology-driven flow
patterns) confirmed that blood flow through the PFO originates from both the inferior and superior vena cava,
without preferential inlet dominance. The streamlines’ contour in the top-left panel of Fig.4 distinctly delineates
the concurrent contribution of both atrial inlets to the trans-PFO blood flow. Qualitative analysis of particle-
tracking simulations revealed a consistent preferential pathway near the upper PFO wall, with morphology-
dependent differences in transit velocity and dispersion, indicating the impact of anatomical variation on flow
organization. These features are exemplified by two representative cases, Pat3 and Pat6, shown in Supplementary
Videos S1 and Video S2, respectively. A detailed Lagrangian assessment of RBC mechanical loading revealed
substantial inter-patient variability across all evaluated stress metrics, including maximum scalar stress, peak
shear stress loading rate, cumulative stress accumulation, and mean shear stress loading rate (subdivided into
positive and negative components). This variability closely mirrored the trends observed in hemodynamic
parameters. As illustrated in Fig. 4, among the analyzed geometries, Patl and Pat3, characterized by elongated
and constricted PFO tunnels, exhibited the highest mechanical stress values. The median maximum scalar stress
reached 24 Pa in Patl and 31 Pa in Pat3, whereas in all other morphologies, it remained confined within the
1-3 Pa range. A similar trend was observed for the maximum shear stress loading rate, with median values of
349 Pa/s and 438 Pa/s in Patl and Pat3, respectively, compared to 44-172 Pa/s in the remaining geometries.

Morphological determinants of RBC stress metrics

The correlation analysis between morphometric indices and RBC mechanical loading parameters, as derived
from particle-tracking simulations, revealed a strong association (Table 3). Specifically, the length-to-mean-
quadratic-diameter ratio exhibited a robust correlation with stress accumulation (r = 0.98) and RBC residence
time (r = 0.92), further quantifying the morphology-dependent variation in RBC exposure to mechanical
forces.

Discussion
This computational study offers a comprehensive analysis of the hemodynamic and mechanical implications
arising from anatomical variability in patent foramen ovale morphology. The results, derived from transient
CFD simulations and Lagrangian particle tracking across eight representative geometries, reveal a substantial
modulation of both flow rate and red blood cell stress in relation to PFO structural parameters. Two distinct
morphotypic profiles, elongated and narrow versus short and wide, emerged as functionally divergent, reflecting
opposing hemodynamic regimes with potential pathophysiological relevance.

To our knowledge, this is the first study to systematically investigate the role of PFO morphology in shaping
intrachannel hemodynamics and RBC-level mechanical loading. Prior works have analyzed general atrial flow
patterns or shunt dynamics, but none have directly integrated morphological indices with both macroscopic
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Fig. 4. Mechanical loading history of red blood cells (RBCs) transiting through the eight PFO morphologies.
RBCs from both atrial inlets, without preferential dominance, undergo markedly different stress magnitudes
depending on PFO anatomy. Patl and Pat3 manifest maximum scalar stress values of 24 Pa and 30 Pa,
respectively, whereas other morphologies remain within the unit range. Stress accumulation (SA), quantifying
cumulative mechanical load along RBC trajectories, reaches median values of 0.49 Pa s (Patl) and 0.27 Pa

s (Pat3), versus 0.02-0.05 Pa s in the others. Boxplots illustrate median, interquartile range, and 5th-95th

percentiles.
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Correlation Msls)ifecszlar M;)irste:: - ShMeZ?'nSfr(::Sss sﬁiinsljriis Accs:rln‘zi; tion R‘,}Sii:lint
Loading Rate Loading Rate Loading Rate

L/D% ... 0.80 0.74 -0.57 0.65

L/Dmean 0.83

L/D%, 0.78 -0.68 0.75

L/Diy 0.81 -0.67 0.75

Conicity (Dout/Din) -0.22 -0.05 0.31 -0.24 -0.10 -0.10
Divergence (L/|Dout — Din|) 0.05 0.10 0.09 0.01 0.17 0.31

