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Abstract

Radioembolization (RE) is a medical treatment for primary and secondary liver can-

cer that involves the transcatheter intraarterial delivery of micron-sized and

radiation-emitting microspheres, with the goal of improving microsphere deposition

in the tumoral bed while sparing healthy tissue. An increasing number of in vitro

and in silico studies on RE in the literature suggest that the particle injection veloc-

ity, spatial location of the catheter tip and catheter type are important parameters in

particle distribution. The present in silico study assesses the performance of a novel

catheter design that promotes particle dispersion near the injection point, with the

goal of generating a particle distribution that mimics the flow split to facilitate

tumour targeting. The design is based on two factors: the direction and the velocity

at which particles are released from the catheter. A series of simulations was per-

formed with the catheter inserted at an idealised hepatic artery tree with physiologi-

cally realistic boundary conditions. Two longitudinal microcatheter positions in the

first generation of the tree were studied by analysing the performance of the cathe-

ter in terms of the outlet-to-outlet particle distribution and split flow matching. The

results show that the catheter with the best performance is one with side holes on

the catheter wall and a closed frontal tip. This catheter promotes a flow-split-

matching particle distribution, which improves as the injection crossflow increases.
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1 | INTRODUCTION

Liver cancer is the fourth most common cause of death from cancer and the sixth most frequently diagnosed cancer
worldwide.1 Currently, locoregional therapies are effective cancer treatments, especially for tumours and metastatic
liver malignancies.2,3 One of these therapies is radioembolization (RE), which involves injecting micron-sized
90Y-labelled microspheres into the hepatic artery via a catheter.4

Received: 7 October 2021 Revised: 16 January 2022 Accepted: 29 January 2022

DOI: 10.1002/cnm.3577

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. International Journal for Numerical Methods in Biomedical Engineering published by John Wiley & Sons Ltd.

Int J Numer Meth Biomed Engng. 2022;38:e3577. wileyonlinelibrary.com/journal/cnm 1 of 17

https://doi.org/10.1002/cnm.3577

https://orcid.org/0000-0001-5472-8791
https://orcid.org/0000-0003-1329-5891
https://orcid.org/0000-0002-2560-1051
https://orcid.org/0000-0001-7755-8748
https://orcid.org/0000-0001-9055-4995
https://orcid.org/0000-0002-4177-6417
https://orcid.org/0000-0002-8265-9276
https://orcid.org/0000-0002-2911-3397
mailto:ranton@tecnun.es
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/cnm
https://doi.org/10.1002/cnm.3577


Tumours are primarily irrigated by arterial supply, which encourages particles to be directed to the tumour vascula-
ture. This advantageous condition reduces the risk of radiating nontumoral liver tissue.5 When the micron-sized parti-
cles become trapped in the tumour-irrigating vasculature, they deliver locally high doses of radiation to tumours.6

Currently, in silico studies are a viable tool for studying haemodynamics-related topics. Specifically, numerical simula-
tions have been used to analyse RE-related topics.7,8 These studies have shown that particle injection velocity9,10 and the spa-
tial orientation of the catheter tip11,12 may play important roles in the particle distribution. Innovative catheter designs have
also been numerically assessed, such as an antireflux catheter with an expandable tip. Xu et al.13 and Aramburu et al.14

assessed the performance of the antireflux catheter and showed perturbations in haemodynamics at the catheter tip and the
subsequent effect on particle motion. There have also been in vitro studies of the performance of an antireflux catheter. For
example, van den Hoven et al.15 compared particle injection with a standard end-hole microcatheter and an antireflux cathe-
ter. The results showed that the antireflux catheter developed a centroluminal position and a chaotic particle injection pat-
tern, resulting in a homogeneous particle distribution in several outlets of a surrogate hepatic model.

The most widely used microcatheter is the standard end-hole microcatheter. Aramburu et al.11 showed that when
using this catheter, the particle distribution is dependent on various parameters, for example, a longitudinal or a radial
shift in the catheter tip can result in a completely different particle distribution. Another study by Aramburu et al.14

found that if an antireflux catheter is inserted at a longitudinal point far enough from a bifurcation, the particle distri-
bution tends to match the flow split. This occurs because particles tend to align with the bloodstream and fill the whole
cross-sectional area of the lumen of the artery. Hepatic arterial morphology (i.e., high tortuosity) and injection location
(i.e., far from a bifurcation) are parameters that improve lumen filling or particle dispersion.

