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HIGHLIGHTS

« A multiphysics model is developed to study particle reflux in embolization.
« A dual-lumen microcatheter is proposed to reduce the risk of reflux.

+ The dual-lumen catheter is compared to standard and side-hole catheters.

« The role of blood flow physics in reverse flow and particle reflux is studied.
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ABSTRACT

Transcatheter arterial embolization (TAE) is a widely used therapy for treating tumors and vascular abnormali-
ties. A major limitation is the reflux of embolic particles, which can damage healthy tissue and reduce treatment
efficacy. Despite technological advances, optimizing particle delivery while minimizing reflux remains a signifi-
cant challenge. In this work, a novel dual-lumen catheter embolization strategy is proposed. A four-way coupled
and multiphase computational fluid dynamics and Lagrangian particle tracking framework in OpenFOAM is
used to investigate particle transport and embolization dynamics in idealized hepatic artery geometries. Multiple
catheter configurations were evaluated under pulsatile blood flow: the Standard End-Hole Microcatheter (SEHM),
catheters with one and three sets of side holes, and a dual-lumen design. An equivalent electrical circuit model
was implemented to represent embolization-induced resistance, enabling outlet-specific flow redistribution with
progressive occlusion. Results highlight the hemodynamic interactions between blood and saline during em-
bolization and demonstrate that reflux primarily occurs in later stages, as target vessel occlusion intensifies. Side
holes on the catheter improve delivery only when injection flow rates are increased to offset leakage, whereas
the dual-lumen design enhances delivery efficiency at lower flow rates. This study demonstrates the utility of
advanced computational models to assist in the design of microcatheters to minimize or eliminate particle reflux
and off-target embolization.

1. Introduction

feeding the tumor or tissue. By blocking the tumor or tissue’s blood sup-
ply, TAE cuts off oxygen and nutrients, which can lead to the death of

Transcatheter arterial embolization (TAE) is a minimally invasive en-
dovascular procedure used for a wide range of therapeutic purposes,
including the treatment of various tumors or bleeding organs [1-4], the
management of vascular malformations [5,6], and the treatment of cere-
bral aneurysms [7,8]. In this technique, a catheter is navigated through
the arterial system to a site near the target lesion, where embolic agents
such as particles, coils, or liquid are delivered to occlude blood vessels

cancer cells or the tissue [9,10].

While considerable progress has been made in imaging guidance
and the development of embolic materials, the precision and control
of particle delivery remain limited [11]. One of the most critical chal-
lenges is non-target embolization, which can significantly compromise
treatment efficacy and patient safety [12]. In engineering literature,

* Corresponding author at: Scientific Computing and Imaging Institute, The University of Utah, Salt Lake City, UT, USA.
Email addresses: younes.tatari@sci.utah.edu (Y. Tatari), jhu35@ncsu.edu (J. Hu), amir.arzani@sci.utah.edu (A. Arzani).

https://doi.org/10.1016/j.compbiomed.2026.111684

Received 10 December 2025; Received in revised form 12 March 2026; Accepted 14 April 2026

Available online 18 April 2026

0010-4825/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


http://www.sciencedirect.com/science/journal/0010-4825
https://www.elsevier.com/locate/compbiomed

$^\circ $


$\alpha _{\text {blood}}$


$\alpha _{\text {saline}} = 1 - \alpha _{\text {blood}}$


\begin {equation}\label {ieq1} \alpha _{\text {blood}} + \alpha _{\text {saline}} = 1 \;.\end {equation}


$\Phi = 1 - \alpha _p$


$\alpha _p$


$\Phi \alpha _{\text {blood}}$


$\Phi \alpha _{\text {saline}}$


\begin {equation}\label {ieq2} \frac {\partial (\Phi \alpha _{\text {blood}})}{\partial t} + \nabla \cdot (\Phi \alpha _{\text {blood}} \mathbf {u}_f) = 0 \;,\end {equation}


$\mathbf {u}_f$


$t$


\begin {align}\rho _f &= \alpha _{\text {blood}} \rho _{\text {blood}} + \alpha _{\text {saline}} \rho _{\text {saline}} \;,\label {autoeq:1}\\[3pt] \mu _f &= \alpha _{\text {blood}} \mu _{\text {blood}} + \alpha _{\text {saline}} \mu _{\text {saline}} \;.\label {autoeq:2}\end {align}


\begin {align}\rho _f &= \alpha _{\text {blood}} \rho _{\text {blood}} + \alpha _{\text {saline}} \rho _{\text {saline}} \;,\label {autoeq:1}\\[3pt] \mu _f &= \alpha _{\text {blood}} \mu _{\text {blood}} + \alpha _{\text {saline}} \mu _{\text {saline}} \;.\label {autoeq:2}\end {align}


$\mathbf {u}_f$


$p^*$


\begin {align}&\frac {\partial \Phi }{\partial t} + \nabla \cdot (\Phi \mathbf {u}_f) = 0 \;, \label {eq:phiTransport}\\[4pt] & \frac {\partial (\Phi \rho _f \mathbf {u}_f)}{\partial t} + \nabla \cdot (\Phi \rho _f \mathbf {u}_f \otimes \mathbf {u}_f) &= - \Phi \nabla p^* + \Phi \nabla \cdot \boldsymbol {\tau } - \Phi (\mathbf {g} \cdot \mathbf {x}) \nabla \rho _f + \mathbf {F}_{\text {fp}} \;, \label {eqn:mom}\end {align}


$\mathbf {x}$


$\mathbf {g}$


$p^* = p - \rho _f \mathbf {g} \cdot \mathbf {x}$


$\mathbf {F}_{\text {fp}}$


$\boldsymbol {\tau }$


\begin {equation}\label {ieq3} \boldsymbol {\tau } = \mu _f \left ( \nabla \mathbf {u}_f + \nabla \mathbf {u}_f^\top \right ) - \frac {2}{3} \mu _f (\nabla \cdot \mathbf {u}_f) \mathbf {I} \;,\end {equation}


$\mathbf {I}$


\begin {align}&\frac {\partial \Phi }{\partial t} + \nabla \cdot (\Phi \mathbf {u}_f) = 0 \;, \label {eq:phiTransport}\\[4pt] & \frac {\partial (\Phi \rho _f \mathbf {u}_f)}{\partial t} + \nabla \cdot (\Phi \rho _f \mathbf {u}_f \otimes \mathbf {u}_f) &= - \Phi \nabla p^* + \Phi \nabla \cdot \boldsymbol {\tau } - \Phi (\mathbf {g} \cdot \mathbf {x}) \nabla \rho _f + \mathbf {F}_{\text {fp}} \;, \label {eqn:mom}\end {align}


$\alpha _p$


$f(\mathbf {x}_p, \mathbf {u}_p, \rho _p, V_p, t)$


\begin {equation}\label {ieq4} \frac {\partial f}{\partial t} + \nabla _{\mathbf {x}_p} \cdot (f \mathbf {u}_p) + \nabla _{\mathbf {u}_p} \cdot (f \mathbf {A}) = 0 \;,\end {equation}


$\mathbf {A} = \frac {d\mathbf {u}_p}{dt}$


$\mathbf {x}_p, \mathbf {u}_p, \rho _p$


$V_p$


\begin {equation}\frac {d \mathbf {u}_p}{dt} = \mathbf {F}_{am} + \mathbf {F}_{\textrm {d}} - \frac {\nabla p}{\rho _p} + \left (1 - \frac {\rho _f}{\rho _p} \right ) \mathbf {g} - \frac {1}{\alpha _p \rho _p} \nabla \tau _p \;, \label {eq:mppic_accel}\end {equation}


$\mathbf {F}_{\textrm {am}}$


$\mathbf {F}_{\textrm {d}}$


$-\nabla p / \rho _p$


$\left (1 - \frac {\rho _f}{\rho _p} \right )\mathbf {g}$


$- \frac {1}{\alpha _p \rho _p} \nabla \tau _p$


$\mathbf {F}_{am}$


\begin {equation}\mathbf {F}_{am} = C_{am}\frac {\rho _f}{\rho _p} \left ( \frac {D \mathbf {u}_f}{Dt} - \frac {d \mathbf {u}_p}{dt} \right ), \label {eq:added_mass}\end {equation}


$C_{am}$


$0.5$


$\tfrac {D \mathbf {u}_f}{Dt}$


\begin {equation*}\frac {D \mathbf {u}_f}{Dt} = \frac {\partial \mathbf {u}_f}{\partial t} + (\mathbf {u}_f \cdot \nabla )\mathbf {u}_f.\end {equation*}


$\rho _f / \rho _p$


\begin {equation}\mathbf {F}_{\textrm {d}} = D_p\,(\mathbf {u}_f - \mathbf {u}_p) \;, \label {eq:Fd_linear}\end {equation}


$D_p$


\begin {equation}\mathbf {F}_{\textrm {d}} = \frac {1}{2}\,C_D\,\frac {\rho _f A_p}{m_p}\, \|\mathbf {u}_f-\mathbf {u}_p\|\,(\mathbf {u}_f-\mathbf {u}_p) \;, \label {eq:Fd_quadratic}\end {equation}