Table 3. Correlation between morphometric indices and RBC stress metrics. The length-to-mean-quadratic-
diameter ratio (L/D2,,.) shows strongest correlation with stress accumulation (r = 0.98) and RBC residence
time (r = 0.92), highlighting the role of tunnel elongatlon in modulating RBC exposure. Similar trends are
seen for all length-to-diameter ratios (L/Dmean, L/ Dout, L/ Din). Maximum scalar stress correlates strongly
with all morphometric indices, except Conicity and Divergence. Pearson correlation coefficients are reported.

flow descriptors and microscale RBC stress. In this context, the introduction of the metric L/ D?2,.... enabled
a consistent, geometry-based classification of PFO morphotypes with predlctlve value for flow patterns and
shear stress behavior. Notably, similar trends were observed with the metric L/ D2, which also showed strong
correlation with peak velocity and WSS. Both formulations include squared diameter in the denominator,
effectively capturing the influence of cross-sectional area. While diameter-based forms were preferred in
reporting due to direct measurability in clinical imaging (ICE), the relation allgns with phy51cal expectations:
stress increases with narrowing length and decreases with the cross-sectional area (o< 1/D?)

The volumetric flow rate (Qpro) was primarily governed by outlet diameter (Dom) with a Pearson
correlation of = 0.95. Wider morphologies such as Pat0 and Pat2 supported substantial shunt volumes (0.60
and 0.30 L/min), whereas elongated, narrow channels (Patl and Pat3) exhibited lower flow, consistent with
increased hydrauhc resistance. In contrast, peak velocity (Vmax) and (WSSmax) were most strongly correlated
with L/ D2 ., withr = 0.93 and 0.96 respectively. Geometries with L/ D2on >3 consistently generated jet-
like, stenotic flow characterized by high velocity gradients and shear amplification, particularly at the distal exit.

The integration of Lagrangian particle tracking allowed cell-specific stress analy31s, adding an unprecedented
layer of detail to the mechanical characterization of PFO transit. In high L/ D2 ... morphologies, RBCs were
exposed to scalar stress levels between 24-31 Pa, with cumulative stress accumulation up to 0.49 Pa s: values
markedly higher than those observed in short, wide geometries (<3 Pa and <0.05 Pa s). These magnitudes fall
within the “sub-hemolytic” range (10-60 Pa) reported in literature to induce membrane deformation, ATP
release, and oxidative stress responses without full lysis!”!**?. Such stimuli have been linked to endothelial
activation and cortical spreading depression, suggesting a possible mechanistic pathway for migraine with
aura!”. Full hemolytic thresholds (>150 Pa) were not reached, reinforcing the relevance of non-destructive but
biologically active mechanical exposures'’. Additionally, residence time within the channel was significantly
prolonged in elongated morphotypes, with a Pearson correlation of 7 = 0.92 versus L/ D3,c,,. The combination
of high shear and prolonged exposure likely enhances mechanotransduction potential and may support the
hypothesis of RBC stress—mediated neurovascular activation. Systemic consequences of PFO morphology were
also considered from an oxygenation perspective. Clinical literature identifies right-to-left shunt volumes >0.4-
0.5 L/min as sufficient to induce transient arterial desaturation, with reported SaO2 drops of 88-929%2251 In
this study, Pat0 surpassed this critical threshold, while Pat2 approached it. The relevance of this hypoxia depends
on additional factors, such as PFO channel opening frequency, pulmonary reserve, and compensatory cerebral
vasodilation, that were not modeled here. Nonetheless, elevated shunt volumes remain a plausible contributor to
symptoms, particularly for migraine with aura!s.