When planning RE therapy, lumen filling can be very interesting, especially if the tumour burden extends to the whole
liver. It is well known that tumour tissue has greater arterial perfusion than normal tissue.16 As a result, more blood is
directed towards the tumours. If the interventional radiologist can direct the particles to areas that demand more blood, then
the treatment outcome is expected to be successful. In these cases, regardless of the morphology of the hepatic artery or the
proximity of a bifurcation near the injection point, a catheter that promotes lumen filling is critical.

In this study, we present a new catheter tip design that promotes lumen filling, which improves the alignment of
particle distribution with flow splitting and thus targets tumours. Lumen filling could be achieved with a novel catheter
tip design that takes advantage of a crossflow effect between blood flow and particle path lines inside the artery lumen.
Particle haemodynamic simulations in an idealised hepatic artery with physiologically realistic boundary conditions
were used to assess different tip designs. The interactions of several design factors and their influence on certain
responses were assessed by using Design of Experiments (DoE) techniques.

2 | METHODS

2.1 | Computational domain

A three-dimensional idealised geometry of the hepatic artery was used in this study, as shown in Figure 1. This type of
arterial geometry can be used as a generalist approach that allows for the independent analysis of the effect of a variable
in the microsphere distribution with respect to others.17

This geometrical model, which represents a hepatic artery “type I" according to Hiatt's hepatic artery
classification,18 is built with the following geometric parameters: the daughter–parent branch diameter ratio is 0.8, and
the average branch length is 35 mm19; the angle between the flow direction in the parent vessel and the flow direction
in the daughter vessel is 30�20,21; and a typical diameter of the proper hepatic artery (PHA) of 5 mm22 is used, ending
with an outlet diameter of 3 mm. The hepatic artery consists of two levels of bifurcations with four outlets in total (see
the outlet nomenclature in Figure 1D). Level I corresponds to the PHA, level II corresponds to the right and left hepatic
arteries (RHA and LHA), and level III corresponds to the pre-segmental arteries.

A standard end-hole microcatheter is inserted from the inlet boundary. Two catheter tip positions were defined:
10 and 30 mm from the PHA bifurcation (see Figure 1C). A commercially available 2.7-F end-hole microcatheter with
outer and inner diameters of 0.90 and 0.65 mm, respectively, was modelled. The studied catheter tip designs, explained
in Section 2.6, have the same inner and outer diameters.

The catheter was slightly curved along the X-Z plane to obtain an eccentricity of 0.22 in the local plane (injection
section angled at 3.43� to the perpendicular plane, see Figure 1B). The eccentricity e was determined as shown in
Equation (1):
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e¼ d
rartery� router cath:

ð1Þ

where d is the radial displacement of the catheter tip (0.45 mm), rartery is the PHA radius (2.5 mm), and router cath is
the outer radius of the catheter (0.45 mm).

The geometries were built with the computer-aided design software package SpaceClaim 19.2 (ANSYS® Inc.,
Canonsburg, PA, USA).

2.2 | Discretization

The 2,858,628-element computational mesh was generated with polyhexahedral elements with a minimum element size
of 0.01 mm, a maximum element size of 0.1 mm, and a growth rate of 1.20. A refinement was applied on the walls to
capture the boundary layer region.Figure 2 shows a lateral zoom view of the mesh close to the first bifurcation, as well
as a cross-sectional view of the mesh in two different cross-sections: in the annular section near the catheter tip and
before the PHA bifurcation.

The mesh was created by using the software package ANSYS Fluent Meshing 19.2 (ANSYS® Inc.). A mesh inde-
pendence analysis was carried out to determine whether the mesh was sufficiently fine. For the analysis, three
meshes were used: a coarse mesh, a medium mesh and a fine mesh. The mesh previously described is the medium
mesh (2,858,628 elements). The coarse mesh (1,708,392 elements) was generated by multiplying the element size of
the medium mesh by

ffiffiffi
23

p
, and the fine mesh (5,594,944 elements) was generated by dividing the element size of the

medium mesh by
ffiffiffi
23

p
.

Transient simulations were run using the cancer scenario reported by Aramburu et al.14 and the simula-
tion characteristics reported in this study, and the area-weighted average wall shear stress (WSS) across the
whole arterial wall was computed. With this metric, the differences between the medium and fine meshes
with respect to the coarse mesh are 0.0035% and 0.0061%, respectively. The same sensitivity study was used
to study the particle distribution in each outlet. Furthermore, in the case of the discrete phase, the average
difference between the coarse mesh and the medium mesh is 0.80%, and the average difference between the
coarse mesh and the fine mesh is 1.57%. Even though the coarse mesh was good enough for the simula-
tions, the medium mesh was used because the catheter tip designs produce more complex phenomena near
the injection point.