$A_p=\tfrac {\pi d_p^2}{4}$


$m_p=\rho _p \tfrac {\pi d_p^3}{6}$


\begin {equation}D_p \;=\; \frac {3}{4}\,\frac {\rho _f}{\rho _p}\,\frac {C_D\,\|\mathbf {u}_f-\mathbf {u}_p\|}{d_p} \;. \label {eq:Dp_def}\end {equation}


$C_D$


\begin {equation*}C_D = \begin {cases} \dfrac {24}{{\textrm {Re}}_p}\!\left (1+0.15\,{\textrm {Re}}_p^{0.687}\right ) & {\textrm {Re}}_p \le 1000 \;,\\[6pt] 0.44 & {\textrm {Re}}_p>1000 \;. \end {cases} \qquad {\textrm {Re}}_p=\dfrac {\rho _f d_p \|\mathbf {u}_f-\mathbf {u}_p\|}{\mu _f}.\end {equation*}


$\alpha _p > 0.05$


$\alpha _p<0.01$


\begin {align}\label {ieq5} \tau _p = P_s \frac {\alpha _p^{\beta }}{\max [\alpha _{p,c} - \alpha _p, \epsilon (1 - \alpha _p)]} \;,\end {align}


$P_s$


$\beta $


$\epsilon $


$1 \times 10^{-7}$


$2 \leq \beta \leq 5$


$\epsilon \sim 10^{-7}$


$\alpha _{p,c}$


$\alpha _p$


\begin {equation}\label {ieq6} \alpha _p = \iiint f V_p \, dV_p \, d\rho _p \, d\mathbf {u}_p \;.\end {equation}


$\frac {d \mathbf {x}_p}{dt} = \mathbf {u}_p$


$1\times 10^{7}$


$0.35$


$\mathbf {F}_{\text {fp}}$


$\mathbf {F}_{\text {fp}}$


\begin {equation}\label {ieq7} \mathbf {F}_{\text {fp}} = - \iiint f V_p \left [ D_p \left ( \mathbf {u}_f - \mathbf {u}_p \right ) - \frac {\nabla p}{\rho _p} \right ] \, dV_p \, d\rho _p \, d\mathbf {u}_p \;,\end {equation}


$f$


$\rho _p$


$V_p$


$D_p$


$\mathbf {u}_f$


$\mathbf {u}_p$


$50~\mu \text {m}$


$100~\mu \text {m}$


$100\mu $


$L_c$


$L_c$


$^\text {3}$


$37^\circ \text {C}$


$^\text {3}$


$t=4.0~\text {s}$


$t=4.2~\text {s}$


$t=0$


$100~\mu {\textrm {m}}$


$\mathrm {g/cm^3}$


$t = 0~\text {s}$


$t = 4~\text {s}$


$5 \times 10^{-6}~\text {s}$


$2.5 \times 10^{-6}~\text {s}$


$t=3s$


$t = 3$


$t = 3$


$t=3s$


$-y$


$+y$


$-x$


$+x$


$-y$


$+y$


$-x$


$+x$


$+y$


$-y$


$\Delta x$


$\Delta y$


$+x$


$+y$


$-y$


$-x$


$+y$


$+x$


$-y$


$+y$


$+y$


$+x$


$-y$


$\pm x$


$L_c$


$L_c$


$L_c$


$L_c$


$L_c$

https://orcid.org/0009-0005-4786-0475
https://orcid.org/0000-0002-3052-9496
https://orcid.org/0000-0002-3706-7909
mailto:younes.tatari@sci.utah.edu
mailto:jhu35@ncsu.edu
mailto:amir.arzani@sci.utah.edu
https://doi.org/10.1016/j.compbiomed.2026.111684
https://doi.org/10.1016/j.compbiomed.2026.111684
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Tatari, J. Hu and A. Arzani

non-target embolization typically refers to particles reaching undesired
downstream branches [13-18]. This happens when the interventional
radiologist cannot guide the catheter to reach the target site due to
various factors such as the tortuous nature of the arteries. In these
cases where downstream catheter navigation is challenging, the clini-
cians need to inject the embolic agents at a proximal location, which
raises the risk of embolic agents being transported to unwanted loca-
tions. However, with advances in catheter navigation, an experienced
interventional radiologist can reach the desired target artery in many
cases. Nonetheless, the risk of another form of off-target embolization
still persists, which is known as “reflux”. As the embolization process
progresses, embolic particles accumulate within the downstream target
branches, gradually reducing the effective flow area and increasing local
vascular resistance. This partial occlusion elevates the local pressure at
the occlusion site, which can transiently reverse the pressure gradient
between the catheter tip and the embolized region. As a result, blood
and suspended particles may be driven backward toward the proximal
segments of the artery, leading to particle reflux into unintended side
branches. Such reflux can cause non-target embolization, reducing treat-
ment efficiency and potentially compromising healthy tissue [19,20],
however, it has been largely unexplored in computational models.

Recent research efforts have leveraged computational modeling and
in vitro experiments to study particle and emboli transport dynamics,
catheter-tip flow interactions, and the causes of non-target embolization
in transarterial embolization therapies. Computational Fluid Dynamics
(CFD) and Fluid-Structure Interaction (FSI) methods have enabled the
simulation of realistic arterial flow conditions, helping assess the impact
of catheter geometry, particle injection velocity, and arterial branching
on the distribution of injected microspheres [21-24]. To further capture
the complex behavior of particles within flow fields, some studies have
incorporated more advanced Computational Fluid Dynamics-Discrete
Element Method (CFD-DEM) coupling, which allows for the simulta-
neous simulation of blood flow and individual particle dynamics fully
coupled together [25-28]. This approach is especially valuable for
modeling interactions such as particle-particle collisions, wall contact,
agglomeration, and particle-induced flow alteration, which are not fully
captured in traditional one-way coupled particle dynamics models.

In addition to predicting particle trajectories and embolization out-
comes, computational models can also be used to enhance the design of
catheters and study the interaction between the catheters and hemody-
namics. One proposed approach to enhance catheter performance and
mitigate particle reflux is the incorporation of side-holes (slits) near
the catheter tip. These openings allow a portion of the carrier fluid to
exit laterally, generating a local flow field that penetrates into the sur-
rounding bloodstream while retaining the embolic particles within the
catheter. The resulting secondary flow is hypothesized to locally disturb
or redirect the near-tip hemodynamics, thereby reducing the likeli-
hood of backward particle transport and reflux [19,20]. Recent work by
Ortega et al. [29] employed CFD simulations to investigate microsphere
transport during radioembolization, showing that catheter design, in-
jection velocity, and tip position strongly affect particle dispersion and
deposition patterns within hepatic arteries. Their results demonstrated
that a side-hole catheter configuration significantly improves flow-split
matching and microsphere targeting compared to conventional end-hole
designs [30]. Their novel catheter design has recently been validated
in vitro. The validation employed two idealized bifurcation geometries:
one with a straight daughter vessel and another with a 45° daughter
vessel [31]. Their investigated catheter designs incorporated side holes
through which microspheres could exit into the bloodstream. In these
configurations, particles exit both the distal tip and the lateral side
holes, with the aim of achieving a more uniform longitudinal distribu-
tion of embolic agents along the target artery according to the local flow
split. In contrast, the present study proposes a dual-lumen catheter in
which embolic particles are delivered exclusively through the inner lu-
men and distal tip. The side holes in our study are used solely for saline
infusion and particles do not exit through these perforations. Their role
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is to alter the local hemodynamics and reduce reflux by modifying pres-
sure and velocity fields near the catheter tip, rather than to enhance
spatial dispersion of microspheres along the vessel. Another group ap-
plied CFD to study the effect of side-hole geometry, size, and number
on hemodialysis catheter performance, showing that optimized side-
hole configurations can reduce shear stress and flow recirculation while
maintaining high flow rates [32]. Their findings highlight the impor-
tance of catheter geometry in minimizing platelet residence time and
potential clot formation. Some studies have shown that Standard End
Hole Microcatheter (SEHM) often exhibit significant sensitivity to small
changes in position or orientation, leading to inconsistent particle deliv-
ery across different vascular branches [30,33]. This has motivated the
development and evaluation of anti-reflux catheter designs, such as the
Surefire Infusion System (TriSalus Life Sciences, Westminster, CO, USA)
and SeQure microcatheter (Guerbet, Villepinte, France) which aim to
modify local hemodynamics to minimize backflow [19,20,22,33-35].
Experimental investigations using surrogate hepatic artery models have
demonstrated that these catheters can modify the central flow structure
within the arteries and promote more homogeneous particle disper-
sion across multiple outlets, particularly when positioned away from
bifurcations [12,34].