A critical interpretive question concerns whether the primary pathogenic driver is high mechanical stress
or high unoxygenated flow. The current data do not fully resolve this dichotomy. Elevated Qpro may facilitate
paradoxical embolism or allow neuroactive venous metabolites to bypass pulmonary clearance'®. In contrast,
high shear and stress accumulation, as observed in narrow and elongated channels, may elicit RBC-mediated
signaling with direct neurovascular effects. These mechanisms are not mutually exclusive and may be differentially
expressed across PFO morphotypes. A preliminary clinical correlation supporting this hypothesis emerges from
OCT-based findings by Yan et al*%,, where PFOs in stroke patients showed a trend toward smaller diameters
and increased lengths compared to controls (p = 0.08 and p = 0.16, respectively). This morphological profile
mirrors the “narrow and elongated” configurations identified in our study as generating maximal RBC stress.
While not statistically conclusive, these data suggest that geometrical characteristics may outweigh shunt flow
rate in determining risk, reinforcing the rationale for stress-focused, morphology-based classifiers such as
L/Dmean

The strong correlation between L/DZ.,, and stress-related metrics supports its candidacy as a risk
stratification marker. Morphotypes exceeding a threshold of L/ DZ,..., > 3 consistently presented high-velocity
jets, localized WSS peaks, and elevated RBC stress, suggesting a morphologically grounded biomechanical risk.
While the clinical utility of such a parameter requires prospective validation, it offers a mechanistically supported,
imaging-accessible criterion for identifying high-risk PFOs. In parallel, risk stratification from an oxygenation
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perspective may benefit from identifying a threshold in Doy, given its strong correlation with Qpro (r = 0.95).
In the present study, PFO morphologies with Doyt > 3.5 mm consistently produced Qrro values near or above
the 0.5 L/min threshold, which has been associated with arterial desaturation in previous studies. While further
clinical validation is warranted, this Doyt threshold value may serve as an imaging-accessible discriminator of
desaturation risk and may provide an actionable anatomical criterion alongside L/ D2 on.

The methodology adopted in this study introduces several strengths. The dual approach, combining classical
CFD descriptors with individual particle histories, enables a comprehensive view of both bulk flow behavior and
microscopic mechanical exposure. This represents a significant step beyond traditional CFD analyses, bridging
macrofluid dynamics and cellular mechanobiology. On the other hand, the morphometric stratification enables
direct mapping between imaging-accessible parameters and mechanical risk profiles, supporting translational
applicability in clinical contexts.

Despite its strengths, the study includes some simplifying assumptions. The model does not explicitly include
atrial wall motion; nonetheless, atrial expansion was indirectly incorporated by imposing a normal outflow on the
left atrial surface, tuned to replicate the transatrial pressure drop measured in vivo. This approach, as previously
adopted within our group®’, provides a reasonable approximation of atrial compliance, although it does not
fully capture localized wall parameters such as regional curvature and tissue-specific stiffness. Moreover, in this
context, wall deformability plays a role upstream, by modulating the portion of flow directed into the PFO, but
does not directly impact the intra-channel hemodynamics. Regarding the PFO structure, it can be reasonably
modeled as rigid due to the fibrous composition and low compliance of the interatrial septum?’. Thus, while
more advanced computational frameworks may account for regional tissue elasticity, the present approach,
anchored to physiological pressure conditions, offers a rational balance between complexity and mechanistic
fidelity, and is not expected to compromise the validity of the proposed L/ D2,y risk threshold.