FIGURE 1 Idealised hepatic artery geometry views. (A) Isometric view, (B) top view with the cross-sectional position of the catheter at

the inlet and injection section, (C) top view with the two longitudinal positions of the catheter, and (D) front view with outlet nomenclature

and gravity vector FG direction
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2.3 | Governing equations

The governing equations of the haemodynamics were solved for the laminar flow case. Blood was assumed to be an
incompressible, non-Newtonian, and isothermal fluid. In this case, the equations of the haemodynamics are the equa-
tion of the conservation of mass (Equation (2)) and the equation of the conservation of linear momentum
(Equation (3)):

r�u¼ 0 ð2Þ

∂u
∂t

þr� uuð Þ¼ 1
ρ
�rpþr�τð Þþ f ð3Þ

where u is the velocity vector, ρ is the density (1050 kg/m3), p is the pressure, τ is the stress tensor, and f is the body
force vector (per fluid unit mass). The stress tensor, Equation (4), is a function of a shear rate-dependent apparent vis-
cosity defined by Equations (5) and (6):

τ¼ μ _γð Þ ruþ ruð ÞT
h i

ð4Þ

μ _γð Þ¼max μ0,
ffiffiffiffiffiffi
μ∞

p þ
ffiffiffiffi
τ0

pffiffiffi
λ

p þ ffiffiffi
_γ

p
� �2

( )
ð5Þ

FIGURE 2 Computational mesh around the artery wall at the PHA and details of the mesh in two cross-sections of the computational

domain, before and after the bifurcation
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_γ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ru ruþ ruð ÞT

h ir
ð6Þ

where μ is the dynamic apparent viscosity and _γ is the shear rate. Equation (5) represents the modified Quemada
model.23 The values of the parameters of this model are μ0 = 0.00309 Pa�s, μ∞ = 0.002654 Pa�s, τ0 = 0.004360 Pa, and
λ = 0.02181 s�1.

Finally, the particle trajectory was modelled by using the Discrete Phase Model in ANSYS Fluent
(ANSYS® Inc.).24 In a Lagrangian reference frame, this model tracks each particle, which interacts with the contin-
uous phase (i.e., the blood flow) but not with other particles. The governing equation for the particles is the conser-
vation of momentum, expressed as Newton's second law of motion (Equation (7)). Four forces were considered in
this study: the virtual mass force (Equation (8)), the pressure gradient force (Equation (9)), the gravitational force
(Equation (10)), and the drag force (Equation (11)). Therefore, the conservation of momentum equation per unit
particle mass is:

dup

dt
¼ fVþ fPþ fGþ fD ð7Þ

where up is the particle velocity vector.

fV ¼CV
ρ

ρp
upru�dup

dt

� �
ð8Þ

where CV is the virtual mass coefficient (CV = 0.5) and ρp is the density of the particle.

fP ¼ ρ

ρp
upru ð9Þ

fG ¼ ρp�ρ

ρp
g ð10Þ

where g is the acceleration of gravity, that is, �9.81 m/s2 in the direction of the y-axis (see Figure 1).

fD ¼ 18μ

ρpd
2
p

CDRep
24

u�upð Þ ð11Þ

where dp is the particle diameter, CD is the drag coefficient, and Rep is the particle Reynolds number, shown by
Equation (12).

Rep¼ ρdp up�uj j
μ

ð12Þ

2.4 | Numerical settings

The SIMPLE algorithm was used to solve for the velocity and pressure in a segregated way in the pressure–velocity cou-
pling. Spatial discretization was performed using the least squares cell-based algorithm for gradient computations and
the second-order upwind scheme for the convection term of the momentum equations. The second-order algorithm
was used for pressure interpolation. A two-way coupled model was used to solve for the continuous phase (blood flow)
and the discrete phase (particle transport).
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A second-order implicit transient formulation was used in this case with a time step (Δt) of 0.002 s and a cardiac-
cycle period (T) of 1 s. The convergence criterion in this study was chosen to attain scaled residuals of 1 � 10�5.

The governing equations were solved in the commercially available software ANSYS Fluent® 19.2 (ANSYS® Inc.). A
128-core workstation with a clock speed of 2.30 GHz and 128 GB of RAM was used. Each simulation took an average of
15 h to complete.

2.5 | Boundary conditions

The model used to determine the inflow and outflow boundary conditions (BCs) was adapted from a previous work by
Aramburu et al.25,26; in brief, a literature-based cancer scenario was defined, and the total blood flow and the blood flow
split over the outlets were defined according to the tissue volume (distinguishing cancer and healthy tissue) to be per-
fused and the arterial perfusion value of that tissue. The scenario involves a fictional male patient with metastases of
colorectal carcinoma with 30% liver involvement. Table 1 summarises the BCs used for this fictional patient.