In addition to computational evaluations, several clinical and
preclinical studies have investigated the performance of anti-reflux
catheters such as SeQure and Surefire in actual embolization proce-
dures. These devices are designed to limit reflux during microsphere
infusion, reducing the risk of non-target embolization. For example,
Rizzitelli et al. [19] demonstrated in a swine model that using the SeQure
reflux-control microcatheter resulted in significantly reduced non-target
embolization from 11% to 1.7% and increased delivery of microspheres
to the intended vascular territory compared to SEHM. Similarly, Pasciak
et al. [36] conducted a study in which patients received sequential lobar
infusions using a SEHM and a Surefire anti-reflux microcatheter posi-
tioned at the exact location. Their results showed that the anti-reflux
catheter consistently reduced non-target embolization (by 24%-89%)
and increased tumor deposition of microspheres (by 33%-90%) across
all patients. While previous clinical studies have reported improved tar-
geting and reduced non-target embolization with anti-reflux catheters
such as Surefire, other trials have found no significant benefit in tumor-
to-nontumor activity ratios or clinical outcomes [37]. Their limited
performance may be associated with particle trapping in the vicinity of
the catheter tip and subsequent reflux upon catheter withdrawal. In ad-
dition, the expanding shields and moving components of these devices
are particularly challenging to model accurately in numerical simula-
tions, making it difficult to reliably study these effects. Furthermore,
both the Surefire Infusion System and the Occlusafe catheter (Terumo
Corporation, Tokyo, Japan) include components that come into direct
contact with the arterial wall, requiring consideration of wall-device
interactions and potential vascular damage effects. For these reasons,
Surefire and Occlusafe (Terumo) catheters were not included in the
present study. There is a need for high-fidelity simulations to better
fundamentally understand catheter—flow interactions under controlled
conditions.

Despite the growing interest in catheter design optimization and
embolic particle behavior, no detailed computational study currently
captures particle reflux in a fully coupled, multiphase framework.
Existing embolization studies typically use simplified one-way or two-
way coupled models that do not resolve interactions between blood
flow and the infusion carrier (e.g., saline) or accurately represent dense
particle—particle interactions under pulsatile hemodynamic conditions.
The present study introduces a novel dual lumen catheter design and a
new particle injection strategy aimed at mitigating particle reflux dur-
ing embolization. To address the limitations of prior models, a four-way
coupled CFD framework integrated with Lagrangian particle tracking
that models the multiphase interaction between blood, saline carrier
fluid, and embolic microspheres is developed in the context of hepatic
artery embolization for liver cancer. The embolization process and its
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effects are modeled through a pressure increment applied at the targeted
outlets, representing the progressive accumulation of embolic agents
and the corresponding reduction in the effective flow area available for
blood passage. Using the twoLiquidMixingFoam solver in OpenFOAM,
the blood and saline phases are represented as interpenetrating continua
in a multiphase Euler-Euler framework. At the same time, the micro-
spheres are modeled as a Lagrangian particle phase using the multiphase
particle-in-cell (MP-PIC) method. This approach captures hydrodynamic
forces, pressure gradients, and collision-induced stresses without resolv-
ing individual collisions explicitly. The fully coupled framework allows
us to investigate the mechanisms of reflux formation, the effect of side-
hole catheter designs, and our proposed dual lumen microcatheter on
targeted delivery.

2. Methods
2.1. Computational fluid dynamics (CFD) model

To model the interaction between blood flow, embolic particles, and
the carrier fluid, an unresolved, four-way coupling with the Multiphase
Particle-in-Cell (MP-PIC) [38] framework combined with the Volume
of Fluid [39] method was used. The model includes two miscible fluid
phases, blood and saline, and a dispersed solid phase representing the
embolic microspheres. The fluid domain is modeled using an incom-
pressible and Newtonian two-phase Navier-Stokes solver with scalar
transport to track fluid mixing. At the same time, particle motion is com-
puted using the MP-PIC method, which treats the solid phase as discrete
Lagrangian particles coupled to the fluid through drag, pressure gra-
dient, and collision-induced stress terms. The particle—fluid coupling is
performed in both directions to account for interphase momentum ex-
change, and particle-particle interactions are modeled via a continuum
stress approach that avoids explicitly resolving individual collisions.

The fluids (blood and saline) are treated as miscible and represented
using a scalar volume fraction a4, which defines the relative propor-
tion of blood within the fluid mixture. The volume fraction of saline is
computed as agjipe = 1 — ¥p00q> €DSUring that the sum of fluid-phase
fractions is unity:

Uplood + Fsaline = 1 - (€Y

The presence of particles reduces the total volume available to the
fluids. This is captured by the void fraction ® = 1 - a,, where «, is
the solid (particle) volume fraction. The actual volume fraction of blood
and saline in the computational cell are therefore ®ay;oq and Pagines
respectively.

The transport equation for the blood phase fraction, scaled by the
void fraction and assuming that molecular diffusivity is negligible, is
given by Vango et al. [40] and Ghorbani et al. [41]:

I(Patpjo0a)

% + V- (Paypquy) =0, 2)

where u; is the velocity of the fluid mixture and ¢ represents time. The
local mixture density and dynamic viscosity are computed as volume-
weighted averages:

pf = @ploodPblood T Xsaline Psaline » (3)

Hf = Qplo0dHblood T Fsaline Hsaline - )

The fluid velocity u, and pressure p* evolve according to the
continuity and momentum equations [40]:

0D

=tV @u)=0, ®

d(®@psuy) ,

T+v.(cbpfuf®uf) =-OVp* + DV -7 -D(g-x)Vp, +F,
(6)

where x is the position vector, g is the gravitational acceleration and the
dynamic pressure is defined as p* = p — p,g - x. The term Fy, represents
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the total momentum exchange between the fluid and particle phases,
which will be described later. The viscous stress tensor 7 is given by:

2
v =y (Vug +Va] ) = Zuy(V - uplL, @

where I is the identity matrix. Since the fluids are miscible, no interface
compression term is included in Eq. (5) and surface tension is omitted
in this study [40,41].

2.2. Particle transport and the MP-PIC framework

In this study, embolic microsphere transport is modeled using
the multiphase particle-in-cell (MP-PIC) method as implemented in
MPPICFoam [38]. This hybrid Eulerian-Lagrangian approach solves the
fluid phase on an Eulerian grid while tracking the solid phase as discrete
spherical particles in a Lagrangian frame.

The Eulerian fluid solver provides variables such as velocity and pres-
sure, which are interpolated to particle positions so that each particle
experiences the local fluid conditions. Particle information, such as vol-
ume fraction @, and momentum exchange, is then projected back to
the Eulerian mesh so that the fluid phase responds to the presence of
particles [42,43].

A key concept in the MP-PIC framework is the particle distribution
function f (X, 1,0, V), 1), which represents the particle concentration
and bridges the discrete Lagrangian particle description and the contin-
uum Eulerian grid. It satisfies the Liouville equation [44]:

aof

o TV, w4V - (FA)=0, ®
du, . . . .

where A = d—’” is the particle acceleration and Xy, Wy, P and V, are parti-

cle position, velocity, density, and volume, respectively. In MP-PIC, the
particle acceleration is expressed as:

du v p
d—t"=Fam+Fd——"+<1——f)g

L v, ©
Pp Pp

a

where F,, is the added-mass (or virtual mass) force, Fy is the hydrody-
namic drag force per unit mass, —Vp/p, is the pressure gradient force,

( - ;—i) g is the net buoyant force, and —ﬁVTp is the inter-particle
stress gradient. Here, the gravitational term is omitted due to uncertainty
in arterial orientation and to isolate the influence of hemodynamics
without bias from gravity.

The added-mass force per unit particle mass, F,,,, accounts for the
additional inertia of the fluid that must be accelerated with the particle
and is given by Maxey and Riley [45]:

py (Duy du,
F, = <L -— 1
am Cam ﬂp < Dt dt 5 ( 0)

where C,,, is the added-mass coefficient (taken as 0.5 for spherical parti-

cles [46]) and % is the material derivative of the fluid velocity, defined
as

Duf

ur
Dt = 7 +(llf . V)llf.

This term captures the unsteady inertia of the displaced fluid and be-
comes significant when p,/p, is not negligible, such as for nearly
neutrally buoyant particles.

The drag force is computed using the Schiller-Naumann correlation
for spherical particles [47]. In the MP-PIC formulation, the drag force is
expressed in linear form

Fg=D,(u;—u,), an

where the proportionality coefficient D, is the particle-dependent lin-
earized drag coefficient. Starting from the standard quadratic drag
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expression,

1, prA
S Cp Ly~ —wy), 12)
mp

a2 a3
and using 4, = ™ and m, = ppﬂT” for a solid sphere, Eq. (12) reduces
to Eq. (11) with
3 07 Cplluy —ul

13)

The drag coefficient Cj, follows the Schiller-Naumann model:

24 ( 0,687)

—(1+0.15Re Re, <1000, prd Jlu; —u |
cp=1{Re, ’ ’ Re,= L1 7=

0.4 Re, > 1000 . kr

For dense particulate flows (a, > 0.05), particle collisions become
important. In our simulations, however, the particle volume fraction
always remains below «, < 0.01. Therefore, instead of resolving the
collisions explicitly, the MP-PIC continuum inter-particle stress model
is utilized to prevent over-packing. The isotropic model of Snider [48]

is adopted:

of

=P P , 14
r s max[a, . — @, e(l — a,)] a4

where P, is a constant with units of pressure (set to 100 Pa), while g
and e were chosen as 2 and 1 x 1077, respectively. Typical values are
2 < p <5, with e ~ 1077 used to regularize the denominator [48] and
a, . is the critical particle volume fraction set to 0.38. For particle-wall
interactions, a rebound model with a restitution coefficient of 0.97 was
employed. The Eulerian particle volume fraction «, is computed from
the distribution function as:

ap=// fV,dV,dp, du, . (15)

The MP-PIC algorithm updates particle velocity in two stages, where
the first stage accounts for hydrodynamic and pressure forces, while
the second stage corrects for inter-particle stress to enforce the packing
limit. Finally, particle positions are advanced with Lagrangian particle
tracking by solving ddﬁ =u,.