Furthermore, blood was modeled as a Newtonian fluid, which constitutes a simplification of its shear-
thinning nature. However, the impact of non-Newtonian rheology has been shown to depend more on the nature
of the flow than on fixed shear rate thresholds. In flow regimes characterized by well-organized streamlines
(such as confined jets, stenoses, or tunnel-like conduits) differences between Newtonian and non-Newtonian
models become negligible for hemodynamic quantities like WSS and scalar stress. In this context, the Newtonian
approximation is considered appropriate®®. RBCs were represented as rigid tracers, and no deformation dynamics
were explicitly modeled. This simplification excludes the potential influence of viscoelastic response or membrane
fatigue. However, the scalar stress invariant, as defined in this study, accounts for the full deviatoric component
of the local stress tensor and it captures the magnitude of mechanical load that would act on a deformable
particle, providing a physically relevant surrogate for estimating mechanobiological stimuli. This approximation
has been widely adopted in previous studies investigating blood element mechanobiology in continuum-based
CFD models*’*8. Moreover, no direct in vivo validation is yet available to link modeled stress exposure with
cellular dysfunction. In this perspective, microfluidic platforms may represent a powerful validation tool to
replicate the mechanical loading histories derived from simulation. The cumulative scalar stress and velocity
profiles identified here may serve as input constraints for the design of microfluidic platforms that emulate
PFO-like geometries. These platforms allow controlled in vitro experiments (e.g., RBC activation assays, flow
cytometry, or oxidative stress quantification) to evaluate functional alterations under defined shear conditions.
This coupling of computational and experimental frameworks has been successfully implemented in previous
studies?®3536, This would allow direct translation of fluid dynamic simulations into biomolecular readouts,
extending the utility of CFD beyond mechanical metrics into the field of cell function and pathophysiology.

Studies investigating adult PFO hemodynamics remain rare, mainly due to the difficulty of deriving models
from standard clinical imaging, such as echocardiography. To our knowledge, only one study has been published
combining anatomical modeling of the PFO with flow dynamics computational analysis®’, but the simulations
are limited to qualitative flow visualization and focus on exploring potential links with atrial fibrillation,
without in-depth hemodynamic quantification or morphotype-driven interpretation. As a result, current risk
stratification in adults predominantly relies on clinical scoring systems such as RoPE!**8 and PASCAL>*,
which integrate demographic, symptomatic, and qualitative imaging features. The present work complements
these approaches by introducing a morphology-based, simulation-driven framework capable of quantifying local
mechanical conditions that may predispose to red blood cell damage or paradoxical embolism, thus providing a
novel mechanistic layer to existing risk assessment paradigms. To enhance translational applicability, we further
synthesized the two proposed morphometric indices into a two-dimensional risk stratification matrix (Fig. 5).
Each analyzed case is mapped within this framework according to their L/ D2 and Doy values, surrogate
markers for mechanical and desaturation risk, respectively. This graphical representation highlights the relative
position of each case with respect to the proposed thresholds and may serve as a visual decision-support tool.
Such geometric indices can be extracted from standard imaging modalities, potentially integrating into clinical
workflows to inform closure decisions. It should be noted, however, that the threshold values currently proposed
are derived from a limited sample size. Future investigations with larger and more heterogeneous populations
are warranted to refine and validate these cut-off values for broader clinical adoption.

In conclusion, this study establishes a foundational link between PFO morphology, local hemodynamic
alterations, and RBC-relevant mechanical stress. The results support a mechanistic model in which anatomical
variations modulate not only flow volume but also the character and intensity of mechanical stimuli experienced
by RBCs. While high flow and systemic hypoxia remain clinically relevant, the consistently elevated mechanical
stress observed in narrow, elongated channels underscores the potential role of PFO morphodynamics in
triggering neurological symptoms. The analytical approach presented here lays the groundwork for future
biomimetic validation and opens new insight for morphotype-based clinical decision-making in the management
of PFO-related syndromes.
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Fig. 5. Morphotype-based risk stratification matrix. Each marker corresponds to one of the eight

analyzed PFO morphologies, plotted according to the two proposed morphometric indices (L/ D2... and
Dout). Dashed lines indicate the threshold values associated with elevated risk of mechanical loading and
desaturation. Red markers represent morphotypes that exceed at least one risk threshold, while green markers
fall within the low-risk region. This graphical classification tool provides an intuitive overview of PFO-related
risk and could support clinical decision-making regarding patient monitoring and closure indication.
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