The body surface area (BSA) dosimetry method was used to calculate the activity and the number of particles to be
administered to the patient. In the case of the fictional male patient from,6 an activity of 2 GBq must be administered.

Similar numerical models to the one used in this work have been previously validated in in-vitro27 and in-vivo28

studies.

2.5.1 | Inlet velocity profile

An inflow BC that accounts for the effect of the upstream tortuosity, which was adapted from previous work,17 was
used. The cited study shows that this type of inflow BC is necessary when using idealised geometries. This realistic inlet
profile was derived from a case similar to the one studied in this paper, with a helicity of 37.1 m/s2.

The magnitude of the velocity was given by Equation (13), and the unit vectors of the velocity at the inlet section of
the idealised geometry were taken from.17 The unit vectors used were defined as axial, radial and tangential compo-
nents with values of 0.70, 0.45 and 0.55, respectively.

If we assume the catheter to be centred in the inlet section and the flow to be fully developed, the velocity (u) per-
pendicular to the inlet cross-section can be described by Equation (13):

u rð Þ¼ 2q

π R4
in�R4

out

� �� R2
in�R2

outð Þ2
ln Rin=Routð Þ

� � R2
in�R2

out

� � ln r=Rout

� �
ln Rin=Rout

� �� r2�R2
out

� �" #
ð13Þ

where q is the inflow (m3/s), Rin (m) is the inner radius of the artery, Rout (m) is the outer radius of the catheter,
and r is the radial coordinate, with Rout < r < Rin. In this particular case, Rin = 2.5 mm and Rout = 0.45 mm.

TABLE 1 Inflow and outflow boundary conditions (BCs). The blood flow distribution per outlet is represented in percentage values.

Velocity inlet and outflow BCs are specific for ANSYS Fluent

Section Type of boundary conditions Values

Inlet Velocity inlet Average blood flow = 405.8 mL/min

Outlet Outflow Outlet 01 40.0%

Outlet 02 40.0%

Outlet 03 10.0%

Outlet 04 10.0%

Wall No-slip condition
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The inlet BC was imposed by using a subroutine that calculated the volumetric blood flow rate and the velocity pro-
file as a function of the arterial radius and the time step. The average flow velocity at the inlet section is shown in
Figure 3.

2.5.2 | Microspheres and injection velocity

Commercially available SIR-Spheres® resin microspheres were modelled in this study. The properties of this type of
microsphere are shown in Table 2.

A mean particle size of 32 μm and elastic collisions were assumed at the artery and microcatheter walls.
Inside of the microcatheter, the particle-carrying inflow was modelled using the same properties used for blood. A

constant particle-carrying fluid flow rate (qcath) was specified in this study. The average velocity can be calculated as the
flow rate (18.5 mL/min, taken from a real-life treatment observation by Aramburu et al.25) divided by the cross-
sectional area of the catheter lumen. Therefore, the particle injection velocity is 0.92 m/s (see Figure 3), and the mass
flow rate of particles is 6.8 � 10�5 kg/s.

The particle injection velocity was 0.92 m/s given qcath. According to realistic clinical observations (a series of video
recordings of RE treatments were analysed to determine a range of time used by the interventional radiologist to inject
the microspheres from the 5-ml syringe), this injection velocity was chosen to be 1.3 times the maximum bloodstream
velocity in the cardiac cycle (see Figure 3). “Velocity inlet” is the inlet boundary type selected for the particle flow injec-
tion, and “surface” is the type of injection used in the DPM model for particle release from the internal cross-section at
the catheter inlet. This means that an equal mass fraction is injected at each time step (Δt = 0.002 s) during the 1-s

FIGURE 3 Inflow velocity waveform (blood flow) and particle injection velocity (Vcath)

TABLE 2 Properties of the SIR-Spheres®. In the concentration of particles, we assume the particles are in a 5-ml container

Properties 90Y resin

Manufacturer Sirtex medical limited

Commercial denomination SIR-Spheres®

Density (kg/m3) 1600

Activity (Bq/microsphere) 50

Size Range (μm) 20–60

Mean Size (μm) 32

Injected particles (Activity 2.0 GBq) 40,000,000

Initial concentration (microspheres/ml) 8 � 106
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injection (i.e., a cardiac cycle). Particle release occurs in a spatially homogeneous manner through the faces of the inlet
of the catheter (the faces that belong to the internal cross section at the catheter inlet).