To verify the performance of the MP-PIC method, the Discrete Phase
Method (DPM) [49] was additionally employed to model particle inter-
actions and motion. In the DPM simulations, particle—particle collisions
were resolved using a dashpot contact model, with a Young’s modulus
of 1x 107 Pa and a Poisson’s ratio of 0.35. The CFD time step was subdi-
vided by a factor of 12 to adequately capture collision dynamics, while
all other simulation parameters were kept identical to the MP-PIC setup.
As discussed later, the comparison between the two approaches showed
no significant differences in the overall particle distribution.

2.2.1. Interphase momentum transfer

From the fluid-phase perspective, the presence of particles is repre-
sented through an interphase momentum transfer term, Fy,, which acts
as a localized momentum source (or sink) in the Eulerian cells containing
particles and manifests in the momentum equation (Eq. 6). In the present
MP-PIC implementation, each particle is treated as a point source whose
influence is distributed to the surrounding fluid cells. The net momen-
tum exchange in a given cell is obtained by summing the contributions
from all particles within that cell.

Following the approach of Snider [48] and Patankar and Joseph [50],
the volumetric momentum source Fy, from the solid phase to the fluid
phase can be expressed as:

\%
Ffp=_// e [Dp (“f_“p)_p_p dv,dp,du,, (16)
4
where f is the particle distribution function, p, is the particle density,

V, is the particle volume, D, is the drag parameter derived from the
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drag coefficient, u, is the fluid velocity, and u, is the particle velocity.
This term ensures that an equivalent momentum loss in the fluid phase
exactly balances the momentum gained by the particles through drag
and pressure forces.

2.3. Solver development and numerical framework

The overall solver was developed by coupling twoLiquidMixing-
Foam for the CFD part with MPPICFoam for particle motion within
the OpenFOAM [51] software to model interactions between misci-
ble liquid phases and a dispersed particulate phase. The governing
equations for momentum, pressure, and species transport are solved
using the PIMPLE algorithm, which is a hybrid pressure-velocity cou-
pling scheme combining features of both the SIMPLE (Semi-Implicit
Method for Pressure Linked Equations) and PISO (Pressure Implicit with
Splitting of Operators) algorithms. The SIMPLE algorithm is tradition-
ally used for steady-state problems, where pressure and velocity are
iteratively corrected until convergence within each time step. The PISO
algorithm, on the other hand, is designed for transient flows and per-
forms multiple pressure-velocity corrections within each time step to
ensure strong coupling and improved temporal accuracy. The PIMPLE
algorithm merges these two approaches by performing several outer
SIMPLE-type iterations, each containing a number of inner PISO cor-
rections. This combination provides enhanced stability and accuracy,
allowing larger time steps while maintaining robust convergence for
transient multiphase simulations. In this study, three inner PISO cor-
rections and one outer SIMPLE correction were applied per time step.
Mixture properties such as density and viscosity are evaluated from the
local phase composition. Particle dynamics are resolved using the MP-
PIC method. Together, these components form a coupled solver capable
of capturing the interaction between the continuous liquid mixture and
the dispersed solid phase.

2.4. Model construction

To evaluate the performance of different catheter designs, an ide-
alized arterial geometry featuring a bifurcation into two daughter
branches was constructed, as illustrated in Fig. 1(a). The inlet and out-
let blood flow rates were derived from a patient-specific hepatic artery
dataset presented by Aramburu et al. [33,52]. The diameters of the
parent and daughter vessels were calculated using Murray’s law [53],
specifically under the Scenario B conditions as defined in [33].

Two geometric models were developed to examine the catheter
behavior across different arterial scales. A schematic of the hepatic vas-
culature is shown in Fig. 2. In the highlighted Model-1 location, the
outlets corresponding to branches 16 and 17 were selected as outlets
and outlet 17 was used as the embolization target, while in Model-2,
segment 6 (encompassing outlets 11-14) and segment 7 (encompassing
outlets 15-17) were selected as outlets and segment 7 (outlets 15-17)
was used as the embolization target, representing a larger scale problem.
Flow rates for all selected branches were matched to those reported in
the original hepatic artery network [33]. The physical dimensions of
both models are summarized in Fig. 3.

Five different catheter configurations were simulated, using the stan-
dard end-hole microcatheter (SEHM) as the baseline case, illustrated in
Fig. 1(b). The second and third configurations represent reflux-control
microcatheters (RCM, SeQure 2.4 Fr, Guerbet), which incorporate side-
hole designs to reduce refluxed particles [20]. The second configuration
includes a single set of side holes near the catheter tip, as shown in
Fig. 1(c). This simplified version was created to isolate and evaluate the
effect of a single side-hole on particle transport and delivery efficiency.
The third configuration replicates the manufacturer’s default configu-
ration, which features three sets of side holes along the distal segment
of the catheter, shown in Fig. 1(d). The width of the side holes is set
to 50 um to prevent embolic particles from passing, as the particle di-
ameter used in this study is 100 ym. The size of the side holes should
be adjusted according to the application. For example, in transarterial
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Fig. 1. (a) constructed idealized arterial bifurcation geometry. Two geomet-
ric models were created by selecting different outlet branches: Model 1 uses
branches 16 and 17; model 2 uses segments 6 and 7 from [33]. (b) the
baseline configuration is a standard end-hole microcatheter (SEHM). (c) reflux-
control microcatheter (RCM) with a single set of side holes near the tip. (d)
manufacturer-default RCM (SeQure, 2.4 Fr, Guerbet) with three sets of side holes
along the distal shaft. (e) the proposed dual-lumen catheter design comprises an
inner particle-delivery tube (matching SEHM dimensions) and an outer layer.
This configuration is intended to confine particles near the artery centerline to
reduce reflux and enhance targeted delivery. (f) a dual-lumen catheter with side
holes added along the outer tube to take advantage of both approaches.

radioembolization, smaller side holes are needed due to the smaller
diameter of the microspheres.

The fourth configuration is a novel embolization catheter design pro-
posed in this study (Fig. le). It consists of a concentric dual-lumen
structure: an inner tube identical in dimensions to the SEHM and an
outer annular shield. Particles suspended in saline are infused through
the inner tube, while particle-free saline is simultaneously injected
through the annular space between the inner and outer tubes. The pur-
pose of this design is to confine particles near the central axis of the
artery, reducing their exposure to vortices and backflow near the vessel
wall, thereby minimizing reflux and promoting more targeted delivery.
Since this dual-lumen catheter has a larger overall diameter compared
to the other configurations, a second arterial model (Model 2) is con-
structed, based on segments 6 and 7 of the hepatic artery network
described in Aramburu et al. [33] (Fig. 2). This geometry provides wider
vessel dimensions, making it suitable for evaluating the performance of
the proposed design. To enable fair comparison, the diameters of the
SEHM and SeQure catheters were proportionally scaled in simulations
involving Model-2 to match the size of the proposed catheter. Using the
actual dimensions of the standard end-hole and SeQure microcatheters
would have resulted in an inner lumen diameter that is too small to real-
istically inject 100um particles in the dual-lumen configuration. Scaling
the catheter sizes ensured a physically meaningful and fair compari-
son between catheter designs while preserving their relative geometrical
features. The fifth and final configuration (Fig. 1f) builds upon the dual-
lumen design of the fourth catheter by incorporating side holes along the
outer tube. This hybrid approach is intended to combine the advantages
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of the outer annular shield, maintaining particle flow near the vessel cen-
terline with the potential benefits of side-hole injection. Details of the
catheter geometries and simulation cases are summarized in Table 1. In
Appendix A.2, the effect of catheter offset from the arterial centerline
and its impact on particle delivery are examined, while Appendix A.3
discusses the influence of the catheter insertion length (L,) and presents
results for different L. values for the baseline case.

2.5. Inlet flow rate adjustment and boundary conditions

The inlet blood flow rate and pulsatile inflow profile were obtained
from Aramburu et al. [33] and represent physiological conditions at the
beginning of the simulation (pre-treatment). To mimic the emboliza-
tion process, a gradual increase in pressure was applied at outlet 2
(the embolization target) over time, inducing backflow and resulting in
particle reflux. This approach replicates the clinical scenario in which
downstream arteries become progressively occluded during emboliza-
tion, increasing local resistance and backflow. The density and dynamic
viscosity of blood were set to 1.06 g/cm? and 4 mPa.s, respectively. For
the saline solution, the physical properties of Xenetix 300 (Guerbet) at
37°C were used, which are 1.335 g/cm? for density and 6 mPa.s for
dynamic viscosity, as reported by Argiz et al. [54].

Each simulation was run for five cardiac cycles (each one second to-
taling five seconds). At the start of the simulation (Cycle 1), the flow
was evenly distributed between outlet 1 and outlet 2 (50% each), rep-
resenting baseline conditions. As embolization progressed, the pressure
at outlet 2 (the target region, which is outlet 17 for Model-1 and seg-
ment 7 for Model-2; see Fig. 2) was increased linearly to simulate partial
blockage where 50% occlusion was assumed to be reached at the start
of Cycle 2 and 80% occlusion at the beginning of Cycle 3. The ele-
vated resistance at outlet 2 (corresponding to 80% flow reduction) was
maintained throughout Cycles 3-5 to represent embolization-induced
blockage. The occlusion levels of 50% and 80% at outlet 2 were selected
to represent moderate and severe embolization stages, respectively.
These values were not intended to correspond to a specific clinical
threshold but were chosen to systematically model progressive increases
in downstream resistance and to evaluate catheter performance un-
der controlled, stepwise occlusion conditions. The pressure at outlet 1
remained constant throughout the simulations.

The injection of saline solution and particles began at the onset of
the simulation and continued until the end of the fourth cardiac cycle.
Between t = 4.0 s and ¢ = 4.2 s, the injection rate was linearly decreased
to zero, and during the fifth cycle, no particles were injected.

Since altering the outlet resistance directly affects the global flow dis-
tribution within the arterial network, the inlet flow rate to each model
had to be recalculated. To achieve this, an equivalent 0D electrical cir-
cuit model was developed in LTspice [55], representing each arterial
outlet as a resistance. The total hepatic inflow was held constant, while
only the resistances of the embolized branches were varied to reproduce
the prescribed occlusions. Initially, the resistances were adjusted to re-
produce a flow distribution consistent with the values reported in [33],
representing the baseline pre-treatment case. Then, for Model-1, the re-
sistance of outlet 17 was increased to represent 50% and 80% blockage.
This change redistributed flow across all 29 outlets. Using the updated
flow rates at outlets 16 and 17, the adjusted inlet flow rate for Model-
1 was determined. To determine the outlet pressure corresponding to
the desired flow rate at outlet 17, a series of steady-state simulations
was performed. In each iteration, the pressure boundary condition at
outlet 17 was incrementally adjusted and the resulting flow rate was
evaluated. The outlet pressure was then refined based on the deviation
between the computed and target flow rates until the desired blockage
condition (50% or 80%) was achieved. This iterative approach ensured
that the flow rate through outlet 17 matched the value predicted by
the 0D circuit model for the prescribed embolization level. A similar
procedure was applied to Model-2, where the resistance of segment 7
(including outlets 15-17) was increased to account for 50% and 80%
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Fig. 2. A schematic of the overall vasculature model. Branches chosen to construct Model-1 and Model-2 along with the equivalent electrical circuit model are shown.
PHA, RHA, and LHA denote the proper hepatic artery, right hepatic artery, and left hepatic artery, respectively. The segment and outlet numbering are kept consistent
with the reference study [33]. The downstream outlets and resistances are omitted for simplicity. For Model-1, the hypothetical tumor location is outlet 17 and for

Model-2 this is segment 7, which consists of outlets 15-17.
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Fig. 3. Geometric dimensions of (a) Model-1 and (b) Model-2. Diameters were
computed using Murray’s law based on physiological flow rates. The PHA diam-
eter (upstream of these models) is assumed to be 5 mm. In Model-1, outlet 1 and
outlet 2 correspond to outlet 16 and 17 in the hepatic artery model respectively.
In Model-2, the outlet 1 and outlet 2 correspond to segment 6 and segment 7
(outlets 15-17) in the hepatic artery model.

blockage. This modification altered the flow distribution across the en-
tire hepatic network, while maintaining constant inflow into the proper
hepatic artery. The recalculated flow rates for segment 6 and segment 7
were then used as inlet conditions for Model 2.

The resulting time-dependent flow and pressure values, correspond-
ing to the prescribed blockage levels, are summarized in Table 2. These
flow distributions were calculated without accounting for the presence
of the catheter within the arterial domain. At the artery and catheter in-
let, the fixedFluxPressure boundary condition was used for the pressure.
At 7 = 0, the pressure at outlet 1 is higher than at outlet 2, even though
both outlets have the same flow rate and diameter. This is because

outlet 1 is closer to the inlet, offering less flow resistance, thus a higher
pressure is required to achieve the same flow rate.

2.6. Test cases and simulation setup

A total of ten simulations were performed, combining the two ar-
terial geometries (Model-1 and Model-2) with five different catheter
designs (I-V). The details of each simulation case are summarized in
Table 1. For Cases 1-3, an injection rate of 8 ml/min was adopted based
on clinical values reported by Rizzitelli et al. [19]. In Model 1, a con-
stant volumetric injection flow rate was prescribed across Cases 1-3
to isolate geometric effects, resulting in different catheter tip velocities
due to side hole effect. In Case 4, which uses the manufacturer-default
reflux-control catheter (with side holes), the injection rate was increased
to 11.9 ml/min to maintain the same flow velocity at the catheter
tip, compensating for flow loss through the side holes. Case 5 re-
peats the SEHM configuration with the same increased injection rate
(11.9 ml/min), enabling direct comparison between SEHM at equivalent
flow conditions.

For Cases 6-10, the simulations use the larger-diameter arterial ge-
ometry (Model 2) to accommodate the increased size of the proposed
dual-lumen catheter. The outer diameter of the catheters in Cases 6 to
9 is doubled relative to Model 1. Injection rates were scaled accord-
ingly to maintain the same flow velocity at the catheter tip as in Case 1,
consistent with clinically relevant flow conditions. In Model 2, the injec-
tion flow rate was adjusted to maintain a constant catheter tip velocity
(0.48 m/s) to enable direct comparison of catheter designs under equal
momentum conditions. In Case 10, the smaller-diameter catheter was
tested within Model 2 to evaluate the effect of catheter diameter during
the baseline design. The catheter-tip injection velocity was prescribed
based on clinically realistic flow rates and remained constant during
embolization, while the local bloodstream velocity decreased as vascu-
lar occlusion progressed. Consequently, the ratio between catheter and
bloodstream velocities is inherently time-dependent and emerges from
the evolving hemodynamic conditions rather than being imposed as an
independent control parameter.

In all simulations, embolic particles were modeled as spheres with
a diameter of 100 ym and a density of 1.19 g/cm?, made of poly-
methylmethacrylate (PMMA) [56], a transparent and biocompatible
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Summary of the ten simulation cases combining two artery models and five catheter designs. Catheter
I: standard end-hole microcatheter (SEHM); catheter II: reflux-control catheter with a single side-hole
set; catheter III: manufacturer-default reflux-control catheter with three side-hole sets; catheter IV:
proposed dual-lumen catheter design; catheter V: dual-lumen catheter with side holes added. In cases
with dual-lumen catheters, the inner and outer diameters are listed separately.

Simulation Geometry Catheter type Catheter internal Catheter tip Catheter injection
number model diameter (mm) velocity (m/s) rate (ml/min)
Case 1 Model-1 I 0.56 0.48 8
Case 2 Model-1 I 0.56 0.38 8
Case 3 Model-1 111 0.56 0.3 8
Case 4 Model-1 I 0.56 0.48 11.9
Case 5 Model-1 I 0.56 0.72 11.9
Case 6 Model-2 I 1.14 0.48 321
Case 7 Model-2 I\ 1.14 (outer lumen) 0.48 321
0.56 (inner lumen)
Case 8 Model-2 11 1.14 0.48 33.6
Case 9 Model-2 A 1.14 (outer lumen) 0.48 48.3
0.56 (inner lumen)
Case 10 Model-2 1 0.56 0.48 8

Table 2
Pressure, flow rates, and embolized blockage percentages, at different simulation
time-points.

t=0s t=1s t=2s t=3s t=4s t=5s
Outlet-2 Pressure (pa) 0 130 195 195 195 195
Outlet-1 Pressure (pa) 10 10 10 10 10 10
Outlet-2 Blockage 0 50% 80% 80% 80% 80%

Outlet-2 flow rate (ml/min)  14.98 7.49 3.0 3.0 3.0 3.0
for Model-1

Outlet-1 flow rate (ml/min) 14.98 15.37 1548 1548 15.48 15.48
for Model-1

inlet flow rate (ml/min) for 29.96 22.86 18.48 18.48 18.48 18.48
Model-1

Outlet-2 flow rate (ml/min)  59.93 29.97 1199 1199 1199 11.99
for Model-2

Outlet-1 flow rate (ml/min) 59.93 66.47 69.01 69.01 69.01 69.01
for Model-2

Inlet flow rate (ml/min) for
Model-2

119.86 96.44 81.0 81.0 81.0 81.0

thermoplastic material commonly used in microspheres. Particles were
released uniformly from the inlet surface inside the catheter at a constant
rate of 500 particles per second, starting from 7 = 0 s and continuing un-
til 7 = 4 s, corresponding to a total of 2000 particles injected in each
simulation. In all cases, particles were injected from the catheter lu-
men, except for Cases 7 and 9, where dual-lumen catheters were used
and particles were introduced exclusively through the inner tube. This
consistent injection profile and particle count across cases enable direct
comparison of particle transport dynamics and reflux behavior.