2.6 | Design concept

The key concept underlying the new catheter design proposed in this paper is the lumen filling phenomenon (lumen
filling). It has been reported that for an injection done sufficiently far from a bifurcation and in a tortuous artery, the
particle distribution tends to match the flow split because the particles tend to occupy the whole artery lumen before
encountering a bifurcation. Lumen filling can be very beneficial in cases where tumours are spread throughout the
liver. It is important to stress that tumour arterial perfusion exceeds that of normal tissue. Therefore, if more blood
flows towards tumours and the particles travel as the blood does, the particles are more likely to end up in tumours.

Lumen filling could be achieved by modifying two aspects of the catheter design: the direction and the velocity of
incorporation of particles in the bloodstream. Particles could cover as much space as possible inside the artery if
injected from the lateral surface of the catheter tip in at least four directions perpendicular to each other. Moreover, to
obtain a particle trajectory that fills the arterial lumen, the particles must be injected at a high enough velocity that the
particles can cross the blood flow streamlines (crossflow effect). For this purpose, the velocity of the particle-carrying
fluid must be at least twice the velocity of the blood flow.29 If particles are to be injected into bloodstream through lat-
eral holes, the size of the holes should be analysed to evaluate the particle-inertial effect.

In this study, different catheters were numerically tested. The common feature of the catheters is the presence of
holes in the lateral wall near the tip, hereafter denoted as side-hole catheters. The shapes, positions and numbers of
holes were varied. The following section presents the different designs.

2.7 | Design of experiments

Design of Experiments (DoE) is a statistical method for evaluating the effect of several factors on a given response. In
this case, an experiment is the execution of a numerical simulation.

The main objective of DoE is to determine the factor that has the greatest effect on a relevant response by using the
least number of simulations (i.e., computational resources). The response factor chosen is a measure of the flow split
and particle distribution matching, which will be fully explained later.

A total of six factors were used to analyse the response factors. The six factors of the side-hole catheters are illus-
trated in Figure 4.

The area ratio parameter was defined as the sum of the outlet areas of the catheter (side-holes plus the catheter
lumen cross-sectional area if the tip was open) divided by the inlet area (the catheter lumen cross-sectional area),
defined by Equation (14).

Arearatio ¼
Pn
4
AsideholesþTipCross Sectioncath

Cross Sectioncath
ð14Þ

The area ratio of the six factors ranges from 0.5 to 4.0, with the lower value indicating the tip design with fewer and
smaller holes. The base case has an area ratio of 1.

The first row of holes begins 1 mm from the tip of the catheter to avoid particle retention in the catheter tip. A
larger distance could result in a radiation-emitting spot near the end of the RE procedure.

2.8 | Simulation planning

Using the statistical software MINITAB® (Minitab, State College, Pennsylvania, USA), 16 runs of simulations were con-
figured, as shown in Table 3. By considering the six design factors, a fractional design with the qualities of 4 was cho-
sen. This type of design tests only a subset of all possible factor combinations of factors, which is sufficient to examine
all the main effects and two-way interactions while requiring fewer simulations than a full factorial design.
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The runs shown in Table 3 were all executed at two distances from the bifurcation: 30 and 10 mm. Additionally, a
reference case, labelled case 0, was carried out with a standard end-hole microcatheter.

Each simulation consists of five 1-s cardiac cycles. The first cycle (t = �1 s to t = 0 s) is intended to eliminate the
influence of the initial value of the simulation. During the second cycle (t = 0 s to t = 1 s), the microspheres are
injected into the computational domain. Three additional cycles are simulated to ensure that most of the particles exit
the computational domain (t = 1 s to t = 4 s).

2.9 | Post-processing

Two types of post-processing analyses were used in this study. First, the percentage of particles exiting each outlet was
considered. This parameter is essential in assessing the alignment of the particle distribution and the flow split. This
percentage was calculated by dividing the mass of particles exiting each outlet by the total particle mass injected.

In addition to the percentage of particle distribution, the matching deviation index (MDI) was defined to relate the
particle distribution and flow rate in each outlet. The MDI is the average number of liver segments for the difference, in
each segment, between the particle distribution percentage and the blood flow split percentage. The MDI is presented
in Equation (15):

MDI¼ 1
N

XN
s¼1

Np,sPN
s¼1

Np,s

� qsP4
s¼1

qs

								

								
�100 percent pointsð Þ ð15Þ

where s is the outlet counter from 1 to N (in this case, N = 4) and Np,s is the total amount of targeted particles in outlet
s with a blood flow of qs. In this specific case, the MDI is bounded between 0 (perfectly matching) and 45 percentage
points (when all of the particles exit only by the lower flow rate outlet).

FIGURE 4 Factor settings for side-hole catheters
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TABLE 3 Summary of runs (simulations) of fractional design

Run numberDiameter (mm)Number of rowsAngle between holesHole shapeDistance between rows (mm)Front Area ratio

I 0.23 1 0� Circular 1 Opened1.5

II 0.23 1 0� Ellipse 1 Closed 0.5

III 0.40 1 0� Circular 3 Closed 1.5

IV 0.40 1 0� Ellipse 3 Opened2.5

V 0.23 2 0� Circular 3 Closed 1.0

VI 0.23 2 0� Ellipse 3 Opened2.0

VII 0.40 2 0� Circular 1 Opened4.0

VIII 0.40 2 0� Ellipse 1 Closed 3.0

IX 0.23 1 120� Circular 3 Opened1.5

X 0.23 1 120� Ellipse 3 Closed 0.5

XI 0.40 1 120� Circular 1 Closed 1.5

XII 0.40 1 120� Ellipse 1 Opened2.5

XIII 0.23 2 120� Circular 1 Closed 1.0

XIV 0.23 2 120� Ellipse 1 Opened2.0

XV 0.40 2 120� Circular 3 Opened4.0

XVI 0.40 2 120� Ellipse 3 Closed 3.0

FIGURE 5 Particle distribution and blood flow distribution in the outlets and matching deviation index (MDI) values per case with an

injection point at 30 mm from the bifurcation. (A) Outlet-to-outlet particle distribution for simulations I to VIII, including case 0. (B) MDI

and standard deviation for simulations I to VIII. (C) Outlet-to-outlet particle distribution for simulations IX to XVI, including case 0.

(D) MDI and standard deviation for simulations IX to XVI
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The second post-processing analysis is related to the mixing of particles in the artery lumen and the statement by
Aramburu et al.10 about the importance of injecting sufficiently far from a bifurcation to obtain a particle distribution that
matches the blood flow distribution. The parameter was the particle distribution in cross-sections in a time-integrated way,
as this is a measure of the degree of matching between the flow distribution and the particle distribution.

To further analyse the particle dispersion on a surface of interest, an index is defined to evaluate the degree to which
the particles are spread out in the artery lumen in the simulations, denoted as the coefficient of variation, CoV, as
explained in.17 This index represents the ratio between the standard deviation, σ, and the average, X , of the particles
located in the cells at a specific cross-section of the artery and is defined by Equation (16):

CoV¼ σ

X
ð16Þ

The particle concentration in a group of cells in a specific cross-section of the artery is determined by the unsteady sta-
tistics variable accumulative particles in cell, ϕ, defined in ANSYS® Fluent 19.2.24

When the CoV is 0, the variable is fully homogeneous, implying that the particles are evenly dispersed throughout
the arterial cross-section. A high CoV value indicates that the particles are concentrated in a particular zone of the arte-
rial cross-section.

3 | RESULTS AND DISCUSSION

The goal of this section is to analyse the importance and influence of catheter design factors on downstream particle
distribution while taking into account the lumen filling phenomenon in the PHA, where the particles are delivered into
the arterial vasculature.

FIGURE 6 Particle distribution and blood flow distribution in the outlets and matching deviation index (MDI) values per case with an

injection point at 10 mm from the bifurcation. (A) Outlet-to-outlet particle distribution for simulations I to VIII, including case 0. (B) MDI

and standard deviation for simulations I to VIII. (C) Outlet-to-outlet particle distribution for simulations IX to XVI, including case 0.

(D) MDI and standard deviation for simulations IX to XVI
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Figures 5 and 6 show the results in terms of both outlet-to-outlet particle distribution and the MDI for injections
30 and 10 mm from the PHA bifurcation, respectively. In these figures, outlets are shown on the x-axis, the percentage
of particles that exit through each outlet are shown on the primary y-axis, and the blood flow distribution per outlet is
shown on the secondary y-axis. In Figures 5B and 6B, the cases are shown on the x-axis and the MDI and the standard
deviation (referred to as the dispersion from the average values of particle distribution in each outlet for a specific case)
are shown on the y-axis.

The reference case, denoted as case 0, has the worst results in terms of particle distribution, as indicated by the
highest value of the MDI (see Figures 5B,D and 6B,D). In this catheter, because there are no side holes, the particles are
released in one longitudinal direction. Therefore, only the spiral flow in the artery promotes lumen filling.