A mesh independence test was performed using Case 1, comparing
two mesh resolutions. The coarse mesh contained 201,786 elements,
while the finer mesh comprised 326,755 elements. The maximum dif-
ference in peak systolic fluid velocity between the two meshes was less
than 4%, and the particle distribution variation at the outlets was below
1%. The coarser mesh was used for the simulations. The time step of
simulations was set to 5 x 107® s and the average Courant number was
maintained at approximately 0.03, with maximum values below 0.9 in
all cases, ensuring numerical stability of the fluid solver. To assess time-
step sensitivity, an additional simulation was performed for the baseline
case (Case 1) with a smaller time step of 2.5 x 10~¢ s. The resulting dif-
ferences in maximum velocity at peak systole and in particle delivery
distribution were both less than 1%. Additionally, the interface Courant
number (for the multiphase solver) remained well within stable limits,
with a mean value below 0.01 and a maximum not exceeding 0.25 across
all simulations. The maximum particle volume fraction reached approx-
imately 0.01, which shows the system lies closer to the dilute regime,

though occasional particle collisions and volume exclusion effects may
still play a role [57].

3. Results
3.1. Hemodynamics during embolization and particle reflux

Fig. 4(a) illustrates the blood flow and saline interaction with em-
bolic particle distribution at different time points. The particles are
denoted with green spheres and the velocity streamlines are colored
by blood concentration (red representing blood and blue representing
the injected saline). By analyzing the results for the baseline configura-
tion (Case 1) in Fig. 4, particle transport was strongly affected by the
interaction of pulsatile inflow and outlet-2 occlusion. During the first
cardiac cycle, weak backflow developed near the end of diastole (around
t=0.8 s), but its intensity was insufficient to drive particles upstream,
and all injected particles still reached outlet 2, the targeted branch.

At the onset of the second cardiac cycle, the strong systolic pulse
pushed particles that had become temporarily trapped within recirculat-
ing vortex regions toward outlet 2. The vortex zones were compressed,
reducing the extent of local backflow and enhancing forward particle
transport. However, once outlet-2 occlusion progressed during subse-
quent time-points, sustained reflux developed and persisted through
cycles 2-5, leading to significant undesirable particle reflux into the
side branch. To further elucidate particle transport mechanisms during
progressive occlusion, representative particle pathlines were analyzed.
Particles successfully delivered to Outlet 2 travel directly toward the
target branch under favorable hemodynamic conditions. In contrast,
particles undergoing reflux typically advance toward the target re-
gion before experiencing flow deceleration and local redirection caused
by the increased downstream resistance, ultimately exiting through
Outlet 1. Representative pathlines of delivered particles and particles un-
dergoing reflux are shown in Fig. 4(a). Fig. 4(b) presents a time-resolved
analysis of particle distribution, showing the percentage of particles
exiting through each outlet. These percentages were calculated by di-
viding the number of particles leaving each outlet by the overall total
number of injected particles (n = 2000). This temporal assessment il-
lustrates the progressive redistribution of particles as occlusion develops
and demonstrates that, even under partial blockage, a portion of parti-
cles may continue to reach the target outlet depending on the severity of
the downstream resistance. By the end of the simulation, only 44.25%
of the injected particles were delivered to Outlet 2, while 54.2% were
redirected toward Outlet 1 due to reflux, and 1.55% remained trapped
within the computational domain, indicating a substantial reduction in
delivery efficiency. It should be noted that the apparent dominance
of flow toward Outlet 1 in later stages is not caused by mechanical
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Fig. 4. (a) Hemodynamic and temporal evolution of particle transport in the
baseline configuration (Case 1) at representative time points: t = 0.8, 1.2, 1.8,
2.2,2.8, and 3.2 s. These time points were chosen to represent the cardiac phases
of maximum forward flow and reduced or reversed flow. The embolic particles
are shown in green and enlarged to enhance visualization. The streamlines are
colored based on blood volume fraction (red: blood; blue: saline). At the end of
the first cardiac cycle (t = 0.8 s), weak backflow is observed but does not induce
reflux. During early cycle 2, the systolic pulse pushes vortex-trapped particles
toward outlet 2 (target), reducing recirculation zones. In later cycles, sustained
reflux develops, progressively diverting particles from outlet 2 and lowering de-
livery efficiency. Representative pathlines of delivered particles (shown in blue)
and particles undergoing reflux (shown in red) are shown att = 1.2 sand 3.2 s,
respectively. (b) Temporal evolution of the percentage of exiting particles from
each outlet. These percentages were calculated by dividing the number of par-
ticles leaving each outlet by the total number of injected particles (n = 2000).
It should be noted that a small percentage of particles remain in the domain.

blockage from the catheter jet, but rather by the progressive increase in
downstream resistance due to embolic occlusion at Outlet 2. The redis-
tribution of both blood and injected saline is therefore a hemodynamic
consequence of altered pressure gradients within the bifurcation.

3.2. Results for cases 1-10

The success of the embolization procedure is defined as the per-
centage of particles delivered to the targeted area, which is outlet 2.
Table 3 summarizes the success rates for cases 1-10 based on Model-1
(small artery) and Model-2 (big artery). Particles exiting through outlet 1
or remaining trapped within the computational domain are classified
as non-targeted particles. In all cases, the fraction of particles trapped
inside the domain was less than 2% of the total injected particles.

For the baseline case (Case 1), the delivery rate was 44.25%. In Case
2, the introduction of one set of side holes in the catheter led to saline
leakage, reducing the average tip velocity. Consequently, particles were
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Table 3

Simulation results for cases 1-10 based on Model-1 (small artery) and
Model-2 (big artery). The success rate is defined as the fraction of par-
ticles delivered to the targeted outlet relative to the total number of
particles.

Simulation number Success rate Simulation number Success rate

Case 1 44.25% case 6 92.75%
Case 2 35.05% case 7 100%
Case 3 30.35% case 8 93.9%
Case 4 62.45% case 9 100%
Case 5 85.80% case 10 47.0%

injected with lower momentum, decreasing their ability to reach the tar-
get region. As a result, the delivery rate dropped to 35.05%. In Case 3,
with three sets of side holes, even more fluid leaked out, further lower-
ing the tip velocity compared to Case 2. This reduced the success rate
to 30.35%, the lowest among the first three cases. These results demon-
strate that the side-holes, although intended to create a fluid flow shield
that prevents reflux, can in fact worsen embolization success due to the
reduced momentum at the catheter tip.

In Case 4, the injection rate was increased to restore the catheter tip
velocity to the baseline level (0.48 m/s). Under these conditions, the de-
livery rate improved substantially to 62.45%, indicating that side-holes
can enhance particle delivery if the flow rate is adjusted to compen-
sate for leakage. Without such compensation, side-holes result in lower
performance than the standard SEHM case.

Finally, in Case 5, the baseline model was operated at the higher
injection rate used in Case 4. This increased the tip velocity to 0.72 m/s,
yielding the highest delivery rate of 85.80%. However, from a clinical
perspective, such an increase in flow may be undesirable, as higher flow
rates and tip velocities may elevate shear rate, wall shear stress, and risk
of arterial damage. Catheter designs that achieve higher delivery rates
at lower flow rates and tip velocities are preferable in practice. Fig. 5
shows the hemodynamic and particle distribution for Case 1-5 at r = 3s.

Cases 6-10 correspond to Model-2, representing a larger artery, al-
lowing us to evaluate the proposed dual-lumen catheter designs (Types
IV and V). The injection rate of saline solution was selected to main-
tain a catheter tip velocity of 0.48 m/s, consistent with the baseline
case. These injection rates fall within the clinically recommended range
of 2-3 ml/s for the right hepatic artery (RHA) [58]. Since Model-2 is
located one bifurcation downstream from the RHA, our simulations’
maximum injection flow rate remained below 1 ml/s.

z

Case 5 blood
0 I i |

Fig. 5. Hemodynamics and embolic particle distribution for cases 1-5 at7 =3 s.

The embolic particles are shown in green and enlarged to enhance visualization.

The streamlines are colored based on blood volume fraction (red: blood; blue:

saline).
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Fig. 6. Hemodynamics and embolic particle distribution for case 6-10 at7 =3s.
The embolic particles are shown in green and enlarged to enhance visualization.
The streamlines are colored based on blood volume fraction (red: blood; blue:
saline).