In Figure 5B, the lower MDI values (below 5 percentage points) correspond to side-hole catheters with the frontal
section closed. Despite the presence of side holes in the other designs, the presence of an open frontal section causes
the particles to follow the least resistant and simplest path through the frontal section.The results are similar when the
injection is done 10 mm from the bifurcation. The MDI values for designs with open frontal section are higher than the
same cases for injections at 30 mm, most of them exceeding 12 percentage points. In these cases, the injected particle
lumen filling is not promoted due to the proximity of a bifurcation, especially when the particles are injected in the
artery with the standard end-hole microcatheter (case 0). When particles are released from the side holes, lumen filling
is promoted near the catheter tip, improving the MDI value.

Regarding the relative position of the catheter tip with respect to a downstream bifurcation, closed frontal
section catheter designs produce the best results in terms of MDI values. For this design, the particle distributions are
independent of the tip distance to the bifurcation. For open frontal section catheter designs, the results do depend on
the tip distance to the bifurcation. However, when compared to the same simulations with a distance of 10 mm
between the tip and the bifurcation, when the distance between the tip and the downstream bifurcation is 30 mm, the
particle trip appears to be long enough to promote lumen filling and improve the MDI.

FIGURE 7 CoV along level I for the simulations with (A) the injection point 30 mm from the bifurcation and (B) the injection point

10 mm from the bifurcation
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Figure 7 shows the value of CoV at different cross-sections along the PHA. In the cases with the injection 30 mm
from the bifurcation (see Figure 7A), all the cases including case 0 result in CoV values below 50%. For the injection
near the bifurcation, only the side-hole catheters with a closed frontal section and an area ratio below 3.0 (cases II,
III, V, X, XI, and XIII) result in CoV values below 50%. Therefore, the side-hole catheter design is of utmost importance
for promoting lumen filling when a bifurcation is close to the injection point.

In addition, the trend of the reported MDI and CoV values suggests the existence of the following relationship: the
lower the CoV, the lower is the MDI, and vice versa. This relationship is due to the lumen filling effect, caused primar-
ily by the side-hole catheter design and, to a lesser extent, by the helical blood flow.Figure 8 shows the relationship
between the MDI and the area ratio for the cases simulated with the catheter tip 30 mm from the bifurcation
(Figure 8A) and for the cases simulated with the catheter tip 10 mm from the bifurcation (Figure 8B). The results show
that side-hole designs with a closed frontal section perform better (lower MDI values).

Regarding the area ratio, lower area ratios (i.e., lower side-hole surface area) result in a greater crossflow effect,
which is not always beneficial in terms of MDI, especially if the frontal section is open. When the frontal section is
closed, the high velocity at which the particles are delivered from the side holes promotes lumen filling and improves
the MDI values.

FIGURE 8 Matching deviation index (MDI) at several area ratio parameters for the simulations (A) with an injection point at 30 mm

from the bifurcation and (B) with an injection point at 10 mm from the bifurcation
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The results suggest that there is an optimum range for catheter design factors to produce a better response. Consid-
ering the injection velocity used in this study, a side-hole catheter with an area ratio below 2.0 and a closed frontal
section generates an MDI below 4 percentage points. However, even if lateral holes are present, if the frontal
section end is open, few particles are infused from the side holes because most of the particles follow a straight
minimum-resistance trajectory. When this occurs, the MDI is greater than 5 percentage points.The key concept in this
study is the crossflow effect. This effect is defined as the phenomenon in which the released particle-carrying fluid and
the particles are able to cross the blood flow streamlines and to follow a perpendicular path line. For this purpose, the
fluid in which micron-sized particles are diluted must be delivered with sufficient velocity from the lateral holes of the
side-hole catheter. In other words, the relative velocity (defined as the difference between the particle and blood flow
velocity) must be sufficiently high. This effect is very difficult to promote when the frontal section is open because the
particle-carrying flow tends to flow towards the least-resistance straight path. However, if the frontal section is closed,
the crossflow effect is promoted, which enhances the lumen filling effect. When the frontal section is closed, a greater
crossflow effect will be promoted as the area ratio decreases (because of the mass conservation principle). Figure 7
shows that the lower the area ratio (e.g., simulations II, V, X and XIII), the lower is the CoV along the PHA.