The results for Cases 6-10 are summarized in Table 3. In Case 6, the
SEHM catheter with a larger size compared to the baseline achieved a de-
livery rate of 92.75%. Case 7, which employed the dual-lumen design,
achieved 100% delivery under identical conditions. The improvement
can be attributed to particle injection closer to the artery centerline to-
gether with the protective surrounding saline flow from the outer lumen,
facilitating longer downstream transport. This effect is clearly illustrated
in Fig. 6, showing the flow field and embolic particle distribution for
Cases 6 and 7 at the same simulation time. In Appendix Section A.1, the
importance of maintaining the inner lumen at the center of the catheter
is demonstrated by performing additional simulations in which the inner
lumen is shifted toward the outer lumen.

In Case 8, a catheter with three sets of side holes (but a similar di-
ameter to Cases 6 and 7) was tested. The injection rate was adjusted to
maintain the same tip velocity. The delivery rate was 93.9%, represent-
ing only a slight improvement over the SEHM catheter in Case 6, but still
below the performance of the dual-lumen design in Case 7. Notably, this
configuration did not provide a substantial advantage despite requiring
a higher injection flow rate due to the side holes.

Case 9 combined the dual-lumen concept with side holes to exploit
the benefits of both designs. Achieving the target tip velocity required
a significantly higher injection flow rate of 48.3 ml/min as the inner
tube promoted flow leakage through the side holes. Nevertheless, this
configuration achieved 100% delivery efficiency.

Finally, in Case 10, only the inner tube was used, similar to the base-
line Case 1, to assess the role of the outer layer in the dual-lumen design.
The resulting delivery rate was 47%, substantially lower than in Cases 7
and 9, which confirmed the crucial role of the outer layer in enhancing
embolization performance. Fig. 6 shows the hemodynamic and particle
distributions for case 6-10 at t = 3s.

Simulations for cases 6-9 were re-run under reduced flow conditions
to evaluate catheter performance further. These modified simulations
are called cases 6-b to 9-b, and the results are summarized in Table 4.
All cases were first evaluated at a catheter tip velocity of 0.40 m/s. At
the same time, for cases 7 and 9, lower velocities of 0.35 and 0.30 m/s
were also tested to enable a more detailed comparison between catheter
types IV and V.

As expected, overall delivery rates decreased with lower tip velocity
and injection flow rate, with the exception of Case 9-b, which consis-
tently achieved near-complete delivery. Under these conditions, Cases
6-b and 8-b showed nearly identical performance, indicating that adding
side holes does not significantly influence delivery efficiency in large
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Table 4
Simulation results for cases 6-b—9-b based on Model-2 (large artery) for different
tip velocities and flow rates. The catheter diameter is 1.14 mm for all these cases.

Simulation = Geometry  Catheter  Catheter tip Injection Success
number model type velocity (m/s)  rate (ml/min)  rate
Case 6-b Model-2 I 0.4 26.8 84.35%
Case 7-b Model-2 v 0.4 26.8 98.85%
0.35 23.45 83.6%
0.3 20.1 61.2%
Case 8-b Model-2 111 0.4 28.0 82.85%
Case 9-b Model-2 A 0.4 41.5 100%
0.35 36.31 100%
0.3 31.12 95.35%

arteries. By contrast, side-hole designs previously demonstrated clear
benefits in small arteries at the same tip velocity.

Cases 7-b and 9-b initially achieved success rates of 98.85% and
100% at a tip velocity of 0.40 m/s, confirming that both catheter de-
signs are highly effective under standard injection conditions. Additional
simulations were conducted to compare catheter types IV and V with
reduced tip velocities of 0.35 and 0.30 m/s. For case 7, delivery ef-
ficiency decreased substantially to 83.6% and 61.2%, respectively. In
contrast, case 9 sustained high performance, with delivery rates of 100%
at 0.35 m/s and 95.35% at 0.30 m/s. These findings highlight the ro-
bustness of the dual-lumen catheter compared to SEHM and SeQure
designs. Among catheter types IV (dual-lumen) and V (dual-lumen with
side holes), type V sustained near-complete delivery even at lower tip ve-
locity conditions. However, this improved efficiency comes at the cost of
a substantially higher injection flow rate than case 7, despite operating
at the same catheter tip velocity. This trade-off implies the importance
of carefully weighing clinical considerations, such as allowable injec-
tion pressures and the potential risk of shear induced vessel injury when
selecting between catheter types IV and V.

The computational cost for the presented simulations depends pri-
marily on the mesh size. For Model 1, which is smaller, each simulation
required approximately 120 hours when run on 32 CPU cores on a high-
performance computing system (Intel(R) Xeon(R) Gold 6130 CPU @
2.10 GHz). For Model 2, which is a bigger model with a larger number
of cells, the corresponding simulation time increased to approximately
190 hours using the same number and type of cores.

4. Discussion

This study employed a four-way coupling of multiphase fluid flow
simulation with Lagrangian particle tracking to investigate the influence
of catheter design and injection conditions on embolic particle delivery
efficiency. The results collectively demonstrate that catheter geome-
try, injection flow rate, and tip velocity strongly govern embolization
outcomes, with the proposed dual-lumen designs consistently outper-
forming conventional configurations under various flow conditions. The
findings also revealed that particle reflux is affected by pulsatile flow
dynamics and the progressive occlusion of the target outlet. Backflow
was minimal during the initial cycles but became more pronounced in
later cycles, leading to significant particle reflux and a reduced delivery
efficiency. These results underscore the strong influence of hemody-
namic interactions, especially vortex formation and outlet occlusion on
embolization outcomes while also revealing the inherent limitations of
standard catheters.

This study demonstrated that the dual-lumen catheter designs sig-
nificantly enhance embolic delivery efficiency by reducing reflux and
improving downstream particle transport, even at lower flow rates. The
effectiveness of the dual-lumen configuration arises from the underly-
ing flow physics, specifically, the initial positioning of particles at the
center of the catheter lumen and the protective effect of the outer-layer
saline injection. This outer flow acts as a hydrodynamic shield that con-
fines particles to the central core of the bloodstream and prevents their
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migration toward the disturbed recirculation regions close to the wall.
Interestingly, the results from Case 10 confirm that central particle re-
lease alone is insufficient, and the outer-layer injection is essential to
maintain coherent forward transport and minimize reflux. In the dual-
lumen catheter configuration, equal average injection velocities were
prescribed in the inner and outer lumens. This choice ensures balanced
momentum exchange between the particle-laden core flow and the sur-
rounding protective flow, enhancing forward particle transport while
reducing susceptibility to vortical structures and reflux near the catheter
tip. Alternative velocity ratios may influence delivery performance but
were not explored in the present study. In contrast, side-hole catheter
designs provide limited benefit in large vessels and may only perform
effectively in smaller arterial systems under tightly controlled flow
conditions. Earlier studies hypothesized that side holes could generate
disturbed flow structures around the catheter tip, potentially reducing
particle reflux [19,20]. Our simulations indicate the specific conditions
required for this mechanism to be effective. Specifically, side-hole de-
signs only achieve noticeable reflux suppression when operated at higher
flow rates than the standard end-hole model. Although the dual-lumen
configuration results in a larger overall diameter compared to conven-
tional single-lumen microcatheters, the dimensions used in the present
study fall within the clinically relevant range of segmental and subseg-
mental hepatic arteries (approximately 1.5-3 mm). Furthermore, the
proposed design is inherently scalable, and both inner and outer lumen
diameters can be optimized according to target vessel size and embolic
particle dimensions to enable application in smaller distal branches, by
reducing the size of particles.

In this work, the multiphase particle-in-cell method was employed.
Additionally, the baseline test case (Case 1) was re-run using the
Discrete Phase Method (DPM) in OpenFOAM to evaluate sensitivity to
the particle-tracking formulation (results not shown). When assigning
one particle per parcel, the method becomes equivalent to the Discrete
Element Method (DEM) in which each parcel is treated as a single ele-
ment. The resulting particle distribution and delivery rate deviated by
only 1.7%, indicating that particle—particle collisions were not dominant
under the present configuration. This study employed an unresolved par-
ticle modeling approach, which provides computational efficiency but
neglects near-field hydrodynamic effects.

While the present numerical framework successfully captured the es-
sential hemodynamic and particle—fluid interactions, several simplifying
assumptions should be acknowledged. Embolic particles were repre-
sented as rigid spheres, neglecting potential shape irregularities and
deformation that can influence local drag, particle clustering, and pack-
ing behavior during occlusion. These assumptions may slightly affect the
predicted particle dispersion and local hemodynamic stresses near the
catheter tip. Incorporating deformable particle models in future stud-
ies would provide a more physiologically accurate representation of
embolic dynamics. Furthermore, adopting a hybrid particle-continuum
approach, such as the model developed in [59], could enable more
advanced modeling of particle—fluid interactions and embolus accumu-
lation within the vascular environment. Such an approach would allow
for embolic agent aggregation modeling, offering deeper insight into
the coupled hemodynamics and embolization processes. Future work
should employ patient-specific arterial geometries to enhance clinical
relevance. Additional investigations should also consider the effects of
varying particle sizes with different injection rates, catheter positioning
within the artery, and, for the dual-lumen catheter designs, applying
different saline injection velocities through the inner and outer tubes as
possible future research topics.