To assess the crossflow effect, Figure 9 compares three relative velocity profiles for cases 0, II and III when the injec-
tion is done 30 mm from the bifurcation and shows the velocity contours at the injection plane for two temporal points
in the cardiac cycle. Regarding the velocity profiles, Figure 9A shows, for a time interval of one cardiac cycle, the blood
flow velocity and the injection velocity (considering the proximal end of the catheter, not the distal end where the parti-
cles are delivered into the bloodstream) on the primary y-axis, and the velocity ratio on the secondary y-axis. The veloc-
ity ratio is the ratio of the area-weighted average particle velocity in the catheter side holes to the area-weighted
average blood flow velocity in the artery lumen. The velocity ratio follows the same pattern over time: it peaks when

FIGURE 9 (A) Ratio of the velocity to the injection velocity in one cardiac cycle for cases 0, II, and III (when injecting 30 mm from the

bifurcation). (B) Contour plots of the radial velocity for side-hole design cases (II and III) at the injection surface
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the blood flow velocity is at its lowest. The greatest crossflow effect takes place at that temporal point (i.e., the end of
diastole). For side-hole catheter designs with a closed frontal section, the time-averaged velocity ratio is related to the
area ratio parameter: the greater the area ratio, the lower is the velocity ratio because the greater the hole surface area,
the lower is the particle-carrying fluid velocity (mass conservation principle). For case 0, the area ratio and the average
velocity ratio are 1.0 and 3.06, respectively; for case II: 0.50 and 5.98; and for case III: 1.5 and 2.01. Therefore, one might
think that “the smaller the area ratio is, the greater the velocity ratio, the greater the crossflow effect, the better the
MDI, and the better the performance of the side-hole catheter design”. However, the results suggest that there is a mini-
mum level of crossflow beyond which a lower side-hole area (or area ratio) plays only a minor role in obtaining an even
better MDI. In other words, above a certain area ratio, the performance improvement of the new catheter will be small.

Figure 9B shows the radial velocity at the injected times for cases II and III at the systolic peak (maximum blood
flow velocity, minimum crossflow effect) and at the end diastole (minimum blood flow velocity, maximum crossflow
effect) temporal points when the injection was done 30 mm away from the bifurcation. These contours provide a visual
representation of the crossflow effect, which is greater when the area ratio is smaller (case II) and when the blood flow
velocity is smaller (end diastole). It is also important to consider that diastole, where the greatest crossflow effect is pro-
moted, lasts for 60% of the cardiac cycle, which is beneficial in terms of generating a crossflow effect that promotes the
lumen filling effect.

4 | CLINICAL IMPLICATIONS

In this study, we present a new side-hole catheter design that improves the treatment outcome in terms of flow splitting
and particle outlet-to-outlet distribution matching when compared to the performance of a standard end-hole
microcatheter.

Downstream particle distribution can be affected by factors that the interventional radiologist cannot reliably con-
trol, such as the cross-sectional or longitudinal catheter tip position in the artery. From the medical procedure point of
view, an interesting advantage of the presented catheter is the promotion of conditions that make the particle distribu-
tion similar to the flow split, regardless of the catheter position. In addition to the catheter tip location, there are multi-
ple parameters that could affect particle transport in RE treatment (e.g., hepatic arterial morphology, tumour type, size,
and location, and injection velocity).

This side-hole catheter is an excellent choice for patients who have tumours in all segments downstream of the cath-
eter tip. Currently, this occurs in most cases. This catheter would not create any further advantages if the previous state-
ment was not true, or if there was a single tumour and a superselective treatment that directly reached the tumour
could be performed.

In summary, we are not presenting a universal catheter design, but rather one that has the potential to improve the
performance of conventional catheters in many patients, which is important when planning a patient-specific RE
procedure.

5 | CONCLUSIONS

In this study, a side-hole catheter was designed and assessed using an idealised hepatic artery and physiologi-
cally realistic BCs. The desired effect was to promote lumen filling near the catheter tip, thereby improving
the alignment between the particle distribution and the blood flow split. The use of the presented side-hole
catheter could improve RE outcomes in patients with tumours distributed in segments downstream from the
catheter tip.

A side-hole catheter with side holes located on the outer wall near the catheter tip and a closed frontal tip pro-
duced the best results. In this case, the crossflow effect explains the physical behaviour of the particle trajectory,
which is related to the direction and the relative velocity with which the particles are injected into the artery
lumen from the lateral sides of the catheter. The particle dispersion will be greater if the crossflow is
sufficiently high.

The smaller the area ratio is, the greater the velocity ratio, the greater the crossflow effect, the better the MDI, and
the better the performance of the side-hole catheter design. However, the results suggest that there is a minimum level
of crossflow beyond which a lower side-hole area (or area ratio) plays a minor role in obtaining a better MDI.
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Case II (side-hole catheter) produced the best MDI results with 0.9 percentage points when the injection point was
30 mm from the bifurcation and 1.5 percentage points when the injection point was 10 mm from the bifurcation. In
case 0 (end-hole catheter), the MDIs were 23.8 and 17.0 percentage points for the 30 and 10 mm cases, respectively.

Future studies must assess the performance of the new catheter design in patient-specific cases, such as cancer type
and sizes, increased injection velocities and spatial catheter tip positions.
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