Complementary in vitro benchtop experiments will allow controlled
evaluation of particle dynamics under physiologic flow, while in vivo
studies are needed to assess translational feasibility. Moreover, recent
studies have proposed using local arterial pressure as a quantitative
and reliable criterion to determine the embolization endpoint [60].
Integrating such pressure-based metrics with the current simulation
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framework could provide a more standardized approach for predicting
embolization completion. Ultimately, clinical validation will be essential
to determine whether the observed improvements in delivery efficiency
can be translated into personalized treatment success with reduced risk
of non-target embolization.

5. Conclusion

This study systematically evaluated the influence of catheter design
and injection conditions on embolic particle delivery efficiency using
advanced numerical simulations. Two models of small and large ar-
teries were used to compare standard end-hole, side-hole, dual-lumen,
and hybrid catheter configurations under physiologically relevant pul-
satile flow conditions. Side holes on catheters reduce delivery efficiency
because flow leakage decreases the tip velocity. However, restoring
tip velocity through higher injection rates can improve performance,
demonstrating that side-hole designs may be effective if flow conditions
are carefully managed. Dual-lumen catheters consistently outperformed
standard and side-hole designs, achieving near-complete delivery even
at reduced flow rates. For example, comparison between SEHM and
dual-lumen catheters demonstrates that the dual-lumen configuration
increases the delivery rate from 84.35% to 98.85%. Furthermore, the
results indicate that incorporating side holes into the dual-lumen con-
figuration increases the delivery rate from 61.2% to 95.35% under lower
tip-velocity conditions. Hybrid dual-lumen/side-hole designs can there-
fore further enhance delivery performance; however, they require higher
injection flow rates, highlighting a trade-off between delivery efficiency
and clinical safety. The dual-lumen catheter is particularly advantageous
in procedures requiring high targeting accuracy and reflux prevention,
such as selective embolization in complex vascular anatomies exposed
to disturbed flow.
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Appendix A
A.1. Centering of the inner lumen within the dual-lumen catheter

To evaluate the importance of concentric alignment of the inner
lumen within the dual-lumen catheter, additional simulations were per-
formed in which the inner lumen was shifted by 0.2 mm toward the
outer wall instead of being perfectly centered. Fig. 7(a)-(d) illustrates
the catheter geometry with the inner lumen located at the center and
shifted in the —y, +y, and —x directions, respectively. Owing to geomet-
ric symmetry, the +x shift was not considered. The flow conditions and
particle injection parameters are identical to those of case 7-b, with a
catheter tip velocity of 0.35 m/s. For the concentric configuration, a
delivery rate of 83.6% was achieved.

The results show that inner-lumen misalignment leads to a substan-
tial reduction in particle delivery, with delivery rates decreasing to
59.75%-61.35% for all shifted configurations as shown in Table 5. This
reduction is attributed to the increased susceptibility of particles injected
near the outer lumen to disturbed near-wall flow and local recircula-
tion zones, which enhance particle reflux compared to particles injected
along the catheter centerline.

To ensure concentric alignment of the inner lumen, thin support
struts can be utilized to connect the lumens and provide support. Since
no particles are injected into the annular space, the presence of these
supports will not interfere with particle transport.

A.2. Centering of the catheter within the hepatic artery

In clinical practice, precise centering of a catheter within an artery is
difficult to achieve and cannot be guaranteed. To assess the sensitivity
of particle delivery to catheter position within the vessel, six additional
simulations were performed in which both the SEHM and the dual-lumen
catheter were shifted by 0.4 mm in the +x, +y, and —y directions relative
to the arterial centerline. Due to symmetry, shifts in the —x direction
were not considered.

Fig. 7(e)—(g) shows two-dimensional visualizations of the dual-lumen
catheter position for these offsets. The SEHM occupies a similar spatial
position to the outer lumen of the dual-lumen catheter and is therefore
not shown separately. All simulations were performed under flow con-
ditions identical to those of Case 6-b for the SEHM and Case 7-b for
the dual-lumen catheter, with a catheter-tip velocity of 0.4 m/s and the
inner lumen concentrically aligned within the outer lumen.
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Table 5

Particle delivery success rates for additional simulations investigating catheter
offset within the artery and inner lumen offset within the outer lumen of the
dual-lumen.

Shifted cath/part Tip velocity — Ax Ay Success rate
SEHM (entire) 0.4 m/s 0 0 84.35%
0.4 m/s 0 +0.4mm 88.6%
0.4 m/s 0 —0.4mm 71.05%
0.4 m/s +0.4mm O 80.1%
Dual-lumen (entire) 0.4 m/s 0 0 98.85%
0.4 m/s 0 +0.4mm  99.95%
0.4 m/s 0 —0.4 mm 89.8%
0.4 m/s +04mm O 98.05%
Inner lumen of dual-lumen  0.35 m/s 0 0 83.6%
0.35 m/s 0 +0.2mm  59.8%
0.35m/s 0 —0.2mm 61.35%
0.35m/s +0.2mm 0 59.75%

The results, summarized in Table 5, show that shifting the catheter
in the +y direction increases the particle delivery rate for both catheter
types, whereas shifts in the +x and —y directions reduce delivery effi-
ciency. This directional dependence arises from the asymmetric vascular
geometry and the location of the downstream bifurcation, which is ori-
ented predominantly in the +y direction. When the catheter is displaced
toward the bifurcation (+y shift), the injected jet interacts more directly
with the local flow structures, suppressing disturbed blood flow near the
bifurcation and thereby reducing particle reflux.

In contrast, displacements in the +x direction increase the separa-
tion between the catheter tip and the bifurcation, leading to moderately
enlarged recirculation regions and a corresponding reduction in the de-
livery rate. This effect is substantially more pronounced for shifts in the
—y direction, which move the catheter farther away from the bifurcation
than shifts in +x. As a result, the recirculation zone expands further, pro-
moting stronger particle trapping and reflux, and leading to the largest
decrease in the delivery rate among all offset cases.

These findings suggest that strict centering of the catheter within
the artery is not a strong prerequisite for effective particle delivery
(when the catheter is close to the target). Instead, delivery perfor-
mance is governed primarily by the catheter’s position relative to local
vascular features, particularly the bifurcation. Additionally, our results

\ z \X
(a) —
Y
X —
(b) (© (d)
............ » artery wall

Ax = +0.4mm

(e)

, catheter outer lumen

----------- » catheter inner lumen

Ay = +0.4mm

®

Ay = —0.4mm

(2

Fig. 7. (a) dual-lumen catheter with the inner lumen centered. (b) inner lumen shifted 0.2 mm in the —y direction. (c) inner lumen shifted 0.2 mm in the +y direction.
(d) inner lumen shifted 0.2 mm in the —x direction. (e) dual-lumen catheter shifted 0.4 mm in the +x direction within the artery. (f) dual-lumen catheter shifted
0.4 mm in the +y direction. (g) dual-lumen catheter shifted 0.4 mm in the —y direction.
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Baseline case

(a)
Delivery rate: 44.25%
Imm forward

(b)
Delivery rate: 52.0%
2mm forward

(©

Delivery rate: 59.5%

Fig. 8. Hemodynamic and particle distribution at t=2.8s for (a) baseline case,
(b) when the catheter is advanced by 1 mm, and (c) when the catheter is
advanced by 2 mm.

demonstrate that the improved performance of the dual-lumen catheter
compared to SEHM persists for different catheter positions within the
lumen.

A.3. Effect of catheter insertion length (L) relative to the bifurcation
location

The catheter insertion length L, plays an important role in determin-
ing particle transport behavior near vascular bifurcations. In this study,
L, was selected such that the catheter tip is positioned immediately
downstream of the bifurcation. This choice was made to ensure a consis-
tent and conservative evaluation of particle reflux across all simulated
cases.

If the catheter tip is positioned upstream of the bifurcation (i.e.,
smaller L ), a significant fraction of injected particles enters the non-
target branch (outlet 1) directly, and not due to reverse flow or reflux. In
such configurations, particle loss to the non-target outlet is dominated
by geometric splitting at the bifurcation rather than by flow-induced
recirculation, which obscures the assessment of reflux-related trans-
port mechanisms. Conversely, increasing L. advances the catheter tip
closer to the target outlet, which is expected to improve delivery effi-
ciency by reducing exposure to bifurcation-induced vortical structures
and backflow.

To quantify this effect, additional simulations were performed for the
baseline configuration in which the catheter was advanced by 1 mm and
2 mm toward the target outlet. These tests showed an increase in par-
ticle delivery rate from 44.25% (baseline position) to 52% and 59.5%,
respectively as shown in Fig. 8.
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